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Abstract: The development of medicines designed for children can be challenging since this
distinct patient population requires specific needs. A formulation designed for paediatric patients
must consider the following aspects: patient population variability; dose flexibility; route of
administration; patient compliance; drug and excipient tolerability. The purpose of this Special
Issue entitled “Paediatric Formulation: Design and Development” is to provide an update on both
state-of-the-art methodology and operational challenges in the design and development of paediatric
formulations. It aims at re-evaluating what is needed for more progress in the design and development
of age-appropriate treatments for paediatric diseases, focusing on: formulation development;
drug delivery design; efficacy, safety, and tolerability of drugs and excipients. This editorial, briefly,
summarizes the objects of nine original research and review papers published in this Special Issue.

Keywords: formulation; development; design; children; paediatric; age-related; palatable; taste-masking;
acceptable; excipient

1. Introduction

When designing and developing paediatric medicines, the route of administration, dosage form,
and dose of the active ingredient (API) are decided on the basis of the expected duration of the therapy,
the disease affecting a patient and his/her age, size, physio-pathological condition, API organoleptic
and physicochemical properties (taste, aqueous solubility), its pharmacokinetic and pharmacodynamic
properties, and stability during manufacture, storage, and use of the chosen formulation [1–4].

The paediatric population is a heterogeneous group ranging from preterm newborn infants
to adolescents with wide physiological and developmental differences regarding organ and skin
maturation, metabolism, and other factors that impact on the pharmacokinetics and pharmacodynamics
of a drug [5].

It is a challenge to formulate one dosage form appropriate for this heterogeneous group of the
human population. The goal should be to safely cover as wide an age range as possible with one specific
dosage form. The guiding principle for choosing paediatric formulations should be the equilibrium of
risks and benefits, taking into account the specific needs of these vulnerable patients. Key aspects in
paediatric formulations involve the design and development of novel dosage forms, which should
be adjustable for age and size, acceptable and palatable, easy to administer, and, at the same time,
safer and effective [2–4].

Current use of medicines for paediatric patients reflects the full range of dosage forms and routes
of administration used for adult medicines. There is, however, limited information on the acceptability
of different paediatric dosage forms in relation to age and therapeutic needs and on the safety of
excipients in relation to the development of the child [2–4,6,7].

Since its establishment, the biopharmaceutical classification system (BCS) has facilitated the
development of oral drug formulations designed for adult patients. Theoretically, the BCS tenets could
be applied also to paediatrics. Children’s peculiarities and physiological differences from adults justify
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the need for a specific paediatric biopharmaceutics classification system (PBCS). Several scientific
works attempted to provisionally classify oral drugs listed on the latest World Health Organization’s
Essential Medicines List for Children into age appropriate BCS. Validating a PBCS would provide
a valuable tool to apply in specific paediatric formulation design by reducing time and costs and
avoiding unnecessary paediatric experiments restricted by ethical reasons. Additionally, PBCS could
minimize the associated risks to the use of adult medicines on pharmaceutical compound formulations
for children. Moreover, developing a PBCS classification might be helpful in the process of harmonizing
extemporaneous oral formulations in the hospital setting [8,9].

As a result of the great interest in developing age-appropriate dosage forms for children, this Special
Issue, entitled “Paediatric Formulation: Design and Development”, was programmed to highlight the
need of formulating safer and effective medicines for paediatric patients. A total of nine papers were
accepted for publication in this issue: four reviews and five primary data manuscripts, focusing on
(1) the design, characterization, and safety evaluation of orodispersable formulations for paediatric
tuberculosis pharmacotherapy; (2) development and palatability assessment of ritonavir powder for the
paediatric population; (3) development of new praziquantel paediatric formulations in schistosomiasis
treatment; (4) tridimensional retinoblastoma cultures as a vitreous seeds model for live-cell imaging of
chemotherapy penetration; (5) preparation and characterization of dasatinib/cyclodextrin complex for
the potential treatment of paediatric neuromuscular disorders; (6) efficacy, safety, and tolerability of
tyrosine kinase inhibitors in the treatment of paediatric chronic myeloid leukaemia; (7) technologies and
modern approaches to modify drug release in paediatric dosage forms; (8) challenges in formulating
neonatal medicines; (9) efficacy, safety, and tolerability of anti-interleukin-1 (anti-IL-1) treatment in
paediatric autoinflammatory diseases.

2. Articles in This Special Issue

Palatable orodispersible film formulations are ideal for patients with swallowing difficulties
such as babies and children because they are stable and dissolve rapidly within the oral cavity in the
presence of saliva, without the need to chew or drink water. In this Special Issue, Matawo and
co-workers [10] investigated the preparation, optimization, and evaluation of a co-polymeric
orodispersible pharmaceutical formulation containing pyrazinamide, a model first line antitubercular
agent suitable for use in actively infected children. Organoleptic and cell toxicity studies presented
the formulation as palatable, easy-to-handle, and biocompatible under applied test conditions.
The orodispersible dosage form developed could potentially ease some of the challenges associated
with the safe administration of tuberculosis antibiotics in children to aid desirable pharmacotherapeutic
outcomes. Moreover, the authors suggested that the carrier matrix designed in this work might be
used as is or even modified to accommodate and safely increase the release and/or absorption of other
APIs for use in paediatric patients.

In this Special Issue, Morris and colleagues [11] presented an acceptable and age-appropriate
dosage form formulation of the inhibitor of human immunodeficiency virus protease, ritonavir,
for paediatric patients or patients who might have difficulties in swallowing a tablet. Norvir® oral
powder (NOP) was developed to replace the oral solution, which provided reasonable bioavailability
but exhibited taste-masking challenges and required the use of solvents with potential paediatric
toxicity. In this study, the authors provided an overview of the development of NOP and palatability
assessment strategy. In summary, NOP provided dose flexibility, enhanced stability, eliminated solvents,
and maintained consistent bioavailability, with reduced bitterness and improved palatability via
administration with common food products.

Here, Albertini and co-workers [12] evaluated the association of mechanochemical activation
and spray congealing technology for developing a child-friendly praziquantel (PZQ) dosage form,
with better product handling and biopharmaceutical properties, compared to mechanochemical
activation materials. PZQ is the first line drug for the treatment of schistosome infections and is
included in the WHO Model List of Essential Medicines for Children. In this study, they demonstrated
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that the approach consisting of the association of spray congealing with mechanochemical activation
grinding, in the absence of polymeric excipients, was the most favourable, thus, it could be a promising
method for designing a new PZQ formulation and a valid option for enhancing the performance of this
antischistosomal drug, possibly permitting a significant reduction in therapeutic dose and minimizing
the use of excipients in paediatric formulations.

Retinoblastoma is the most common intraocular tumour of childhood [13,14]. This tumour
is highly curable if diagnosed in the early stages. Preclinical models could aid in understanding
retinoblastoma vitreous seeds behaviour, drug penetration, and response to chemotherapy to optimize
patient treatment. Winter et al. [15] described, in this Special Issue, the development of a novel
tridimensional in vitro model of retinoblastoma vitreous seeds to assess chemotherapy penetration by
means of live-cell imaging. Under the cell culture conditions used, these cells grew as tumourspheres
with the ability to interact in a 3D structure. The results showed that tumourspheres provided a
valuable model to study in vitro drug penetration and might be useful to optimize drug therapy and
improve the efficacy of the treatment in paediatric patients affected by retinoblastoma.

For the first time, in this issue, a new inclusion complex of dasatinib, the first-choice oral drug
in the treatment of chronic myeloid leukaemia and the excipient hydroxypropyl-beta-cyclodextrin
(HP-β-CD), was described and fully characterized by Cutrignelli and co-workers [16] for the potential
treatment of paediatric neuromuscular disorders. The strategy of complexation with HP-β-CD could
allow the development of a paediatric oral liquid formulation of the poor water soluble dasatinib,
which could be a valid alternative to the one currently present on the market that is solid. Moreover,
considering that HP-β-CD is Food and Drug Administration approved for parenteral formulations,
the dasatinib/HP-β-CD inclusion complex could also be an interesting tool for the administration of
dasatinib by this route.

Recently, tyrosine kinase inhibitors imatinib, dasatinib, and nilotinib have been approved for the
treatment of chronic myeloid leukaemia in children, even though the studies that were concerned with
efficacy and safety toward this population are still awaiting defined and more accurate data [17–19].
In this scenario, here, Carofiglio and colleagues [20] published a review article pointing out the
importance of prospectively validating data extrapolated from adult studies to set a standard therapeutic
management for paediatric chronic myeloid leukaemia by employing appropriate formulations on the
basis of paediatric clinical trials, which allow a careful monitoring of tyrosine kinase inhibitor-induced
adverse effects, especially in growing children exposed to long-term therapy. Limited experience
with very young children, the transition of teenagers to adult medicine, and the goal of achieving
treatment-free remission for this rare leukaemia are more significant obstacles that require further
clinical investigations. Finally, they concluded that in order to carry out a possible and viable therapy
with these new anticancer drugs in the paediatric age, a key role is played by developing appropriate
formulations specifically customized toward this kind of patient, since these drugs are often available
in solid dosage forms, which are difficult to administer in children.

In pharmaceutical technology, the paediatric population still represents the greatest challenge in
terms of developing flexible and appropriate drug dosage forms. In their review article published
in this issue, Trofimiuk and colleagues [21] elucidated how to modify drug release in paediatric oral
dosage forms, discuss the already accessible technologies, and to introduce novel approaches of
manufacturing with regard to the paediatric population. Key aspects in modern formulations involve
the development of novel formulations when considering chronic diseases that affect children and
minimizing the dose frequency. Simultaneously, safety of excipients and child’s acceptability should
be kept in mind. The limited number of modified release formulations already present on the market
arises from the high cost of technologies and lack of relevant clinical trials in the paediatric population.
The authors suggested that new regulations and additional funding opportunities, as well as innovative
collaborative research initiatives, should be constantly developed.

In this Special Issue, O’Brien at al. [22] published a review that offered insight into those
challenges posed by the formulation of medicinal products for neonatal patients in order to support
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the development of clinically valid products. Neonates cannot be classified as small children when
it comes to medicinal products and their formulation development. To design and develop an
appropriate formulation for neonates, it is important to understand their physio-pathological status
and development as well as route and methods of drug administration. The paper highlighted that a
good understanding of the various constraints that could limit the development of an appropriate
paediatric formulation would allow the formulator to provide for neonates whilst having due regard
for the needs of the older population. If the neonate is considered early in the formulation design
process, some delays in clinical trials in this population might be avoided.

The safety profile of treatment is of paramount importance when children with autoinflammatory
disorders are managed, since it may affect adherence to treatment and overall clinical efficacy [23–25].
In this regard, in a review paper published in this issue, Bettiol and colleagues [26] aimed at providing
current findings on the efficacy, safety, and tolerability of anti-IL-1 agents anakinra and canakinumab
in multifactorial autoinflammatory diseases, focusing on the paediatric setting. Recent evidence from
both observational studies and clinical trials widely documented the efficacy of IL-1 blocked in the
main autoinflammatory diseases, also enlightening a good safety profile with few worries with regard
to tolerability. In particular, the observed major side effects of anakinra were skin reactions at the
injection-site. These reactions might become so unbearable for paediatric patients that treatment
withdrawal might be required. In this regard, convincing young patients to continue therapy could
be challenging. Reactions could be mitigated by the application of topical cortisone creams. On the
contrary, the overall safety of canakinumab showed an exceptional tolerability, as pointed out by
both very few discontinuation rates and injection-site reactions. However, a slightly increased rate
of non-serious infections involving the upper respiratory tract was observed. Although these two
anti-IL-1 agents currently represent the most effective treatments available in these diseases, and a
promising therapeutic tool for managing refractory Kawasaki disease, the development of innovative
dosage forms which further reduce side effects in paediatric sceneries is expected.

3. Conclusions

The high number of articles published in this Special Issue entitled “Paediatric Formulation:
Design and Development” highlights the significant amount of research being conducted on the
development of medicines designed for paediatric patients.

Formulating an appropriate dosage form is a challenge when considering chronic diseases that
affect children and minimizing the dose frequency. Key aspects in paediatric formulations involve the
design and development of novel dosage forms, which should be adjustable for age, palatable, easy to
administer, and, at the same time, safer and effective.
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Abstract: The severity of tuberculosis (TB) in children is considered a global crisis compounded
by the scarcity of pharmaceutical formulations suitable for pediatric use. The purpose of this
study was to optimally develop and evaluate a pyrazinamide containing edible orodispersible film
formulation potentially suitable for use in pediatrics actively infected with TB. The formulation
was prepared employing aqueous-particulate blending and solvent casting methods facilitated
by a high performance Box Behnken experimental design template. The optimized orodispersible
formulation was mechanically robust, flexible, easy to handle, exhibited rapid disintegration with
initial matrix collapse occurring under 60 s (0.58 ± 0.05 min ≡ 34.98 ± 3.00 s) and pyrazinamide
release was controlled by anomalous diffusion coupled with matrix disintegration and erosion
mechanisms. It was microporous in nature, light weight (57.5 ± 0.5 mg) with an average diameter
of 10.5 mm and uniformly distributed pyrazinamide load of 101.13 ± 2.03 %w/w. The formulation
was physicochemically stable with no evidence of destructive drug–excipient interactions founded
on outcomes of characterization and environmental stability investigations. Preliminary inquiries
revealed that the orodispersible formulation was cytobiocompatible, palatable and remained intact
under specific storage conditions. Summarily, an edible pyrazinamide containing orodispersible
film formulation was optimally designed to potentially improve TB pharmacotherapy in children,
particularly the under 5 year olds.

Keywords: Orodispersible formulation; pyrazinamide; pediatric drug delivery; tuberculosis; design
of experiments; children; edible films

1. Introduction

The latest World Health Organization’s (WHO) global report estimated that approximately
10 million people developed new tuberculosis (TB) infections that progressed to TB disease with about
1.5–2 million deaths recorded per annum [1]. So far, TB is the deadliest infectious disease globally
and millions of people continue to fall sick and die annually. It is amongst the first ten primary
causes of death from a single infectious agent worldwide, ranking above HIV/AIDS [1–3] (WHO, 2019;
Swaminathan and Rekha, 2010; Kumar et al., 2017;). It remains a global threat with approximately
1.7 billion people having latent TB infection that can turn into active TB disease at any time [1].
Tuberculosis is an airborne, infectious disease that usually affects the lungs (pulmonary TB) leading to
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severe coughing, fever and chest pains or in some rare cases, other body parts (extra-pulmonary TB).
It is caused by Mycobacterium tuberculosis also called tubercle bacilli. It is preventable and curable if
diagnosed early and managed with the correct medicines [1,4,5].

Generally, TB infection within the pediatric population is considered to be a major cause of
morbidity and mortality [6]. According to the latest WHO’s global TB report, at least one million
children under the age of 15 (accounting for about 11% of the affected population) contract active
TB infection with about 230,000 fatalities recorded annually [1] (WHO, 2019). Children may have
TB disease at any age, but most often under 5 years old in TB-endemic countries. TB disease is also
prevalent amongst children infected with the human immunodeficiency virus (HIV) who are usually
at a twenty times greater risk of contracting active TB infection compared to children who are HIV
negative [7,8]. Children often contract TB from actively infected adult household members, during
birth or when they present with weak immune systems; such as in infants, those infected with HIV or
the severely malnourished who are at greater risk of developing TB disease or even dying. Pulmonary
TB is the most common in children although extra-pulmonary TB may occur. Pediatric TB is more
common in developing countries where there is overcrowding, poverty and malnutrition than in
developed states [2]. Treatment and prevention of TB in children is considered neglected regardless of
the alarming statistics as there are few scientifically justified studies focusing on: (i) accurate pediatric
dosing; (ii) designing desirable drug formulations suitable for use in children of all ages; (iii) developing
effective diagnostic tools for this age group as they usually do not manifest any symptoms or signs of
disease early; plus (iv) the belief that childhood TB is not important for TB control [9–11].

To date, commonly used pharmaceutical formulations are either liquid dosage forms (e.g., solutions,
suspensions), fixed dose dispersible tablets and in most instances, adult tablets are often broken, crushed
or mixed with food or water (co-administration) to make pediatric management possible [12–15].
Despite the availability of a few commercialized pediatric preparations, considerable global scarcity
still exists, meaning that many children are unable to access these medicines [15–19]. Moreover, studies
have shown that co-administration (with food, water etc.) is a common global practice for treating
children with TB and that it is performed without appropriate instructions. In most case, caregivers
just choose any food or drink without any assessment of its impact on safety and efficacy [13,15,20].
This may potentially lead to inaccurate dosing, resulting in reduced efficacy or adverse effects often
caused by under-dosing and over-dosing respectively, disruption of the outer coating leading to
physicochemical instabilities, and potential active pharmaceutical ingredient (API) wastage [2,13,21].

The use of alternative dosage forms such as suspensions or solutions can potentially help us
overcome some of these challenges but they are also known to be generally less stable even when
refrigerated, difficult to taste mask, expensive for safe transportation and have short shelf lives;
all of which limit their applicability [2,22]. Dispersible tablets on the other end are deemed more
child-friendly but still limited in that they are difficult to administer while in transit or when there is
reduced/no access to potable water—like in most underdeveloped and developing countries where TB
is endemic. They usually contain additives that are either not safe for use in children or hygroscopic in
nature, making them prone to atmospheric moisture/water absorption that can lead to active drug
instability, eventual inactivity and possible pharmacotherapeutic inefficacy [17,19,23]. Other potentially
applicable delivery systems for children include chewable tablets, which are often more suitable for
older children (>3 years) with teeth, and sprinkles, though they are more acceptable for older children
that can eat solid food [23,24].

Recent studies show that the most popular age appropriate delivery systems are small sized,
solid oral drug delivery systems e.g., minitablets and multi-particulates and orally disintegrating
formulations like orodispersible tablets or films [18,25]. Particularly, orodispersible formulations are
of choice because of their characteristic advantages such as water free administration, easy to use
anywhere and at any time without the need for external help or specialized caregivers, improved
stability, easier transportation, cost effectiveness and rapid disintegration when placed within the
oral cavity releasing incorporated API for absorption. This definitely allows easy administration to
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pediatric patients with or without teeth [26]. Orodispersible delivery systems offer advantages such as
enhanced pediatric compliance, possibility of local action, dosage accuracy, reduced choking risks, easy
handling and portability [27,28]. They also allow rapid onset of action and increase in bioavailability
due to rapid dispersion within the mouth and significant pre-gastric absorption, all leading to desirable
pharmacotherapeutic efficacy [29]. Furthermore, antitubercular agents are administered at low doses in
children so, orodispersible formulations will not be outsized or pose a choking hazard [19,23–25,30,31].

Therefore, this study details the design, optimization and systematic in vitro evaluation of
a polymer-based, orodispersible film formulation containing pyrazinamide (PZA) as a potential
alternative for flexible pediatric dosing. It is a first line antitubercular agent often used in combination
with isoniazid, rifampicin and ethambutol for the treatment of active TB infection [32,33]. PZA is highly
bactericidal, and acts by sterilizing slowly metabolizing tubercle bacilli, resulting in low incidence of
bacteriological relapse post completion of chemotherapeutic regimen. It facilitates treatment shortening,
leading to greater patient compliance [32,34–39]. It is a prodrug which undergoes conversion into
active pyrazinoic acid by the bacterial enzyme pyrazinamidase at or below pH 5.6 [33]. Typically, it is
administered for the initial 2 months of a 6-month treatment for drug-susceptible infections. PZA is a
Class III drug according to the Biopharmaceutics Classification System (BCS) characterized by its high
aqueous solubility (15 mg/mL at 25 ◦C), relatively low permeability (logP =−1.88) and linear absorption
over a broad spectrum of doses [36,38] (Becker et al., 2008; Adeleke et al., 2016). The PZA loaded
orodispersible matrices were prepared using the solvent casting method [27,40,41]. The PZA loaded
formulation was prepared using a combination of pharmaceutical excipients which included copolymer
polyvinyl alcohol-polyethylene glycol as a matrix and film forming agent, citric acid as a natural
preservative, sodium starch glycolate as a superdisintegrant and xylitol as a sweetener acceptable for
pediatric use as documented by Dixit and Puthli [42]. Formulation preparation and optimization were
facilitated using a response surface method based on a 4-factor, 3-level Box Behnken experimental design
(Minitab® 18 Statistical Software (Minitab LLC, State College, PA, USA), a robust, high performance
quadratic template widely applied in the development of viable drug carriers [38,43,44]. The optimized
orodispersible film formulation was then physicochemically characterized in vitro by determining
its mass, dimensions (inner and outer diameter), disintegration time, drug release and kinetics, drug
content, dissolution pH, surface morphology changes, thermal behavior, crystallinity and structural
chemical backbone transitioning. Furthermore, we studied the stability of the optimized formulation
under common environmental storage conditions, its organoleptic qualities and cytobiocompatibility
in vitro.

2. Results and Discussion

2.1. Orodispersible Formulation Variants

Employing the initial one-variable-at-a-time screening together with the systematic 4-factor, 3-level
Box Behnken experimental design template, 27 pyrazinamide loaded orodispersible formulations were
successfully prepared using the solvent casting method. Through these approaches, the independent
variables affecting the response parameters, namely disintegration time (Y1), dissolution pH (Y2) and
formulation weight (Y3), were identified. In general, the orodispersible formulations appeared as
whitish, dense and bendable, hollow cup-shaped matrices that were light weight (<122 mg) and had
average inner and outer diameters of 11 ± 1 mm and 10 ± 0.81 mm respectively. Overall, the 27
orodispersible formulations had average weights ranging between 121.4 ± 8.00 mg and 60.87 ± 3.80 mg,
disintegrated with a total matrix structure collapse within 0.20 ± 0.09 to 5.67 ± 0.42 minutes and
presented dissolution pHs spanning from 6.59 ± 0.23 to 7.43 ± 0.01 which is relatively close to that of
the oral cavity (saliva). Differences observed in the measured response parameters showed that the
selected independent variables applied at the varying factors levels and combinations, according to
the quadratic design template, had noteworthy effects on the nature of each formulation. Numerical
values of response parameters measured for all 27 formulations are presented in Table 1.
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Table 1. Response parameters generated based on the quadratic experimental design template.

Formulation Weight (mg) Disintegration Time (minutes) Dissolution pH

F1 91.66 ± 1.55 2.57 ± 0.34 7.33 ± 0.02
F2 65.60 ± 2.58 0.47 ± 0.15 6.69 ± 0.04
F3 106.80 ± 2.00 1.59 ± 0.50 7.04 ± 0.02
F4 100.00 ± 2.38 1.24 ± 0.23 6.96 ± 0.05
F5 105.83 ± 3.95 1.72 ± 0.42 6.78 ± 0.04
F6* 87.86 ± 2.11 1.50 ± 0.09 6.59 ± 0.23
F7 75.07 ± 4.45 1.19 ± 0.06 6.94 ± 0.02
F8 60.87 ± 3.80 0.44 ± 0.04 6.96 ± 0.03
F9* 86.50 ± 2.59 1.45 ± 0.24 6.83 ± 0.06
F10 81.23 ± 1.64 3.46 ±0.51 6.98 ± 0.01
F11 81.50 ± 1.64 5.40 ± 0.10 7.30 ± 0.03
F12 84.77 ± 6.96 1.94 ± 0.62 7.06 ± 0.03
F13 112.06 ± 18.98 3.62 ±2.90 7.23 ± 0.14
F14 121.4 ± 8.00 5.44 ± 0.14 7.01 ± 0.06
F15 101.33 ± 4.51 4.84 ± 0.37 6.70 ± 0.06
F16 82.63 ± 0.06 4.20 ± 0.13 7.29 ± 0.03
F17 82.07 ± 3.04 5.03 ± 1.02 7.07 ± 0.03
F18 73.67 ± 3.16 4.83 ± 1.54 7.05 ± 0.02
F19 77.3 ± 1.42 4.02 ± 0.58 7.02 ± 0.06
F20 77.3 ± 14.03 2.58 ± 0.53 6.95 ± 0.06
F21 109.47 ± 2.39 2.57 ± 1.28 7.33 ± 0.41
F22 98.23 ± 15.06 2.73 ± 1.54 7.00 ± 0.05
F23* 90.30 ± 1.34 1.08 ± 0.10 7.10 ± 0.01
F24 80.97 ± 1.23 1.67 ± 0.57 7.43 ± 0.01
F25 114.97 ± 10.08 5.67 ± 0.42 7.05 ± 0.04
F26 78.40 ± 5.56 0.20 ± 0.09 7.02 ± 0.05
F27 70.37 ± 3.75 0.72 ± 0.34 7.41 ± 0.06

* represents the centrepoint experimental runs.

2.2. Selection and Validation of the Optimized Orodispersible Formulation

The ANOVA analysis revealed that the percentage of polyvinyl alcohol polyethylene glycol,
sodium starch glycolate, citric acid and xylitol contained in each formulation variant significantly
(p < 0.05) impacted the response parameters. Based on the statistical method and constraints applied
on the formulation weight, disintegration time and dissolution pH, a formula was developed for the
preparation of the optimized orodispersible formulation using the Minitab® 18 Statistical Software.
An overall desirability of 0.991 indicating the robustness of the optimization platform and design
template was obtained. The optimized formula containing the levels of each independent variable
is shown in Table 2. To further confirm the validity and suitability of the optimization process, the
optimized formulation was prepared in triplicate following earlier described method and measurements
of the formulation weight, disintegration time and dissolution pH were performed experimentally.
The magnitude of the observed response parameters measured against that of the predicted values
displayed a high degree of correlation, further supporting the precision and robustness of the statistical
design employed for generating the desired optimized formulation.
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Table 2. Optimized formula and model summary of fitted and experimental outputs as it relates to the
experimental design template.

Optimized Formula Validation of Predicted Outputs with Experimental Values (n = 3)

Factor Levels Responses Desirability Level Predicted Observed

X1 = 1.000 g Y1 0.980 0.620 min 0.583 ± 0.050 min
X2 = 0.483 g Y2 1.000 7.000 6.900 ± 0.250
X3 = 0.058 g Y3 0.994 65.333 mg 57.500 ± 0.002 mg
X4 = 0.539 g

Note: X1 = Polyvinyl alcohol polyethylene glycol (Kollicoat® IR); X2 = Sodium starch glycolate (Primojel®);
X3 = Citric acid; X4 = Xylitol, Y1 = Disintegration time; Y2 = Disintegration pH; Y3 = Formulation weight.

2.3. Physical Properties of Optimized Formulation

The optimized orodispersible formulation was thin, flexible making handling possible, whitish
in color with a hollow/concave shape as well as inner and outer diameters of 10.00 ± 0.52 mm and
11.00 ± 0.43 mm. The formulation was made up of sodium starch glycolate as a super disintegrate,
co-polymer polyvinyl alcohol polyethylene glycol as a matrix and film forming agent, xylitol as a
sweetener suitable for pediatrics, citric acid as a natural preservative and pyrazinamide (500 mg) as
a model antitubercular agent. The optimized formulation was light weight and small enough for
orodispersible applications. It rapidly disintegrated in less than 60 seconds (i.e., 0.58 min ≡ 34.98 s)
when placed in simulated saliva at 37 ± 0.1 ◦C. The dissolution was close to neutral (7.0) and saliva
pH (6.8), meaning that the formulation has no potential to irritate the buccal mucosa (Table 2). Digital
photographs of the PZA loaded and drug free (placebo) optimized formulations are shown in Figure 1.

 

Figure 1. Digital photograph of (A) drug loaded and (B) placebo orodispersible film formulation.

2.4. Drug Content and Release Behavior

The PZA content of the optimized orodispersible formulation was 25.02 ± 0.71 mg equaling
101.13 ± 2.03%w/w, indicating that uniform drug distribution occurred among replicate test samples
and drug remained stable during and after preparation. In vitro drug release was carried out under
biorelevant conditions to determine the rate at which PZA molecules were released in simulated
saliva (pH 6.8) at 37 ± 0.1 ◦C, mimicking the buccal environment. The generated release profile is
illustrated with Figure 2. Figure 2B, which is an expanded form of segments of Figure 2A, shows that
drug liberation was initiated under 10 s (0.17 min) with 1.94 ± 0.28% released almost immediately
after the formulation came in contact with the dissolution media (onset of matrix disintegration).
Subsequently, the amount of drug released continued to increase rapidly, reaching its first peak at
5 min (72.01 ± 11.93%) and then maintained a relatively plateaued profile until 60 min when complete
matrix dissolution and drug release (102.50 ± 5.19%) occurred.
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Figure 2. (A) In vitro drug release behavior in simulated saliva and (B) illustrates an expanded segment
of the drug release profile.

The mathematical models applied to represent the release mechanisms of the active drug from the
formulation were zero-, first-, second-order as well as Higuchi, Korsmeyer–Peppas and Hixon–Crowell
models yielded R values of 0.59, 0.47, 0.33, 0.40, 0.90 and 0.51, respectively. The optimized formulation
displayed a good fit to the Korsmeyer–Peppas (R = 0.90) and the computed n-value was 0.83, meaning
that drug release after formulation hydration was controlled by an anomalous drug diffusion process
followed by matrix relaxation (disentangling polymer chains or disintegration) and erosion (matrix
dissolution) [45].

2.5. Optimized Formulation Characterization

2.5.1. Thermal Behavior Using Differential Scanning Calorimetry and Thermogravimetry

Generated differential scanning calorimetry (DSC) thermograms were employed in the assessment
of typifying thermal quantity changes for pure PZA, pharmaceutical excipients (citric acid, xylitol,
poly vinyl alcohol polyethylene and sodium starch glycolate), optimized drug loaded and placebo
formulations. Measured key thermal quantities include melting point (Tm) and glass transition
temperature (Tg). Typical DSC thermograms are shown in Figure 3. The DSC scans of citric acid
and xylitol represented in (Figure 3A,B) show sharp endothermic peaks corresponding to their Tm

at 153.38 ◦C and 92.64 ◦C, respectively, indicating their purity and stable states. Polyvinyl alcohol
polyethylene glycol (Kollicoat® IR) thermogram (Figure 3C) depicts multiple broad endothermic and
exothermic peaks with a small endothermic peak at 92.3 ◦C and a more prominent endothermic peak
at 212.65 ◦C as Tm. The presence of two endothermic peaks shows that the Kollicoat® IR is made
up of two different natured polymers. The appearance of Tg noted at 44.24 ◦C can be associated
with its amorphous co-polymeric transitioning into a crystalline material. Sodium starch glycolate
thermogram (Figure 3D) displayed characteristic exothermic peak at 298.75 ◦C and glass transition was
observed at 46.45 ◦C. Pure pyrazinamide shows two endothermic peaks at 154.00 ◦C, corresponding to
solid–solid transition and a sharp endothermic peak at 190.64 ◦C (Figure 3E), which corresponds to the
Tm, indicating its α- polymorphic form and purity of PZA [38,46,47]. Thermal peaks identified for each
excipient and pure drug are indicative of their purity and stability as individual compound before
their inclusion in the orodispersible formulation mix. The placebo thermogram (Figure 3F) presented
broad endothermic and exothermic peaks, revealing its semi-crystalline nature which can be related
to its crystalline, semi-crystalline and amorphous constituents already mentioned above. Likewise,
the optimized PZA loaded orodispersible formulation thermogram (Figure 3G) also displayed a
semi-crystalline trend with broad endothermic and exothermic peaks occurring within the melting
point region of excipients. This finding further supports its blended pure drug and excipient content.
The slight shift of the PZA peak in the mixture may have been influenced by polymeric crystallization
occurring during the formation of the orodispersible formulation resulting in the endothermic peak
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slightly shifting to 193 ◦C, accounting as the Tm of the newly prepared drug loaded formulation
further confirming drug stability within the drug delivery matrix. The disappearance of melting
peaks of individual excipients in the drug loaded formulation shows complete solubilization of the
drug and excipients within the matrix. It also supports the formation of a new compound, hence the
physical transitioning of PZA from crystalline to the amorphous form potentially accounting for the
rapidly disintegrating quality of the developed formulation [48]. The obtained DSC thermograms
demonstrate the compatibility of the drug (PZA) and pharmaceutical excipients used in the formulation
development with no evidence of possible adverse interactions.

 

Figure 3. DSC Thermograms of (A) citric acid, (B) xylitol, (C) polyvinyl alcohol polyethylene glycol,
(D) sodium starch glycolate, (E) pyrazinamide, (F) placebo and (G) drug loaded formulation.

Thermogravimetric curves of pure PZA, pharmaceutical excipients, optimized drug loaded and
placebo formulations recorded under a nitrogen saturated atmosphere, purge and heating rates of
25 mL/min and 10 ◦C/min, respectively, are presented in Figure 4. TGA analysis was conducted
for additional investigation of thermal degradation events quantified as percentage weight loss as
it relates to temperature and its impact of formulation stability. First, important thermal events
were identified for individual excipients and pure PZA. The PZA thermal decomposition Tonset was
observed at 164 ◦C and complete weight loss occurred at 199.15 ◦C (Figure 4A). The onset of thermal
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decomposition for xylitol (Figure 4B) was noted at 240.59 ◦C and final decomposition temperature
was observed at about 306.73 ◦C, showing it thermal robustness as Tonset was above 200 ◦C. Citric
acid and poly vinyl alcohol polyethylene thermal plots in (Figure 4C,D) commenced decomposition
at a Tonset of about 185.99 and 236.39 ◦C, respectively, and complete breakdown only occurred at
temperatures greater than 400 ◦C, confirming thermal stability of these excipients. Sodium starch
glycolate (Figure 4E) showed two decomposition events, water loss from the polymer was observed
at about 125.01 ◦C, corresponding to 8% weight loss, followed by final decay at 257.99 ◦C. Generally,
the excipients presented with relatively high, single decomposition temperatures, 199 ◦C and above,
indicating their distinct stability and purity. Thermal decomposition of optimized drug loaded and
placebo (Figure 4F,G) began at 156.24 and 200.38 ◦C, respectively. Complete weight loss followed at
202.72 ◦C for the PZA loaded formulation and beyond 400 ◦C for the placebo. Onset temperatures
considerably below 200 ◦C suggests lower thermal stability which, in this case, can be linked to the loss
of residual water molecules from the both matrices due to the presence of hydrophilic components in
both drug loaded and placebo formulations. Usually, weak drug and hydrophilic polymer interactions
break easily around 100 ◦C [49]. The presence of an additional non-polymeric hydrophilic molecule,
PZA, within the drug loaded formulation matrix probably accounts for the reduction in the onset
temperature (156.24 ◦C) compared to that recorded for the placebo (200.38 ◦C) which contains all other
hydrophilic constituent excluding PZA. This can further influence the temperature at which complete
weight loss (100%) occurred for both drug loaded (202.72 ◦C) and placebo formulations (>400 ◦C).
From these observations, it appears that the placebo contains more crystalline domains within its
molecular structure and its components are more of a physical blend with less amorphous transitioning
happening compared to the drug loaded formulation, where a degree of amorphization seems to occur
between the PZA and excipient physical blend as also revealed through the DSC (Figure 3G) and XRD
(Figure 5G) analytical outputs. Overall, the TGA thermograms exhibited the thermal stability of both
drug and pharmaceutical excipients, either as separate entities or blends in the different formulations,
as well as presented no visible trace of any destructive chemical interaction. Additionally, the similarity
in weight loss patterns plus relative overlap in final decomposition temperatures for both drug loaded
formulation (202.72 ◦C) and pure PZA (199.15 ◦C) (Figure 4A,F), can further signify formulation matrix
stability and drug intactness which, was also the case with the DSC analyses as the PZA peak remained
identifiable in the formulation blend with a slight shift associated with the presence of other excipients
(Figure 3G).

Figure 4. Cont.
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Figure 4. Thermogravimetric curves of (A) PZA, (B) xylitol, (C) citric acid, (D) polyvinyl alcohol
polyethylene glycol, (E) sodium starch glycolate, (F) drug loaded formulation and (G) placebo.

 

Figure 5. X-ray diffractograms of (A) PZA, (B) citric acid, (C) xylitol, (D) polyvinyl alcohol polyethylene
glycol, (E) sodium starch glycolate, (F) placebo and (G) drug loaded formulation.
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2.5.2. Crystallinity

Powder X-ray diffractometry was used to determine the physical, solid state changes and
crystallinity [50] of the model drug PZA, pharmaceutical excipients, optimized drug loaded and
placebo formulations. The diffractograms displayed in Figure 5A–C depict the crystalline nature of
pyrazinamide, citric acid and xylitol correspondingly with distinct, high intensity peaks (>30,000 a.u.).
Co-polymer polyvinyl alcohol polyethylene glycol is semi-crystalline (characteristic of it make-up),
typified with broader band, less intense (<16,000 a.u.) crystalline peak observed at 19.2 (2θ) and
multiple blunt regions (Figure 5D), while sodium starch glycolate exhibited a low intensity (<6000 a.u.),
undefined topography (Figure 5E), which can be related to its amorphous character, largely contributing
to the non-crystalline domains within the entire molecular structure of the optimized formulations.
The optimized drug and placebo formulation diffractograms are considered a sum of individual
diffractions generated by the component excipients and drug [26]. When compared with its drug
loaded counterpart, the placebo diffractogram (Figure 5F) also exemplified the presence of recurrent
amorphous and higher intensity crystalline regions (>30,000 a.u.) within its matrix which further
validates findings documented from the TGA analysis where the placebo was shown to require
higher temperatures to exhibit complete decomposition compared to the drug loaded formulation
(Figure 4F,G). The optimized PZA formulation diffractogram (Figure 5G) irregularly exhibited slightly
broader, sparse and lower intensity peaks (<30,000 a.u.) plus an expanse of blunt regions both
associated with its crystalline and amorphous states respectively attributed to the excipients and PZA
constituents. The presentation of the amorphous segments within the drug formulation structure
appears substantial and may be linked with the rapid disintegration characteristic observed upon
hydration, as the amorphous state is known to improve the solubility of drug delivery systems, thereby
enhancing dissolution and drug absorption within the body [38,41,49]. The crystalline PZA appeared
transformed into a partially amorphous state evidenced by the relative loss of its crystalline peaks
intensity, particularly that identified at 8.03 (2θ) which was at about 30,000 a.u. and reduced to
10,000 a.u. in the optimized formulation diffractogram (Figure 5A). These findings also concur with
the DSC and XRD analytical outputs.

2.5.3. Structural Interpretation

Fourier transform infrared spectroscopy was performed on all pure excipients, PZA, optimized
drug loaded and placebo formulations to determine any drug–excipient interactions, and produced
spectra are presented in Figure 6. The analysis was focused on identifying vibrational peaks that
depict the presence of particular functional groups in the pure drug and pharmaceutical excipients
(Figure 6A–G). Pinpointing xylitol peaks related to O-H stretching were observed at 3354 cm−1 and
3284 cm−1; an intense C-H peak at 1418 cm−1 (Figure 6A) while C-H and O-H peaks observed at
2916 cm−1 and 3438 cm−1, respectively, were specific for sodium starch glycolate xylitol peaks (Figure 6B).
Typifying citric acid C-O-H peak was noted at 1372 cm−1, C-O vibration at 3282 cm−1 and O-H bending
at 1172 cm−1 (Figure 6C). Specific peaks documented at 1090 cm−1, 2902 cm−1 and 3296 cm−1 correspond
to C-O, C-H and O-H stretching, respectively; C-H bend at 1448 cm−1, C-H rock at 848 cm−1 and
-C-C- vibration at 1086 cm−1 signify co-polymer polyvinyl alcohol polyethylene glycol—Kollicoat® IR
(Figure 6D) [51–53]. Of note are peaks representing N-H stretch at 3148cm−1, 3292 cm−1, 3388 cm−1 and
3408 cm−1, C-N (ring, stretching) at 1680 cm−1, C-C ring stretching at 1436 cm−1, C=N at 1162 cm−1,
C=O at 786 cm−1 and C=C at 1704 cm−1, which are key to its structural make-up were logged for pure
PZA (Figure 6E) [54]. The optimized PZA loaded formulation spectra (Figure 6F) displayed distinctive
peaks, appearing within identical vibrational frequency range obtained for PZA but with slight shifts
due to the presence of polymeric and non-polymeric additives. Peaks at N-H = 3290 cm−1, 3406 cm−1

and 3426 cm−1, C-O = 1680 cm−1 and 1022 cm−1, C-C (ring, stretching) = 1434 cm−1, typical of the
standard PZA chemical backbone, were identified. A presentation of functional groups specific to
the pure drug and/or excipients individually reflect in the generated spectra for the optimized drug
formulation and exposes the level of structural compatibility amongst these components. This signifies
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that despite the relative amorphization noted for formulated PZA, typifying structural peaks remained
noticeably unaltered, thereby demonstrating the absence of chemically disruptive interactions during
the formulation development process. The placebo FTIR spectra (Figure 6G) showed C-O stretching
peaks at 1064 and 1008 cm−1 including C-H stretching peak seen at 2916 cm−1 accounting for the
presence of both poly vinyl alcohol polyethylene glycol and sodium starch glycolate, C-O-H peaks were
detected at 1420 cm−1 and 1374 cm−1 representing citric acid and, vibrational frequencies at 3418 cm−1,
3382 cm−1 and 3282 cm−1 are characteristics of O-H peaks for associated with xylitol, polyvinyl alcohol
polyethylene glycol and citric acid chemical backbone structures. These show that the placebo is a
homogenous physical blend of the different excipients. Overall, the outcomes of the FTIR analysis
indicated that the drug and excipients were well incorporated, compatible and stable with absence of
any destructive intermolecular or intramolecular interactions.

 

Figure 6. FTIR spectra of (A) xylitol, (B) sodium starch glycolate, (C) citric acid, (D) polyvinyl alcohol
polyethylene glycol, (E) PZA, (F) drug loaded formulation and (G) placebo.
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2.5.4. BET Surface Area and Porosity

The surface areas of optimized drug loaded and placebo formulations were obtained by employing
the theory of Brunauer–Emmett–Teller (BET) on nitrogen adsorption isotherms generated from the
sample surface measured at 77 K. Typical isotherms are illustrated in Figure 7A,B, respectively.
Drug loaded and placebo isotherms show similar trends at relative pressures of 0.2000–0.4000,
revealing the existence of micropores in both formulations [55]. Specifically, the micropore volume
of the placebo and drug loaded formulations were 0.00001 and 0.00003 cm3/g, respectively, and the
presence of PZA within the matrix seems to increase the pore volume according to the numerical
data. The specific BET surface area of drug loaded formulation (Figure 7C) and placebo (Figure 7D)
were 0.0015 and 0.0753 m2/g, while the single point surface area measured 0.0020 and 0.1408 m2/g,
respectively. The surface areas for the drug loaded sample is smaller than that of the placebo. This can
be associated with the presence of successfully attached PZA molecules on the optimized formulation
matrix. T-plots of the drug loaded (Figure 7D) and placebo (Figure 7E) profiles exhibited similar trends
with the same thickness ranging between 0.3000 and 0.5000 nm, which may still be related to the
finding that the PZA molecules are well incorporated into the formulation matrix, thus not changing
its thickness either PZA-free or PZA-loaded.

 

Figure 7. Graph presentation of Isotherm liner plot of (A) drug loaded and (B) placebo, BET surface
area plot for (C) drug loaded and (D) placebo and t-plot of (E) optimized drug loaded and (F) placebo.
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2.6. Typifying Surface Morphological Features and Transitioning with Hydration

Scanning electron microscopy was used to examine the differences in the surface morphologies
of the anhydrous PZA, optimized drug loaded and placebo formulations as shown in Figure 8A–C,
respectively. The pure PZA micrograph (Figure 8A) displayed irregular sized, rod shaped particles
with defined edges confirming the crystalline nature of the PZA molecules [47,50]. The optimized PZA
formulation surface micrograph (Figure 8B) revealed a uniform distribution of the drug molecules
embedded throughout the carrier matrix, whereas the placebo (Figure 8C) showed a relatively plane
topography with undulating segments confirming the absence of PZA molecules.

 

Figure 8. Scanning electron micrographs of (A) pure PZA, (B) optimized PZA loaded formulation,
(C) placebo formulations. Changes are visible in the surface topographies of the unhydrated and
hydrated optimized drug loaded formulation (D) before—0 s and after (E)10, (F) 30, (G) 60, (H) 90 and
(I) 120 s of being in contact with simulated saliva under biorelevant conditions (pH 6.8; 37 ± 0.1 ◦C).
Images were captured as SEM micrographs at magnification 500× (refer to the blue label “1”) and high
resolution photographs (refer to blue label “2”) at each time point. The circular, red dotted lines shown
in the photograph images (labelled “2”) represent left over formulation fragments after hydration.

Furthermore, time-dependent disintegration patterns of the optimized drug loaded formulation in
preheated simulated saliva (pH 6.8; 37 ± 0.1 ◦C) was investigated using scanning electron microscopy
and digital photography. Briefly, images were taken at 0 s (before hydration) and 10, 30, 60, 90 and
120 s after placement in simulated saliva. Captured micrographs and photographs showing changes
in formulation surface morphology as it collapsed upon hydration and subsequently released PZA
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molecules over time are illustrated side-by-side (labelled 1 and 2) in Figure 8D–I. At time 0 s before
hydration (Figure 8D), formulation matrix morphology was intact and displayed a wide coverage with
PZA molecules (defined edge particles as per micrograph) as also discussed above. As formulation
wetting progressed with time, gradual matrix collapse and breakdown occurred, and progressive
migration of embedded PZA molecules ensued as a result of matrix disintegration (Figure 8D–I). Initial
matrix collapse and drug molecule (visible as embedded particles with defined edges) migration
into simulated saliva started at about 10 s (Figure 8E) and was more pronounced at 30 s (Figure 8F),
followed by visible matrix erosion, dissolution and continuous outward movement of incorporated
drug molecules as time elapsed (Figure 8G–I). These outcomes agree with the low disintegration time
(34.98 s) recorded for the drug loaded formulation and is considered an indication of the desired rapid
matrix fragmentation, which makes it an attractive and potentially suitable orodispersible delivery
system for use in children. In essence, we were able to use the information provided from visualizing
microscopic disintegration processes to validate macroscopic level formulation breakdown events.

2.7. Organoleptic Properties of Optimized Drug Loaded Formulation

Preliminary evaluation of organoleptic properties was based on color, texture (general appearance)
and acceptability. Results showed that the orodispersible formulations placed on the tongue dispersed
quickly—under 60 s in the presence of saliva (required no water for swallowing) and produced
a generally satisfying taste as described by the panel. On the average, the volunteers rated the
formulation 3.5, implying that the remaining bitterness was minor and mostly considered adequately
taste masked/tasteless by them. The panelists also described the formulation color as acceptable, texture
as satisfactory and easy to handle. Outcomes of this preliminary qualitative investigation makes the
developed orodispersible preparation potentially attractive for pediatric use.

2.8. Cytobiocompatibility Evaluation

In vitro cytotoxicity assay was performed to determine the potential biocompatibility of the
optimized drug loaded orodispersible formulation relative to the placebo and pure PZA using
hepatocyte cell line (Hep2G) as a model. HepG2 cell line is commonly used to examine the toxicity
of antitubercular drugs and respective formulations [56–58]. Cell viability was measured with the
3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) and neutral red (NR) assays at
different xenobiotic concentrations ranging from 0.0005—5 mg/mL over a treatment period of 24 h.
Cytotoxicity levels were presented as mean percentage cell viability and standard error of mean
(SEM) for both MTT and NR assays (Figure 9). For the MTT assay, it was observed that cell viability
generally increased as sample concentration decreased (Figure 9A–C). The optimized drug loaded
preparation (Figure 9A) showed cell viability 60% and higher for all test concentrations while the
placebo formulation displayed lowest cell viability <20% at 5 mg/mL, which consistently increased
between 0.5 and 0.005 mg/mL and then insignificantly dropped to 77.09% at the lowest concentration
of 0.0005 mg/mL (Figure 9B). Pure pyrazinamide, on the other hand (Figure 9C), expressed highest
cell proliferation at lowest concentration 0.0005 mg/mL (96.29%) and the reverse at 5 mg/mL (32.40%).
A combination of PZA and excipients in the formulation seemed to promote biocompatibility and cell
growth in comparison to outputs captured for the placebo and PZA only. Interestingly, the neutral
red analyses showed no cytotoxicity for all three test samples with values majorly greater than 100%
for all concentration levels (Figure 9D–F). The only slight decrease in cell viability was noted for PZA
at 5 mg/mL and it was statically insignificant. Hence, the NR uptake assessment revealed that drug
formulation, placebo and PZA supported cell division and growth, an indication of cytobiocompatibility.
These findings may be as a result of the differences in the biochemical reactions of both assays. The MTT
assay is based on cellular respiration or mitochondrion cell metabolic activities while the NR analysis
measures dye uptake and concentration within the lysosomes thus measuring staining capacity of live
cells [3,59]. Consequently, a reduction in MTT-based cell viability can represent a decrease in metabolic
activity. The fact that similar trends are not identified for the NR assay at all test concentrations, the cells
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can be considered to exhibit cytostatic effects at some point. This may mean that the introduction of the
test compounds may have inhibited cell growth but does not necessarily promote cell destruction or
death—as it is with the case of cytotoxicity. Identified cellular responses resulting from cell exposure to
test samples can be termed as dose-dependent and two-phased, an occurrence related with hormesis
which, is a two-way adaptive reaction of cells (biological systems) to external stress such as xenobiotics,
environmental changes (e.g., pH, temperature) [60]. For both implemented assays, the optimized PZA
orodispersible formulation demonstrated no significant reduction in cell viability.

 

Figure 9. HepG2 cell biocompatibility levels measured by MTT analysis (A) drug loaded formulation,
(B) placebo and (C) pyrazinamide and, neutral red assay (D) drug loaded formulation, (E) placebo and
(F) pyrazinamide. Results represent mean ± SEM and statistical significance (p < 0.05) indicated with
an asterisk (*).

2.9. Drug Formulation Stability under Changing Storage Conditions

Pyrazinamide formulation stability under varying environmental storage conditions was evaluated
over 12 weeks. Briefly, drug formulations were placed in airtight, glass jars containing desiccant bags
and stored in: (a) a dark enclosure (23 ± 3 ◦C/65 ± 5% RH), (b) refrigerator (4 ± 2 ◦C) and (c) under
regular room conditions (24 ± 3 ◦C/70 ± 5% RH). Tests were performed in triplicate per storage
condition and the stability indicators quantified were inner and outer diameters, disintegration time,
dissolution pH, weight, and drug content using earlier described methods. Results were reported
as average ± standard deviation. Freshly prepared control formulations were tested immediately
(time = 0 weeks) and stability indicators recorded in three replicates. At the 12-week time-point,
samples stored in dark enclosures (23 ± 3 ◦C/65 ± 5% RH) and refrigerator (4 ± 2 ◦C) retained their
physical shape, color and showed minimal variation in stability indicators compared to values recorded
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at the starting point. Samples stored under regular room conditions (24 ± 3 ◦C/70 ± 5% RH) with
fluctuating light exposure were considerably unstable, evidenced by their physical discoloration and
documented stability indicators relative to the control samples (Table 3). Summarily, the suggested
storage conditions for the optimized PZA containing orodispersible pharmaceutical formulation would
be in airtight vessels containing desiccant bags kept away from direct or fluctuating light sources and
under ambient or refrigerator settings.

Table 3. Stability indicators recorded under different storage conditions.

Stability Indicators
0 Weeks Varying Storage Conditions at 12 Weeks

I * II * III *

Mass (mg) 57.500 ± 0.002 56.100 ± 0.472 58.600 ± 0.321 58.530 ± 1.531
Outer diameter (mm) 11.000 ± 0.426 11.000 ± 0.577 11.000 ± 0.577 11.667 ± 0.577
Inner diameter (mm) 10.000 ± 0.520 10.000 ± 0.577 10.000 ± 0.577 10.667 ± 0.577

Disintegration time (min) 0.583 ± 0.050 0.533 ± 2.510 0.467 ± 3.050 0.483 ± 1.154
Dissolution pH 6.900 ± 0.250 7.290 ± 0.0.015 7.640 ± 0.071 7.633 ± 0.041
% drug content 101.000 ± 2.030 88.000 ± 15.530 84.000 ± 3.020 33.333 ± 10.408
Colour change None None None Yes

* Note: I—refrigerator (4 ± 2 ◦C); II—dark enclosure (23 ± 3 ◦C/65 ± 5% RH); III—regular room conditions
(24 ± 3 ◦C/70 ± 5% RH).

3. Materials and Method

3.1. Materials

Pyrazinamide, citric acid, sodium starch glycolate (Primojel®), xylitol, Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), L-glutamine, non-essential amino acids,
penicillin/streptomycin, disodium hydrogen phosphate, potassium dihydrogen phosphate, sodium
chloride, 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) and neutral red (NR)
cell viability assay were purchased from Sigma Aldrich (St. Louis, MO, USA). Copolymer polyvinyl
alcohol-polyethylene glycol (Kollicoat® IR) was procured from BASF (Ludwigshafen, Germany).
Hepatocyte cell line (HepG2) was purchased from American Tissue Culture Collection (ATCC)
(Manassas, VA, USA). All other chemicals employed were of analytical grade and used as received.

3.2. Experimental Design

3.2.1. Constructing the Box Behnken Design Template

The systematic preparation and optimization of the PZA loaded formulation was based on a
4-factor, 3-level Box Behnken experimental design template, a response surface methodology (RSM),
constructed utilizing the Minitab® 18 Statistical Software (Minitab LLC, State College, PA, USA).
The independent variables were the formulation excipients namely polyvinyl alcohol polyethylene
glycol (X1), sodium starch glycolate (X2), citric acid (X3), xylitol (X4). 3-levels of the independent
variables referred to as lower (−1), midpoint (0) and upper (+1) limits were selected for the construction
of the design template as represented in Table 1. The dependent variables or responses were parameters
key to the performance of the formulation and these included disintegration time (Y1), dissolution pH
(Y2) and formulation weight (Y3). Factor level selection for each excipient was set on their ability to
produce stable orodispersible formulations, which was based upon the one-variable-at-a-time approach
(OVAT) [38,61]. The OVAT approach was implemented by changing one variable per time while
keeping the others constant so as to determine the influence exhibited by each excipient. Accordingly,
the Box Behnken design template generated 27 possible combinations (F1–F27) with 3 replicates at
central points to minimize errors as presented in Table 4 [62]. Model estimation and significance level
were executed using the analysis of variance (ANOVA) where p-values below 0.05 indicated statistical
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significance and correlation coefficient (R) closest to one (>0.9) was selected because of complexities
associated with quadratic experimental design templates (Table 3).

Table 4. Independent variables employed for the Box Behnken design template.

Independent Variables Levels

−1 0 +1

X1: Polyvinyl alcohol polyethylene glycol (g) 1.000 2.000 3.000
X2: Sodium starch glycolate (g) 0.000 0.500 1.000

X3: Citric acid (g) 0.025 0.063 0.100
X4: Xylitol (g) 0.300 0.650 1.000

3.2.2. Preparation of Orodispersible Formulations

Pyrazinamide loaded orodispersible formulations were prepared using the solvent casting
technique [27,40,41]. Each formulation consisted of different amounts of polyvinyl alcohol polyethylene
glycol, sodium starch glycolate, citric acid and xylitol based on the design template detailed in Table 5.
As a result, 27 orodispersible formulations were prepared with each, containing a fixed quantity of
pyrazinamide which equaled 500 mg per formulation. Briefly, for every orodispersible formulation
variants, all excipients (factor levels) and drug were carefully weighed on a calibrated analytical
balance (AS220.R2 Radwag Wagi Electroniczone, Radwag, North Miami Beach, FL, USA) and added to
20 mL deionized water under continuous stirring (Digital Hotplate Stirrer, Model H3760-HSE; Lasec;
Ndabeni, Cape Town, South Africa) at 500 rpm over 60 min at 37 ± 0.1 ◦C until a homogeneous slurry
was formed. The homogeneous mixture was left to cure in an airtight and dark environment until all
air bubbles were visibly absent. Next, specific amounts (required to produce 20 films per formulation
variant) of the cured slurry was filled into specialized, hollow plastic molds and then placed into a
Labcon forced air circulation incubator (Model FSIH4, Krugersdorp, Gauteng, South Africa) until
dried to constant weight at 25 ± 0.5 ◦C over 24 h. The resulting drug loaded formulations were then
appropriately stored away in airtight, opaque vials for further testing.

Table 5. Box Behnken design template.

Formulation X1 X2 X3 X4

F1 3.0000 0.5000 0.0250 0.6500
F2 2.0000 1.0000 0.0625 1.0000
F3 3.0000 1.0000 0.0625 0.6500
F4 1.0000 0.5000 0.1000 0.6500
F5 3.0000 0.5000 0.1000 0.6500

F6 * 2.0000 0.5000 0.0625 0.6500
F7 1.0000 1.0000 0.0625 0.6500
F8 1.0000 0.5000 0.0625 0.3000

F9 * 2.0000 0.5000 0.0625 0.6500
F10 2.0000 0.5000 0.1000 0.3000
F11 2.0000 0.0000 0.0250 0.6500
F12 2.0000 1.0000 0.0625 0.3000
F13 2.0000 0.5000 0.0250 1.0000
F14 1.0000 0.0000 0.0625 0.6500
F15 3.0000 0.5000 0.0625 0.3000
F16 2.0000 1.0000 0.0250 0.6500
F17 2.0000 0.0000 0.0625 1.0000
F18 2.0000 0.0000 0.0625 0.3000
F19 2.0000 0.0000 0.1000 0.6500
F20 2.0000 0.5000 0.1000 1.0000
F21 3.0000 0.5000 0.0625 1.0000
F22 3.0000 0.0000 0.0625 0.6500
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Table 5. Cont.

Formulation X1 X2 X3 X4

F23 * 2.0000 0.5000 0.0625 0.6500
F24 2.0000 0.5000 0.0250 0.3000
F25 2.0000 1.0000 0.1000 0.6500
F26 1.0000 0.5000 0.0625 1.0000
F27 1.0000 0.5000 0.0250 0.6500

Note: * indicates the experimental design center points; X1 = Polyvinyl alcohol polyethylene glycol (Kollicoat® IR);
X2 = Sodium starch glycolate; X3 = Citric acid; X4 = Xylitol. Each orodispersible film variant blend (i.e., F1–F27)
contained 20 mL deionized water as solvent, 500 mg pyrazinamide as model drug and produced an average of
20 orodispersible film formulations per variant blend meaning that a single film formulation was loaded with
approximately 25 mg pyrazinamide.

3.2.3. Weight Determination for the Matrices

Each prepared orodispersible formulation (F1–F27; Table 2) was weighed using a calibrated
analytical balance (AS220.R2; Radwag Wagi Electroniczone, Radwag, North Miami Beach, FL, USA).
For each measurement, three independent samples were weighed and mean weight ± standard
deviation was calculated and recorded.

3.2.4. In Vitro Disintegration Time and Dissolution pH of the Matrices

The in vitro disintegration time of the 27 experimental design orodispersible formulations was
measured utilizing a modified petri dish method [63,64]. Disintegration time represents the specific
period when formulation matrix collapse begins [38]. The disintegration time was determined visually
using a dual-display digital stopwatch (Fotronic Corporation, Melrose, MA, USA). In this case,
each sample was placed in 5 mL of pH 6.8 simulated saliva solution contained in a glass vial and placed
in the shaking water bath (ST 30, NÜVE, Akyurt, Ankara, Turkey) maintained at 37 ± 0.1 ◦C and 10 rpm
to mimic the oral cavity [26]. The vial was swirled after every 10 seconds and physical appearance of
the formulation was consistently observed for any dimensional changes [28]. The simulated saliva was
prepared by dissolving 2.38 g disodium hydrogen phosphate, 0.19 g potassium dihydrogen phosphate
and 8.00 g sodium chloride in a liter of distilled water [65]. In vitro disintegration time was recorded
at the point when the sample started breaking apart. Thereafter, test samples were allowed to dissolve
completely to form a homogenous solution and dissolution pH recorded using a pH meter (GmbH 8603,
Mettler Toledo, Sonnenbergstrasse, Schwerzenbach, Switzerland) [40,66]. All the measurements were
done in three replicates.

3.3. Formulation Optimization

The main objective of the statistical design approach was to develop an optimal pyrazinamide
loaded orodispersible formulation. After generating a full quadratic polynomial regression which
connected dependent with independent variables from the Box-Behnken design template, experimental
outputs were fitted within set limits for predicting the optimal orodispersible formulation. Selection
and analyses of optimized levels were performed using the Minitab® 18 statistical software by
simultaneously applying specific constraints on the dependent variables namely, disintegration time,
dissolution pH and formulation weight, as presented in Table 6. Accuracy and efficiency of the statistical
optimization process was measured using the desirability function in which case a value closest to one
is indicative of precision. To validate the experimental design approach, the optimized orodispersible
formulation was prepared in triplicate, dependent variables measured and obtained values were
compared to the predicted values. Thereafter, more optimized drug loaded and placebo formulations
were prepared for additional in vitro characterization and testing.
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Table 6. Model summary of optimization constrains and statistical significance of the selected
response parameters.

Dependent Variables Constrain Lower Upper Goal R p-Value

Y1: Disintegration time (minutes) Minimize 0.500 0.700 0.600 0.910 0.002
Y2: Disintegration pH Target 6.900 7.100 7.000 0.940 0.001

Y3: Formulation weight (mg) Minimize 50.00 70.00 60.00 0.901 0.020

3.4. Physical Properties of the Optimized Orodispersible Formulation

3.4.1. Weight Determination

The optimized formulation weight was measured in triplicate using a calibrated analytical balance
as previously described.

3.4.2. Measurement of Inner and Outer Diameter

The inner and outer diameter of the optimized formulation was manually measured in triplicate
using a centimeter calibrated precision ruler.

3.4.3. Disintegration Time and Dissolution pH

The time elapsed at the onset of in vitro disintegration and the media pH after complete formulation
dissolution was quantified using methods already detailed above.

3.5. Drug Content Analysis

Pyrazinamide loaded and placebo optimized formulations of about 12 × 10 mm dimension were
separately dissolved in 100 mL of simulated saliva contained in an Erlenmeyer flask. The resulting
aqueous mixture was placed on a digital hotplate magnetic stirrer (Model H3760-HSE; Lasec; Ndabeni,
Cape Town, South Africa) set at 37 ± 0.1 ◦C and 500 rpm. The samples were visually monitored until a
complete clear solution was formed. Subsequently, 1 mL of the clear solution was appropriately diluted
in simulated saliva and passed through the 0.45 μm nylon syringe filter (Whatman®, GD/X syringe
filters, Sigma Aldrich, Johannesburg, South Africa). The placebo formulation was also subjected to the
same dilution and filtration processes as the drug loaded samples and used as blank measurements
to nullify background absorbance associated with included excipients. Filtrates collected from both
drug loaded and placebo samples were then separately analyzed by measuring absorbance using a
UV/VIS spectrophotometer (Nanocolour® UV/VIS, Macherey Nagel, Separations, Bellville, Cape Town,
South Africa) set at a λmax of 268 nm, specific for PZA [26]. The final absorbance measurements obtained
from this differential computation were fitted into a linear calibration curve (y = 654.34 x; R2 = 0.96) to
obtain the actual and percentage PZA content of the optimized formulation. All quantifications were
performed using three replicate samples.

3.6. Evaluation of In Vitro Drug Release Kinetics

The in vitro drug release experiment was carried out on three separate optimized formulations.
Each sample was separately enclosed in lidded glass vials containing 5 mL simulated saliva and the
entire contrivance was immersed into a shaking water bath at 37 ± 0.1 ◦C under gentle agitation of
10 rpm, mimicking the buccal environment. Thereafter, 2 mL sample was collected and replaced with
an equal volume of freshly prepared, temperature equilibrated simulated saliva (37± 0.1 ◦C) at different
time intervals (10, 30, 60, 90 s and 2, 5, 10, 30, 60 min). The samples were then diluted, filtered using
0.45 μm Whatman® nylon syringe and analyzed with a Nanocolour® UV/VIS spectrophotometer at
λmax = 268 nm to detect drug absorbance which was eventually translated into percentage drug release
values employing a linear polynomial equation (y = 654.34 x; R2 = 0.96). Furthermore, obtained drug
release profile was analyzed employing model dependent methods namely zero-, first-, second-order
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as well as Higuchi and Korsmeyer–Peppas and Hixon–Crowell [67]. The model of best-fit optimally
describing the mechanism of drug release from the optimized orodispersible formulation was selected
based on the coefficient of determination (R2) closest to one. All mathematical fitting was performed
using the KinetDS, version 3.0 open source software.

3.7. Physicochemical Characterization

3.7.1. Differential Scanning Calorimetry (DSC)

The thermal properties of PZA, all excipients used, optimized drug loaded and placebo were
evaluated and compared using a differential scanning calorimeter (DSC, Q2000 DSC, TA Instruments,
New Castle, DE, USA). Approximately 6 mg of each sample was placed into a flat bottomed standardized
aluminum pan which was directly transferred into the calorimeter for testing purposes. For referencing,
an empty aluminum pan was included for each measurement as needed. All test samples were analyzed
three times at 10 ◦C/min−1, temperature range between −65 ◦C and 300 ◦C under an inert nitrogen gas
flow rate of 25 mL/min. The thermograms obtained were recorded and analyzed.

3.7.2. Thermogravimetric Analysis (TGA)

The drug model PZA, excipients, optimized drug loaded and placebo formulations were assessed
using a thermogravimetric analyzer (TGA Q500 V20.13 Build 39, TA Instruments, USA). About 8 mg of
each sample was separately placed into platinum pans, heated at a temperature range of 10–400 ◦C,
flow rate of 5 ◦C/min and maintained under constant nitrogen and air flow set at 40 mL/min and
60 mL/min respectively. The percentage weight loss during each heating cycle was recorded using the
TGA universal analysis software. Measurements were completed in triplicate and results expressed as
the mean of the three readings.

3.7.3. Evaluation of Structural Transitions

A Fourier transform infrared (FTIR) spectrophotometer (Perkin Elmer Spectrum 100 Series,
Beaconsfield, UK) equipped with the Spectrum V 6.2.0 software was utilized for the characterization of
PZA, all excipients, optimized drug loaded and placebo formulation samples. The FTIR spectra of each
sample were recorded in the transmission mode at a frequency range of 550–4000 cm−1. Each spectrum
was an average of 32 scans combined in order to achieve a satisfactory signal-to-noise ratio. In all
cases, spectra resolution was maintained at 8 cm−1 and the gauge force at 150. The compatibility of the
samples was checked and FTIR spectra documented for further analysis.

3.7.4. Surface Area and Porosity Analyses

The surface area and porosity of optimized drug loaded and placebo formulations were quantified
utilizing the Brunauer–Emmett–Teller (BET) analyzer (Micromeritics TRISTAR II 3020, Micromeritics,
Norcross, GA, USA) employing nitrogen adsorption mechanisms. About 0.3 g of each sample was
degassed under a vacuum environment overnight at 40 ◦C. The specific surface area for each specimen
was calculated using the BET method with experimental points fixed at a relative pressure of 0.01–1.

3.7.5. X-ray Diffraction (XRD)

The differences in the crystalline structures of PZA, excipient, drug loaded and placebo
formulations were identified using an X’Pert Pro Powder X-ray diffractometer (PANalytical,
Westborough, MA, USA). Anode material used was copper based, machine divergence slit was set at
0.38 mm and measurements were performed using a reflection-transmission spinner. Measurement
operations were carried out using 1.54 Cu K-alpha (1 and 2) radiation, 45 kV generator voltage and
40 mA tube current. Continuous scanning was performed at 0.026 scan step size and 126.99 s/step
between 5◦ and 90◦ (2θ).
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3.8. Surface Conformational Transitions of Dry and Hydrated Formulations

First, the surface morphology of pure PZA, drug loaded and placebo formulations were viewed
using the Zeiss Supra 55 SM Scanning Electron Microscope (SEM) (Carl Zeiss, Germany) at a 2 kV
accelerating voltage. The samples were cut into small pieces, mounted on aluminum stubs using
double sided adhesive carbon tape and then sputter coated with approximately 15 nm chromium using
a Quorum T150 ES coater (East Sussex, UK) before imaging.

Afterwards, the changes in the surface geometry of the optimized drug loaded formulation
upon hydration under biorelevant conditions, similar to that earlier described for the disintegration
analysis, were studied to further corroborate previously observed disintegration and drug release
patterns. At predetermined time intervals (10, 30, 60, 90, 120 s), photographs of the observed physical
changes were captured, then remnants of the disintegrating formulation were carefully collected and
dried to constant weight with a Labcon forced air circulation incubator at 25 ± 0.5 ◦C. Subsequently,
dried remnants collected at the different time points were processed as described above and mounted
for viewing on a Zeiss Supra 55 SM Scanning Electron Microscope. Photomicrographs for both dry
(whole) and hydrated samples were taken at 500×magnification.

3.9. Preliminary Organoleptic Evaluation

A single blinded approach was used to evaluate taste acceptability and physical appearance of
optimized drug loaded orodispersible formulation (each containing 25 mg PZA) by human volunteers
(n = 5) [68,69]. Each volunteer was requested to allow formulations disperse in their mouths and to
record the taste of each formulation on the provided chart after some seconds (under a minute) before
removing formulation remnants from their mouths without ingestion. All panelists were provided
with potable water to thoroughly rinse their mouths of any formulation residue using drinkable
water before evaluating another sample (each panelist assessed 3 samples). The bitterness and quality
attributes were evaluated using a 4-point hedonic scale with 1 point = very bitter, 2 points =moderate
to bitter, 3 points = slightly bitter and 4 points = tasteless/taste masked). An average numerical value
indicating the overall acceptability of the formulation was computed [68,69].

3.10. In Vitro Cytotoxicity Assay

The PZA, PZA loaded and placebo optimized formulation were employed as samples
for investigating the cytobiocompatibility using Hepatocyte cell line (Hep G2 also referred to
as ATCC® HB-8065™) was obtained from the American Type Culture Collection (Manassas,
VA, USA). Two colorimetric assays were employed to quantify cell viability of the samples namely
3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) and neutral red (NR) cell
viability assay.

3.10.1. Cell Culturing and Sample Preparation

The hepatocyte cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM),
10% fetal bovine serum (FBS), 1% L-glutamine, 1% non-essential amino acids (NEAA), and 1%
penicillin/streptomycin. Tissue culture flasks (75 cm2) were used to grow the cell in an incubator
maintained at 37 ◦C in 5% of carbon dioxide. The cells were harvested and passaged when they were
confluent. Assay samples were dissolved in Dulbecco’s modified Eagle’s medium (DMEM) with serial
dilutions (5, 0.5, 0.005, 0.0005 mg/mL) and prepared samples evaluated using MTT and NR assay
detailed below.

3.10.2. MTT Cell Viability Assay

A modified technique outlined by Mosmann (1983) and Vistica (1991) was used for MTT viability
assay [57,70]. HepG2 cells were seeded at a density of 40,000 cells/mL in a 96-well plate. The cells
were left to be attached overnight, then they were exposed at different concentrations (μg/mL) of the
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samples. The spent medium was aspirated after 24 h of incubation at 37 ◦C and substituted in simple
DMEM by a 0.5 mg/mL MTT. After another 3 h of incubation at 37 ◦C, the medium was removed and
200 μL DMSO dissolved the purple formazan crystals. A microplate reader (SpectraMax® Paradigm®

Multi-Mode Detection Platform, Molecular Devices LLC, San Jose, CA, USA) measured the absorbance
at 540 nm.

3.10.3. Neutral Red Cell Viability Assay

The media was aspired after the 24 h of incubation with the sample products, then adding 20 μL
of the neutral red solution (Sigma Aldrich) to each well. The culture was incubated in a humidified
chamber at 37 ◦C for 3 h (5% carbon dioxide). The cells were washed with pre-warmed PBS after
incubation, followed by 200 μL of neutral red solubilization solution and left at room temperature for
10 min. A micro plate reader (SpectraMax ® Paradigm® multi-mode detection platform) was used to
measure absorbance readings at 540 nm. The cytotoxicity of both the MTT and NR results are reported
as a percentage according to the following calculation:

% Cell viability = Sample − Blank/Control − Blank) × 100. (1)

3.11. Stability Studies

Environmental stability studies were performed on drug loaded formulations over a period of
12 weeks utilizing selected settings that were intended to simulate everyday use. Generic protocols
set by the International Conference on Harmonization (ICH) were considered for the environmental
conditions used for this preliminary investigation [71,72]. Samples were kept in airtight, glass jars
containing desiccant bags and stored: (a) in a dark enclosure (23 ± 3 ◦C/65 ± 5% RH), (b) refrigerator
(4 ± 2 ◦C) and (c) under room conditions (24 ± 3 ◦C/70 ± 5% RH) and tested in triplicate. Formulation
weight, disintegration time, drug content uniformity, dissolution pH, inner and outer diameter were
selected as indicators for determining the influence of set storage conditions on the physical and
chemical stability of these samples. All stability indicators quantified at the end of 12 weeks were
compared to measurements conducted at the point when the formulations were freshly prepared
(time = 0 weeks).

4. Conclusions

Palatable orodispersible film formulations are ideal for patients with swallowing difficulties such
as pediatrics because they are stable and dissolve rapidly within the oral cavity in the presence of saliva,
without the need to chew or drink water. This current investigation details the successful preparation,
optimization and evaluation of an edible, co-polymeric orodispersible pharmaceutical formulation
containing pyrazinamide, a model first line antitubercular agent suitable for use in actively infected
children. The orodispersible formulation was manufactured by blending polymeric and non-polymeric
excipients with drug molecules in an aqueous milieu coupled with the solvent casting approach.
The production and optimization processes were facilitated by a one-variable-at-a-time and high
performance Box Behnken experimental sesign approaches. The optimized orodispersible formulation
was hollow-shaped, uniformly whitish in color, mechanically robust and bendable enough to withstand
safe handling. It disintegrated rapidly (34.98 ± 3.00 s) under biorelevant conditions, maintained a close
to neutral surrounding pH of 6.90 ± 0.25 and total matrix dissolution and drug release, an indication
of complete drug absorption, occurred at approximately 60 min. Drug release from the optimized
formulation followed the Korsmeyer–Peppas mathematical model, showing that drug liberation
was controlled by anomalous diffusion coupled with matrix disintegration and erosion mechanisms.
Pyrazinamide molecules were well incorporated into the formulation matrix and displayed a high
loading capacity (25.02 ± 0.71 mg ≡ 101.13 ± 2.03 %w/w). According to the WHO, a pediatric patient
requires an average dose of 35 mg/kg, meaning that multiple films (relative to body weight) may be
needed per child; an approach not unusual in TB management with oral or water dispersible tablets.
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This may therefore be more usable in under 5-year-old children and, should not pose any choking
hazards considering the rapidly disintegrating characteristic of the fabricated pyrazinamide films
which does not necessitate the use of water for swallowing. Captured SEM micrographs and digital
photographs showed that the drug formulation matrix was micro-structured and also confirmed its
quick disintegration sequence. The orodispersible drug preparation was thermodynamically and
environmentally stable under specific storage conditions based on findings from physicochemical
characterization (TGA, DSC, FTIR, XRD, BET analyses) and stability testing processes. Preliminary
organoleptic and cell toxicity enquiries presented the drug formulation as palatable, easy-to-handle
and biocompatible under applied test conditions. In conclusion, the orodispersible pharmaceutical
formulation developed herein can potentially ease some of the current global challenges associated
with the safe administration of TB antibiotics in pediatric patients to aid desirable pharmacotherapeutic
outcome. Besides, the carrier matrix designed in this study may be used as is or even modified
to accommodate and safely improve the release/absorption of other antitubercular agents for use
in children.
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Abstract: Norvir® (ritonavir) is a Biopharmaceutical Classification System Class IV compound
with poor solubility in water (~5 μg/mL) and limited oral bioavailability. Early stage development
efforts were focused on an oral solution (OS) which provided reasonable bioavailability but
exhibited taste-masking challenges and required the use of solvents with potential pediatric toxicity.
Norvir® oral powder, 100 mg (NOP) was developed to replace OS. The objective of this study is to
provide an overview of the development of NOP and palatability assessment strategy. Palatability of
NOP was assessed using the flavor profile method: (1) As an aqueous suspension dose/response and
(2) evaluation with foods. The dose/response sensory analysis indicated that NOP has strong
intensity bitterness and burnt aromatics (3 on the 0–3 flavor profile scale) at the clinical dose
(100 mg/10 mL) and the recognition threshold was determined to be 0.3 mg/10 mL. To improve
palatability, 100 mg/10 mL NOP aqueous suspension was evaluated with foods. Consuming foods
high in fat and/or sugar content after NOP administration successfully reduced bitterness to a
1.5 intensity. In summary, NOP provides dose flexibility, enhanced stability, eliminated solvents,
and maintains consistent bioavailability, with reduced bitterness and improved palatability via
administration with common food products.

Keywords: Norvir®; ritonavir; poorly soluble compound; pediatric; palatability assessment;
bioavailability; flavor profile

1. Introduction

Norvir® (ritonavir) is an inhibitor of human immunodeficiency virus (HIV) protease and is
indicated in combination with other antiretroviral (ARV) agents for the treatment of HIV-1 infection [1,2].
Due to the CYP3A inhibitory capabilities of ritonavir, it is also co-administered at lower doses as
a pharmacokinetic (PK) enhancer to increase exposures of other HIV protease inhibitors (PIs) [3].
When used as a PK enhancer, ritonavir is most commonly administered at 100 to 200 mg once or twice
daily [4]. As a PK enhancer, ritonavir has become a mainstay in the management of both treatment-naïve
and treatment-experienced patients and is typically no longer prescribed as a sole protease inhibitor in
antiretroviral regimens today [5–7]. The PK enhancement often allows for a reduction of pill burden,
dosing frequency, and food restrictions, while maintaining efficacy [6,8].

Ritonavir is practically insoluble in water (~5 μg/mL), however, this solubility can be enhanced
to 1.2 mg/mL at approximately pH 1 (0.1 N hydrochloric acid solution) [9]. Due to the lack of aqueous
solubility, ritonavir showed essentially no bioavailability in an animal model (dog) when administered
as an unformulated solid in a capsule [9]. Attempts to enhance the oral bioavailability of ritonavir
from a solid dosage form by incorporation of surfactants, acids, and other wetting agents failed to
increase the bioavailability to greater than ~4%. Similar results were obtained by substituting ritonavir
base with salt derivatives of ritonavir. However, bioavailability of 37% in dogs was achieved with a
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solution formulation containing 5.0 mg ritonavir per mL in a solvent system consisting of 20:30:50
ethanol:propylene glycol:water [2]. Therefore, early formulation development of ritonavir was focused
on oral solutions (OS) because of the poor oral bioavailability observed with solid oral dosage forms
and the inability to find a solvent system that was compatible with hard or soft gelatin capsules.

OS development efforts concentrated on increasing the drug loading while maintaining oral
bioavailability. It was concluded that: a) The relative bioavailability of ritonavir in liquid formulations
is inversely proportional to the drug concentration and b) the presence of a surfactant, such as
Cremophor EL, enhances the bioavailability of ritonavir in liquid formulations. OS also has a short
shelf-life of six months at ambient storage to ensure ritonavir remains in solution (physical stability)
while maintaining acceptable levels of degradation (chemical stability).

In addition to bioavailability and stability challenges, OS is known to possess multiple aversive
sensory attributes: Basic taste, aromas, trigeminal irritation, and textures, collectively known as
“flavor”. These include bitterness and aromatic off-notes from the active pharmaceutical ingredient
(API) and trigeminal irritation from the solvents. To address these aversive attributes, an identifying
flavor system comprised of sweeteners and aromas (peppermint and caramel) was developed.

In a preliminary study, the sweetened/flavored formulation somewhat reduced aversive sensory
attributes, but overall, the formulation remained relatively low in palatability. Five dose-administration
approaches to further ameliorate the sensory effects of OS were subsequently evaluated, first by a
trained adult sensory panel using the flavor profile method to identify the most promising one(s).
The results are summarized in Table 1. Chasing liquid dose administration with foods was identified
as the most promising approach. Six products were selected for confirmation testing with patients
based on differences in form, flavor strength, and mastication characteristics: SnackWells® Fudge
Brownie, Freshen-Up® Peppermint Gum, Toast Crackers with Peanut Butter, Oats’n Honey Crunch®

Granola Bar, Riesen® Chocolate Chews, and Nutella® Spread. Using a 7-point intensity scale, 74 OS
patients rated the strength of the “medicine flavor” remaining in the mouth two minutes after taking
the OS (mean score 4.95) and chasing with these six foods. All of the food products tested reduced the
intensity of the aversive flavor compared to the OS alone, with mean “medicine flavor” ranging from a
score of 4.18 to 1.50. An ideal formulation would not require external vehicles, but when faced with
significant formulation technical challenges, this chaser approach was effective [10].

Table 1. Results of approaches to ameliorate the flavor impact of Norvir® 80 mg/mL oral solution.

Approach Example Products Results

Pre-coat mouth to dull sensory receptors Peppermint Patties (trigeminal cooling);
Orange Sherbet (thermal cooling)

No reduction in active pharmaceutical ingredient
(API) bitterness or burning mouthfeel.

Mix with food/beverages to dilute
sensory effects Chocolate milk (50/50)

No reduction in API bitterness or burning mouthfeel.
Produced a larger volume of an equally

bitter solution.

Chase with foods/beverages to wash
out aversive sensory attributes

Iced products, milk-based products, fruit
juices, savory products, candies, cereals,

chewing gums

Solid products reduced the aversive attributes more
than liquids. Those more strongly flavored, requiring

longer mastication and promoting salivation
performed best.

Pre-coat mouth (prime) and chase with
foods/beverages

Iced products, milk-based products, fruit
juices, savory products, candies

Liquids were ineffective in reducing the aversive
attributes. The same solids that performed best as

chasers worked as primer/chaser.

Dose with oral syringe N/A Produced burning in throat and esophagus and did
not reduce bitterness.

The development of an amorphous solid dispersion (ASD) formulation for ritonavir was initiated
following the introduction of the Kaletra® (lopinavir/ritonavir) tablet in 2005. Experience gained
with solid dispersion technology enabled the successful development of the Norvir® 100 mg tablet
containing ritonavir ASD which achieved the desired bioavailability and acceptable ambient chemical
and physical stability [11]. The Norvir® 100 mg tablet provides significant benefits to patients and
physicians, primarily through non-refrigerated storage compared to the OS, offering more robust
stability required for storage under global climatic conditions [12]. However, the need for a liquid
formulation remains for pediatric patients and adults who are unable to swallow the tablets. To address
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this gap, AbbVie developed a new powder formulation, Norvir® oral powder, 100 mg (NOP), to
provide a more suitable formulation for the pediatric population and with the intent to replace the
marketed OS. The objective of this study is to provide an overview of the development and palatability
assessment of the age appropriate NOP.

Development Overview of NOP

The NOP development program was initiated, primarily to mitigate or eliminate the risk of
potential toxicities associated with ethanol and propylene glycol solvents in OS, which contains 43.2%
(v/v) ethanol and 26.0% (v/v) propylene glycol [4,13]. Other excipients such as colorants, flavoring
agents, and preservatives found in the OS were also removed from NOP. NOP also facilitates dose
preparation and administration, aligned with current and future needs for pediatric patients.

NOP is manufactured by milling the ritonavir ASD extrudate intermediate and filling the resulting
powder into sachets. For dose preparation, NOP is suspended in liquid vehicles or sprinkled on soft
foods. The dispersion of NOP produces a supersaturated aqueous solution of ritonavir drug substance
that maintains the bioavailability achieved with OS [14].

Key design targets for the development of the NOP are:

1. Reduction/removal of the ethanol and propylene glycol solvents;
2. Flexibility to accommodate doses for pediatric patients;
3. An acceptable dosage form for pediatric patients or patients who may have difficulty swallowing

a tablet;
4. Storage stability to achieve an acceptable commercial shelf life under long term storage conditions;
5. Bioavailability that maintains comparable pharmacokinetic profiles and exposures to the

commercial oral solution;
6. Offer opportunities to improve palatability.

Early formulation development efforts evaluated both uncoated and coated powders. To mask
the inherent bitter taste of ritonavir, a methacrylic acid–ethyl acrylate copolymer coating (enteric
coating, insoluble in acidic media, and soluble above pH 5.5 to allow dissolution in the intestine) was
applied to the uncoated powder. Exposure to various pH environments during dose preparation
and administration was taken into consideration when assessing impact on the coated powder
and potential for drug release and associated aversive attributes as evaluated in healthy adult
volunteers. When exposed to various pHs, the uncoated powder provided a more homogeneous
suspension compared to the coated powder. This is an important feature to ensure complete
dose administration of the amorphous drug suspension for pediatric doses. The uncoated powder
formulation achieves the majority of the key design targets, but still had opportunity to improve
palatability for dose administration.

The coated and uncoated powders were evaluated for ritonavir pharmacokinetics and palatability
as an aqueous suspension administered within approximately 5 min after suspending. In order
to evaluate the potential impact of the dissolved aqueous soluble excipients on the ritonavir
pharmacokinetics and palatability, uncoated powder was pre-dispersed and held for approximately
30 min prior to administration to allow dissolution of soluble excipients and suspension of the
amorphous drug particles prior to administration. The pharmacokinetic results of these three ritonavir
regimens (coated, uncoated, and uncoated pre-dispersed powders) showed comparable bioavailability.
The bioavailability for all three regimens ranged from 80%–90% relative to OS. The palatability results
from this study indicated that no taste-masking benefit was gained from coated powder formulation
as compared to the uncoated powder and OS.

The initial milled ritonavir ASD extrudate intermediate had a rather broad particle size
distribution with a significant fraction of fine particles (<100 μm) and a particle shape that is not
ideal for polymeric coating. Coating for conventional tablets, round pellets, or mini-tablets can
be effective in reducing or eliminating API taste, resulting in “taste-neutral” formulations [15–17].
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However, coating for irregularly shaped particulates/granules often results in an imperfect barrier film
coat, exposing API in the oral cavity where it can be perceived. The milling and coating processes were
not optimized, and it is possible that the finer irregular particles may have had incomplete coating
with additional ritonavir particles embedded in the outer polymeric coating layer (Figure 1) leading to
potential premature dissolution or exposure to taste receptors during administration.

  
Figure 1. Ritonavir particle shape and small ritonavir particles embedded in eudragit coating.
(Orange arrows point to the ritonavir particles).

To further investigate the pharmacokinetic behavior of a larger particle size, still meeting the
recommended size for sprinkle products, a uniform 2-mm ritonavir extrudate particulate was coated
with the methacrylic acid–ethyl acrylate copolymer (Figure 2) [18]. Although the coated particulate
showed improvements in flavor as measured by a trained adult sensory panel, the pharmacokinetic
results showed a reduced relative bioavailability of approximately 50% for the coated particulate
relative to the OS. The delayed dissolution and drug release profile had a negative impact relative to
the known narrow absorption window of ritonavir in the upper intestine. Given the challenges of
achieving sufficient coating for taste-masking purposes, without negatively impacting bioavailability,
development of NOP was focused on using uncoated powder.

 
Figure 2. Coated ritonavir extrudate 2-mm particulate.

2. Results and Discussion

2.1. NOP Palatability Assessment, Part 1: Dose/Response Sensory Analysis

All five strengths of NOP aqueous suspension were characterized by a strong and lingering
bitter basic taste and secondary aromatic off-notes described as “burnt” (polyethylene, wax, and
hair). As shown in Figure 3 bitterness of the five strengths spanned the upper half of the flavor
profile supra-threshold intensity range, the most challenging from a taste-masking perspective.
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The bitterness of NOP is very strong at the 100mg clinically relevant dose and all strengths would
be patient-perceptible (≥1 intensity) initially and for varying lengths of time in the aftertaste.
In the absence of a taste-masking system, it would be necessary to reduce NOP strength to about
0.3 mg/10 mL in order for the bitterness to be imperceptible to patients (i.e., <1 intensity).

Figure 3. Bitterness dose/response of Norvir® oral powder (NOP).

The dose/response results for the burnt aromatics are shown in Figure 4. The four highest
strengths of NOP (10, 25, 50, and 100 mg/10 mL) had moderate-to-strong intensity burnt aromatic
off-notes. In the absence of an appropriate aroma masking system, it would be necessary to reduce
NOP strength to about 1 mg/10 mL for the burnt aromatics to unrecognizable to patients.

Figure 4. Burnt aromatics dose/response of NOP.
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2.2. NOP Palatability Assessment, Part 2: Evaluation with Foods

As shown in Figure 5, and consistent with available information, the foods produced varied
effects on bitterness reduction, ranging from < 1

2 -unit (sweet potato chaser and chocolate milk mix-in)
to a 1 1

2 -unit reduction in perception of bitterness being associated with food chasers high in fat and/or
sugar content with strong flavor intensity (peanut butter, Nutella®). The 100-mg clinically relevant
dose of NOP is shown for comparison.

Figure 5. Bitterness profile for NOP with food chasers.

The foods also had varied effects on the burnt aromatic off-notes of the NOP (Figure 6). All of the
chasers produced greater reduction in the burnt aromatics than the chocolate milk mix-in (minimal
reduction) with several at or below the threshold for perception (≤1). The poor performance of
chocolate milk may have been due to its administration as a mix-in, which would have allowed for an
extended time for hydration, potentially releasing volatile aromatics.

 
Figure 6. Burnt aromatics profile for NOP with food chasers.

40



Int. J. Mol. Sci. 2019, 20, 1718

During the bioavailability studies, palatability of NOP in various beverages (water, infant formula,
and chocolate milk) as well as admixed into a soft food (applesauce or vanilla pudding) was compared
to that of the OS through study participant questionnaires. Only the NOP mixed in chocolate milk
showed a modest improvement in overall palatability compared to the OS. The bioavailability study
also demonstrated that administration of NOP with infant formula, chocolate milk, applesauce, or
pudding was bioequivalent to administration in water [19]. This observation suggests that NOP
may be administered with a wide variety of vehicles (soft foods and liquids) with limited impact
on bioavailability.

Based on these results, the foods were ranked in descending order of their overall ability to reduce
the aversive sensory attributes of the drug product when administered as chasers. The composition
and physical characteristics of foods can be important determinants of their ability to “mask” the
aversive sensory attributes of drug products. Table 2 summarizes the fat, sugar content, and water
activity of the model foods. Water activity is a measure of relative vapor pressure of water molecules in
the headspace above a food versus vapor pressure above pure water from 0 to 1 (pure water). This type
of food science-based categorization system will ensure that the most varied food types are tested with
a minimum of overlap between samples. The best performing foods may then be screened for chemical
compatibility, resulting in specific dosing recommendations that are both effective at reducing the
aversive sensory attributes of the drug product and efficacious.

Table 2. Composition and physical characteristics of model foods selected as dosing vehicle or chaser.

Food Brand Quantity Fat (g/5 g) Sugar (g/5 g) Water Activity (aw)

Peanut Butter JifTM Natural; Creamy 5 g 2.4 0.5 0.251
Hazelnut Spread NutellaTM 5 g 1.5 3.5 0.335

Black Currant Concentrate RibenaTM; Concentrate 5 g 0 2.5 0.912
Golden Syrup Lyle’sTM 5 g 0 5 0.545

Chocolate Syrup Hershey’sTM; Regular Syrup 5 g 0 2.5 0.830
Sweet Potato Puree GerberTM; 1st Foods 5 g 0 0.2 0.995

Chocolate Milk (Mix-In) NesquikTM; Lowfat Chocolate Milk 10 mL 0.1 0.6 0.990

3. Materials and Methods

3.1. Materials

The NOP was supplied as sachets containing 100 mg milled ritonavir extrudate powder for
addition to water for preparation of an aqueous suspension.

3.2. Methods

Samples were evaluated using the flavor profile method of sensory analysis, an internationally
recognized and approved open-source method [20]. Flavor profile is used to identify, characterize,
and quantify the sensory attributes of the samples. Flavor profile measures the perceived strength or
intensity of the attributes, the order in which they appear; and a description of all flavors—basic
tastes, feeling factors, and aromatics—remaining at specified time intervals in the aftertaste.
Per the methodology, 4–6 panelists evaluated each sample and collectively arrived at a consensus
judgement of the attribute intensity using chemical reference standards to establish the intensity scale.
Sensory characteristics above a slight intensity on the flavor profile scale (>1) are clearly perceptible to
consumers/patients; this intensity is known as the recognition threshold. Therefore, in order not to be
perceived, negative attributes (e.g., bitterness or irritation) should be below this threshold. The flavor
profile terms are as shown in Figure 7.
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Figure 7. Flavor profile definitions.

A two-part study was conducted with healthy adult sensory panelists (subjects). Part 1 was
a dose/response sensory analysis of NOP to determine the maximum concentration that is patient
perceptible. Part 2 was an assessment of the sensory performance of NOP when administered with
model foods. The study was conducted in accordance with good clinical practice.

Part I: Dose/Response Sensory Analysis of NOP
The NOP was prepared by milling ritonavir extrudate intermediate material. To characterize

NOP across a range of concentrations, five strengths (1, 10, 25, 50, and 100 mg/10 mL) were evaluated,
the highest being clinically relevant.

A 10-mL aliquot of sample was dispensed into individual 1-ounce plastic cups using a graduated
oral syringe and distributed to each panelist. Starting at the same time, each panelist poured the sample
into their mouth, swished the contents around the oral cavity for 10 s, and expectorated. The panelists
independently evaluated and recorded the sensory characteristics at nine discrete time points (0, 1,
3, 5, 10, 15, 20, 25, and 30 min) using the flavor profile method. Each sample was evaluated twice to
generate the final flavor profile. Multiple sessions were required to complete the evaluations to limit
exposure to the drug active and minimize sensory fatigue.

Part 2: Evaluation of NOP with Model Foods
There are several approaches that should be considered when improving the “palatability” of

drug products with extremely aversive sensory attributes, e.g., bitterness. For NOP, taste-masking was
not achievable via a formulation strategy, so two potential alternative approaches were considered,
including dosing with food (the term “food” also includes beverages) and cleansing the palate with a
food immediately following dose administration (using a food “chaser”) [21]. The principle of food
“chasers”, consumption of a food immediately following dose administration, was explored based
on historical experience evaluating various approaches with common food products to reduce the
bitterness intensity with OS.

The selection of food products is based on multiple factors including patient age, ease of
preparation, and availability. Choices for infants and toddlers often include applesauce, yogurt,
and formula [22]. However, limited consideration is given to the composition and chemical properties
of the foods, e.g., fat, sugar moisture content, pH, water activity, flavor impact (intensity and duration).
Seven products were selected in part based on their compositional diversity from a food science
perspective as well as availability and fit with the target demographics and geography (e.g., pediatrics
in Africa). These products were peanut butter, hazelnut spread, black currant concentrate, golden
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syrup, chocolate syrup, sweet potato puree, and chocolate milk. Nutrient data was determined from
the commercial nutrition facts labels and water activity was measured on an AquaLab Model 4TEV
water activity meter.

The commercial food products were evaluated as dosing vehicles for NOP (“mix-in”) or following
administration of the NOP (“chaser”) to help cleanse the palate. The sensory panelists first evaluated
each of the model food products alone (i.e., without NOP) to develop a flavor profile of the
native product.

For dosing with model liquid food (mix-in), the panelists were provided a sachet containing NOP
and a 1-oz sample cup containing 10 mL of the model liquid food. Starting at the same time, panelists
emptied the sachet in to the model food and mixed. After mixing, panelists took the sample into the
mouth and agitated for 10 s and expectorated the liquid. The panelists independently evaluated and
recorded the sensory characteristics at nine discrete time points (0, 1, 3, 5, 10, 15, 20, 25, and 30 min)
using the flavor profile method. The process was repeated for a second evaluation of each sample
to generate the final flavor profile for the sample. Multiple sessions were required to complete the
evaluations to limit exposure to the drug active and minimize sensory fatigue.

For evaluating the effects of “chasers”, the panelists were provided a sachet containing NOP, a
1-oz sample cup containing 10 mL water, and a disposable spoon containing 5 g of the tested food
chaser. Starting at the same time, panelists emptied the sachet into the water and mixed, forming a
suspension. After mixing, starting at the same time, the panelists sipped the NOP suspension into
the oral cavity, agitated in the mouth for 10 s, and expectorated the liquid. Immediately following
expectoration, panelists took the food chaser from the spoon into the oral cavity, agitated in the mouth
for 10 s, and swallowed the food chaser. The panelists independently evaluated and recorded the
sensory characteristics at the same nine time intervals using the flavor profile method. As before, the
process was repeated for a second evaluation of each sample to generate the final flavor profile for
the sample.

4. Conclusions

The NOP formulation is an acceptable and age-appropriate dosage form to replace the OS for
pediatric patients or patients who may have difficulties in swallowing a tablet. The majority of key
design targets were achieved for the development program and suitable palatability assessments
(flavor profile method) were executed. The development and taste assessment work conducted for
the NOP complements the extensive work previously performed for OS. While it was not feasible to
substantially improve the palatability of the formulation itself, there may be widely available options
for patients to reduce the lingering bitterness.

NOP may be added to soft food (applesauce, vanilla pudding) or suspended in a liquid (water,
infant formula, chocolate milk) as a convenient method for dose administration, though the effects
on bitterness reduction were determined in previous studies to be modest. In this study, a variety
of beverages and soft foods and consumed immediately after NOP dosing (peanut butter, hazelnut
chocolate spread, black currant fruit drink concentrate, golden syrup, and chocolate syrup) were
shown to reduce the intensity and duration of the bitter aftertaste, most notably peanut butter and
hazelnut chocolate spread. The variety of beverages and soft foods as vehicles, as well as those taken
immediately after dosing, offers patients more choices according to their individual taste preferences.

In summary, the NOP pediatric formulation provides dosing flexibility, enhanced stability and
commercial shelf life under long term global climatic (30 ◦C/75% RH) storage conditions to support
use in tropical climates of Africa where more than 95% of children with HIV live, and absence of
propylene glycol and ethanol. It maintains consistent bioavailability when administered with a wide
variety of vehicles and improved palatability when common food products were employed as “chasers”
following dose administration.
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Abstract: Praziquantel (PZQ) is the first line drug for the treatment of schistosome infections and is
included in the WHO Model List of Essential Medicines for Children. In this study, the association
of mechanochemical activation (MA) and the spray congealing (SC) technology was evaluated for
developing a child-friendly PZQ dosage form, with better product handling and biopharmaceutical
properties, compared to MA materials. A 1:1 by wt PZQ—Povidone coground—was prepared
in a vibrational mill under cryogenic conditions, for favoring amorphization. PZQ was neat
ground to obtain its polymorphic form (Form B), which has an improved solubility and bioactivity.
Then, activated PZQ powders were loaded into microparticles (MPs) by the SC technology, using
the self-emulsifying agent Gelucire® 50/13 as a carrier. Both, the activated powders and the
corresponding loaded MPs were characterized for morphology, wettability, solubility, dissolution
behavior, drug content, and drug solid state (Hot Stage Microscopy (HSM), Differential Scanning
Calorimetry (DSC), X-Ray Powder Diffraction Studies (PXRD), and FT-IR). Samples were also in vitro
tested for a comparison with PZQ against Schistosoma mansoni newly transformed schistosomula
(NTS) and adults. MPs containing both MA systems showed a further increase of biopharmaceutical
properties, compared to the milled powders, while maintaining PZQ bioactivity. MPs containing
PZQ Form B represented the most promising product for designing a new PZQ formulation.

Keywords: poorly water soluble drug; solubility enhancement; grinding; spray congealing; neglected
tropical diseases; polymorph

1. Introduction

Schistosomiasis is one of today’s foremost neglected tropical diseases (NTDs) and a disease of
poverty affecting more than 200 million people, worldwide [1]. NTDs are a group of 17 endemic
diseases that prevail in less developed areas where large numbers of people have little or no
access to adequate health care, clean water, housing, transport, and information [2]. In particular,
Schistosomiasis is a tropical and subtropical disease caused by one of the six different species of
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the trematode worm Schistosoma, with the great majority of cases either infected with Schistosoma
haematobium, S. japonicum or S. mansoni [3,4]. In the absence of effective vaccines for helminthic
infections, praziquantel (PZQ) is the first line drug used in endemic countries, for the treatment and
prevention therapy of schistosome infections [1,5], and is included in the WHO Model List of Essential
Medicines for Children [6]. However, there is still a need for discovering alternative treatments and
superior formulations [1], especially for pre-school-age children and infants, which require more
appropriate dosage forms, in terms of ease of dose adjustment and swallowing [7]. In fact, PZQ is
available as a 600 mg film-coated tablet, and a high dose (maximum 40 mg/kg bodyweight) is required.
More recently, 150 mg tablets have become commercially available [8].

From the biopharmaceutical point of view, several approaches have been undertaken to reduce
the PZQ therapeutic dose, due to its solubility enhancement [7,9,10]. Recently we have proposed
some strategies involving the mechanochemical activation of the drug, proving the amelioration of the
PZQ biopharmaceutical properties (solubility, intrinsic dissolution rate (IDR)) [11–13]. In particular,
in the first study, PZQ was coground with different pharmaceutical polymers, using a lab-scale
vibrational mill and an explorative analysis of formulation variables (drug-polymer wt. ratio and
polymer type), and process-related parameters (type of grinding media, grinding time, and frequency)
was carried out with the help of an experimental screening design. The most promising sample,
in terms of drug solubility enhancement, was a coground composite with crospovidone, with a
50%-by-weight drug content, permitting a 4.6-fold solubility improvement, in comparison to the
starting drug. This product displayed a high amorphous character, as it was able to maintain the
in vitro bioactivity of the PZQ, against the S. mansoni, and appeared to be chemically and physically
stable, over six ageing months [11]. Considering that this system revealed an incomplete drug recovery
(88.01%), a second research experience encompassed the use of the cryomilling technique (using liquid
nitrogen as a cryogenic media), to prevent chemical degradation of the drug during comilling, and
to improve activation efficiency. The most promising polymers selected from the former experience
(linear and cross-linked povidone) were then used to successfully prepare cryo-composites with
a high PZQ content. Cryomilling PZQ with linear povidone led to a significant decrease of drug
degradation (PZQ recovery ranged from 95.2% to 98.9%), along with a remarkable reduction of the
crystalline content (ranging from 47% to 0%). From both experiences it was clear that the drug,
when comilled in presence of polymers, was more prone to amorphization and a certain amount of
degradation. Conversely, PZQ that was ground by itself, did not show this propensity to degradation
while maintaining the tendency to physical transformations [13]. In addition, when subjected to neat
grinding in adequate conditions, PZQ evidenced to form an anhydrous polymorphic variety with a
very high efficiency. The obtained new polymorph, named Form B, displayed a two-fold increased
water solubility and IDR, in comparison to PZQ, and a better activity than the raw PZQ [12]. Therefore,
all these attempts testified to the possibility of forming different activated crystal modifications of PZQ
(amorphous/nanocrystalline or polymorphous) with ameliorated biopharmaceutical properties, by
means of a mechanochemical process.

With the final ambitious aim of developing a child-friendly PZQ dosage form, a further solubility
improvement and a better product handling with respect to the milled systems (drug and coground
mixture), was then pursued. In the development of pediatric formulation, an important concern
is the appropriate choice of excipients. The EMA “Guideline on pharmaceutical development of
medicines for pediatric use” suggests to avoid any excipients that are potentially toxic or unsuitable
for children [14]. In this study, the association of the mechanochemical activation with the formation
of a PZQ solid dispersion by the spray congealing technology was evaluated. Raw PZQ, its physical
mixture with polyvinylpyrrolidone (50:50 w/w) and activated materials, such as the new polymorphic
form, Form B, and the cryo-coground of PZQ:PVP (50:50 w/w) were, thus, loaded into spray congealed
microparticles. The 1:1 drug to polymer wt. ratio was selected, since it showed a significant
improvement in solubility performance than a 1:2 ratio [11]. As microparticle carrier, Gelucire®

50/13 was selected, since it formerly demonstrated its great ability to improve the biopharmaceutical
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properties of several active ingredients—silybum Marianum dry extract [15], glibenclamide [16],
carbamazepine [17], melatonin [18], and piroxicam [19]. No safety concerns regarding the selected
excipients (PVP and Gelucire® 50/13) were documented.

Both, the activated materials and the corresponding loaded microparticles were then fully
characterized with regards to morphology (SEM and particle size), wettability, solubility, dissolution
behavior, drug content, and drug solid state (Hot Stage Microscopy (HSM), Differential Scanning
Calorimetry (DSC), X-Ray Powder Diffraction Studies (PXRD), and FT-IR). The results were then
compared to those obtained from the raw materials (PZQ and physical mixture). Finally, the loaded
microparticles were tested, in vitro, in comparison to PZQ, against the S. mansoni newly transformed
schistosomula (NTS) and adults.

2. Results and Discussion

2.1. Analysis of the Activated Materials

The characteristics of the activated materials were analyzed, prior to their addition to the
microparticles. Table 1 summarizes the results of the HPLC assay and of the thermal analysis.
Regarding the HPLC analysis, all impurities were absent, both in the standard solution (raw PZQ)
and in Form B, prepared by neat grinding, indicating that milling process of the pure drug induced a
physical transformation but not the formation of impurities. Thus, the PZQ recovery was 100%. In the
case of cryo-coground sample (obtained by vibrating for 60 min at 20 Hz), the PZQ recovery slightly
decreased and the total amount of impurity was about 1.11%. Further, analogous to our previous
recent study [12], the presence of an additional compound, indicated as “X” impurity, which has not
been reported in the Ph-. Eur. PZQ monography or in that of the USP, was detected. This compound,
having a molecular ion m/z 147, was identified in a previous research work [20]. Impurity X always
showed a higher concentration than impurity A, which never exceeded the 0.2% (the acceptance
criteria of the USP 36-NF 31). Conversely, impurity B was never detected. All ground samples were,
hence, in accordance with the E.P. criteria. This result displayed that the milling process realized in the
suitable conditions did not induce a significant chemical degradation of PZQ; therefore, both of the
activated materials were considered suitable for their loading into microparticles.

Table 1. Characteristics of the mechanochemically activated materials, in comparison to the raw
Praziquantel (PZQ) and PZQ:PVP physical mixture.

Samples

HPLC Assay:
Impurity Retention Time (min)

(Content, %)

PZQ
Recovery

(%)

Solubility
(mg/L)

Endothermic
Peak
(◦C)

Residual
Crystallinity

(%)

Impurity
A

Impurity
B

Impurity
X

PZQ - * - * - * 100 140.30 ± 9.26 143.51 ± 0.35 100

PZQ-PVP PM - * - * - * 99.98 ± 0.04 151.78 ± 27.22 142.31 ± 0.22 100

PZQ-PVP CC
3.4–3.5
(0.18) - * 4.0–4.2

(0.93) 98.89 ± 0.08 267.40 ± 11.00 129.36 ± 0.43 27.70

PZQ Form B - * - * - * 99.55 ±0.05 284.61 ± 4.67 112.50 ± 0.32 n.a. **

* not present; ** not applicable since a new polymorphic form was obtained.

As previously stated, one of the main aims of the milling procedure for a poorly bioavailable drug,
is its solubility enhancement. The results of the solubility test, reported in Table 1, clearly showed a
2-fold improvement of the solubility, in comparison to raw PZQ. In particular, both the cryo-comilled
sample and Form B was found to be significantly more soluble than raw PZQ and the physical mixture,
although no significant difference between the two activated samples was found.

SEM pictures, presented in Figure 1, show that starting PZQ had an acicular habitus (Figure 1C),
while Form B had a very different habit, consisting of agglomerates of long and very thin whiskers
(Figure 1B). In the CC sample (Figure 1A), compared to primary particles, the particles exhibited
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a significant change in the shape and surface morphology, all showing irregular blocky-shaped
particles. In fact, the PVP particles their lost typical spherical shape and drug crystal were no
longer recognizable during cryo-cogrinding. These phenomena suggest that the raw materials were
intimately and homogenously combined in the CC, and PZQ particles were completely covered by the
PVP macromolecules.

 
Figure 1. SEM images of PZQ:PVP CC (A), PZQ Form B (B), and raw PZQ (C) (magnification 150×; in
the top left frame a 5.0 K× magnified image).

Laser light scattering analysis revealed that the original PZQ had a mono-modal particle size
distribution with a median diameter of 23.90 μm. PZQ Form B had a d(0.1) of 20.90 μm, d(0.5) of 77.44
μm, and a d(0.9) 139.14 μm. PVP particles showed the following size distribution d(0.1) of 25.50 μm,
d(0.5) of 76.20 μm, and a d(0.9) 130.78 μm. When the PZQ was physically mixed with PVP in a 1:1 wt.
proportion, a multimodal size distribution was obtained, with peaks in correspondence to those of
the components. The CC system showed a variation of the particle size, with respect to the untreated
mixture of powders, reaching a median diameter of 243.99 μm, in agreement with the SEM pictures
reported in Figure 1.

Then, the thermal analysis was conducted to check the solid state transformation of PZQ, after the
milling process. Table 1 reports the temperatures of the PZQ endotherm and the calculated residual
crystallinity of the analyzed samples; while Figure 2 shows the corresponding DSC curves. The DSC
scan of PZQ showed only a single endothermic peak at about 143.5 ◦C (ΔH= 91.9 ± 5.32 J/g), in
agreement with the melting point and enthalpy of fusion of the racemic form of the drug [7]. In the
physical mixture, this event was anticipated by the dehydration of the hygroscopic polymer, as PVP K30
showed only a large dehydration peak between 50 and 100 ◦C. The CC sample evidenced a lowering
of the PZQ thermal event, due to the intense physical disruption of the crystalline structure—the
endothermic peak was lower than the original racemic PZQ (see Table 1), in agreement with a very
scarce residual crystallinity and with the prevalent presence of the nanocrystals of PZQ. In fact, the
lower the nanocrystal size, the lower was its melting temperature and enthalpy [21]. In the case of the
PZQ Form B, the endothermal event corresponding to its melting point appeared at about 112.1 ◦C
(ΔH= 55.9 ± 1.5 J/g), according to Zanolla et al. [12].

Hot stage microscopy analysis clearly showed physical changes in the samples, during the
temperature scan (Figure 3). PZQ showed elongated acicular crystals of different sizes, which
completed their fusion at 144 ◦C. A slight PZQ melting point reduction to 140 ◦C was visible by
analyzing the physical mixture (due to the dilution effect). The HSM pictures of the PZQ:PVP CC and
PZQ Form B confirm the fusion at about 130 ◦C and 112 ◦C, respectively.
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Figure 2. Differential Scanning Calorimetry (DSC) curve overlay of raw PZQ, PVP K30, PZQ:PVP PM,
and activated materials (PZQ:PVP CC and PZQ Form B).

Figure 3. Hot Stage Microscopy (HSM) analysis of raw PZQ, PVP K30, physical mixture, and activated
materials (magnification 10×).

FTIR was then performed to detect structural modifications and possible interactions among the
components in milled samples (Figure 4). The FTIR spectrum of PZQ shows characteristic peaks at
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2929 cm−1 and 2852 cm−1, due to the C–H and C–H2 stretching vibration and an intense multiband at
1650–1600 cm−1 due to the region of amide stretching vibrations, with two separate and equal spikes at
1623 cm−1 and at 1646 cm−1, corresponding to the C=0 joined to the cyclohexyl and to the heterocyclic
carbonyl stretching vibrations, respectively [20]. The IR spectrum of PM appears to be the sum of the
pattern of the individual components. The FTIR spectrum of the CC sample shows broader and less
intense signals with respect to raw PZQ’s. Particularly evident is the difference with the starting drug
in correspondence of the stretching of the amide groups, which are involved in molecular packing in
the crystal form [22,23] the two original sharp peaks were replaced in the coground spectrum with
a broader band. In spectrum of Form B, as already noticed [12], the frequency difference in ν(CO)
between the stretching of carbonyl groups is lower than those of original PZQ, due to the presence of
anti-conformers in Form B, instead of the syn ones of commercial PZQ crystal structure. In fact, Form
B exhibits two signals at 1630 and 1639 cm−1 due to the symmetric stretching mode of the carbonyl
group joined to the cyclohexyl and to that of the heterocyclic carbonyl, respectively.

Figure 4. FT-IR spectra of raw PZQ, PVP K30, PZQ:PVP PM and activated materials (PZQ:PVP CC
and PZQ Form B). The arrows show the carbonyl stretching vibration.

2.2. Evaluation of the Activated PZQ-Loaded Spray-Congealed Microparticles

To improve the biopharmaceutical properties of PZQ, the activated materials were loaded into
hydrophilic microparticles and their characteristics were compared to microparticles containing either
raw PZQ or the PZQ:PVP PM. Four batches of MPs (A–D) were then prepared; their composition is
reported in Table 2. The real amount of non-degraded PZQ in the cryo-comilled samples was first
assayed, in order to prepare the PM and then to calculate the amount of sample to load into the
microparticles. After cryo-comilling the 50:50 w/w PZQ:PVP mixture, the effective drug content was
about 46% (Table 2).
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Table 2. List of the analyzed samples, their relative composition and effective drug content.

Samples (Abbreviation)

Composition (%, w/w)
Real Drug

Content (%)

Encapsulation
Efficiency (%)PZQ PVP

Gelucire
50/13

P
o

w
d

e
rs

Activated
materials

PZQ:PVP
cryocomilled

(PZQ:PVP
CC) 50 50 - 46.0 ± 1.2 -

Milled PZQ
(Form B)

(PZQ
Form B) 100 - 100 -

Raw
materials

PZQ:PVP physical
mixture

(PZQ:PVP
PM) 50 50 - 46 -

Raw PZQ (PZQ) 100 - - 100 -

M
ic

ro
p

a
rt

ic
le

s

MPs

PZQ:PVP
cryo-comilled (MPsA) 15 15 70 13.75 ± 0.14 91.7

Milled PZQ_Form B (MPsB) 15 - 85 13.54 ± 0.83 90.3
PZQ:PVP physical

mixture (MPsC) 15 15 70 14.35 ± 0.18 95.7

Raw PZQ (MPsD) 15 - 85 15.16 ± 0.11 101.0

It is worth noting that the raw PZQ, the PZQ:PVP PM, and the PZQ:PVP CC remained suspended
in the molten Gelucire® 50/13. Conversely, the addition of PZQ Form B to the molten excipient
formed a clear solution, suggesting the formation of a solid solution for MPs B, rather than a solid
dispersion, as supposed for MPs A, C, and D, containing cryo-comilled, PM and raw PZQ, respectively.
Microparticle size analysis shows that all MPs ranged between 75–500 μm, with different distribution
in sizes (Figure 5).

Figure 5. Particle size distribution of the microparticle formulations.

Both MPs A and D displayed a Gaussian curve with the 150–250 μm as a prevalent fraction, while
MPs C was found to be bigger, with a broader distribution. MPs B were on average smaller—more
than 90% of MPs B had dimensions lower than 250 μm. This different trend was probably due to
lower viscosity of the solution, with respect to the suspensions sprayed at the same pressure. In fact,
the viscosity of the fluid increased from 100 mPa·s of molten carrier to 960 mPa·s of mixture MPs
D, in the following order: MPs B< MPs D<MPs A<MPs C. Therefore, the viscosity of the fluid was
not only influenced by the amount of powder included in the molten carrier but also by the particle
morphology (size and shape) and by the drug solid state. In fact, the MPs D fluid, containing bigger
acicular particles was more viscous than the MPs B fluid, having small dispersed particles and a certain
amount of molecularly dispersed drug. MPs A and MPs C fluids differed from the dimensions of the
dispersed particles and the viscosity increased proportionally to the particle size.

All microparticles displayed a drug loading, very close to the theoretical one, with encapsulation
efficiencies higher than 90%, for all batches (Table 2). As regards to the solubility tests, the main goal
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was to verify the effect of the Gelucire®-based MPs on the PZQ solubility and, second, to assess the
effect of the combination of a mechanochemical activation and spray congealing. The results, reported
in Figure 6, clearly demonstrated that the adopted manufacturing and formulation strategies were
very useful to enhance the solubility of the BCS class II drug. MPs A increased the drug solubility
by four and two times, compared to PZQ and PZQ:PVP CC, respectively. Nevertheless, the more
pronounced solubility increase occurred for MPs B, as their solubility was five times greater than the
raw PZQ and more than twice that of PZQ Form B. Thus, the solubility of these MPs containing the
new polymorph was found to be the highest among the samples. The statistical comparison revealed
that solubility of MPs B was significantly higher than that of MPs loaded with PZQ (MPs D), while
there were no significant differences among the other MPs.

Figure 6. Comparison of the solubility data of the analyzed samples (**indicates significant difference).

In agreement with previous findings [15], the surface of both MPs B and D appeared to be quite
rough (Figure 7), which is a typical feature of Gelucire® 50/13-based microparticles obtained by the
spray congealing technique. The morphological analysis also revealed that the MPs D sample mainly
consists of spherical non-aggregated microparticles, and only a few elongated particles could be
detected. On the contrary, the MPs B sample, was characterized by highly spherical particles with
polydispersed dimensions and with a remarkable presence of aggregates of very small particles. This
was a further confirmation that the addition of micronized particles into the fluid to be atomized,
favored the formation of smaller droplets.

The dissolution test was then performed to highlight the difference between the starting samples
and the MPs formulations, in the PZQ dissolution rates, and to identify the best formulation approach.
Since the dissolution rate varied, depending on the size, wettability, and drug solubility, any factor
that might increase one of these properties might have improved the overall bioavailability.

Figure 8 shows the results of the analyzed samples. Analyzing the first 20 min, both ground
samples displayed a slight increase of the dissolution rate, relative to the pure PZQ, presumably due
to the modification of the crystalline state of the PZQ, both in the CC (semi-crystalline state) and in the
milled PZQ (polymorphic form B). In fact, the wettability of Form B meant that it was quite similar
to that of the pure PZQ—mean contact angles were 68.77 ± 1.46◦ and 81.73 ± 1.87◦, respectively.
However, looking at the whole dissolution profile, the differences were not significant (f 2 = 62.5),
in comparison to the pure drug, and the extent of drug dissolved was equal to the raw PZQ (about
52%). This behavior was unexpected, considering their higher solubility, in comparison to the raw
PZQ, and it could be explained by taking into account the difference in mean particle size and in
particle aggregation—the remarkably higher particle diameter in both ground samples could be a
reason behind this dissolution of performance.

54



Int. J. Mol. Sci. 2019, 20, 1233

Figure 7. Environmental Scanning Electron Microscopy (ESEM) pictures of MPs B (containing Form B)
and MPs D (containing PZQ) (magnification 60×, 500×, and 4.0 K×, in the order from left to right).

Figure 8. Dissolution profiles of the activated materials and microparticles, in comparison to raw PZQ
and a PZQ:PVP physical mixture.

Conversely, a significant improvement of the dissolution rate could be obtained from the physical
mixture—after 20 min the 55% of the drug was dissolved as compared to 35% of the raw PZQ (f 2 = 42.6),
while after 60 min, the amount of drug solubilized was about 66%. Comparing the PZQ:PVP PM with
the CC, the difference between the dissolution profiles was borderline significant (f 2 = 49.7). Although
the PVP was present in both systems, in the physical mixture, the drug and excipient were simply
blended and, thus, did not interact with each other [24]; unlike in the CC system, the milling process
led to the formation of bigger aggregates, decreasing the dissolution rate.
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Considering the microparticles, all formulations showed a great improvement in drug dissolution
rate, compared to the raw PZQ and ground PZQ, confirming that the spray congealing technology
enabled the formation of a system with excellent biopharmaceutical properties. Previous paper
evidenced that Gelucire 50/13, being a mixture of mono-, di-, and triglycerides, and PEG 1500 esters
of stearic acid (HLB 13), it was able to promote micelles formation, consequently, increasing the
dissolution rate of Glibencamide [16]. Moreover, it was reported that Gelucire 50/13 microspheres
release the entrapped piroxicam via the formation of a lyotropic liquid crystalline phase, which allowed
the dissolution of the drug particles in a finely divided, high surface area, and a well-wetted state [19].
In the case of the PZQ-Gelucire 50/13 system (MPs D), the dissolution profiles were significantly
different from raw PZQ (f 2 = 24.3), confirming its ability in enhancing the dissolution drug dissolution
rate. Hence, although the MPs had bigger particle sizes than raw PZQ, the greater solubility of
microparticles D (Figure 5) represented the main driving force in the dissolution rate enhancement.
MPs A and B displayed the highest dissolution profiles, without being different from each other
(f 2 >50), while being different from MPs D, with f 2 values of 34.6 and 27.2, respectively. In the case
of MPs A containing the cryo-coground system, the combination of the drug in the nano-crystalline
state and amorphous form, derived from the milling process, with the dispersion into Gelucire 50/13
contributed to the increase of the dissolution performance. For MPs B, in addition to the high solubility
of the polymorphic form (Figure 5), the high dissolution rate of the drug could be attributed to the
solubilization of Form B, into the molten carrier, during the MP preparation, forming a single-phase
system. Thus, the solid state of the activated drug might be changed.

In order to better elucidate the drug solid state into the MPs, thermal analysis by means of DSC
and HSM were performed. DSC studies of microparticles (graph not shown) revealed the presence of
the carrier melting peak in all formulations and the disappearance of the PZQ endotherm, apart from
MPs C, which displayed a broad peak at about 130 ◦C. Since PZQ might have completely solubilized
in the molten Gelucire, during the DSC scan, and its melting point might not have been detectable any
longer (as observed in previous studies [17]), an additional HSM analysis was carried out (Figure 9).
In the case of the PZQ-loaded microparticles (MPs D), at 45 ◦C, the fusion of Gelucire started at 48 ◦C
and the PZQ acicular crystals were easily recognizable and dispersed in the melted carrier. Afterward,
the gradual dissolution of the crystals took place and had completed at about 110 ◦C, with a clear
and transparent appearance of the sample. Therefore, PZQ was still present in the MPs D in the
form of acicular crystals, a characteristic that could not be deduced from the DSC thermogram. The
disappearance of the drug melting peak in their DSC trace was mainly due to the dissolution of the
drug in the melted Gelucire, during the analysis, rather than due to a possible amorphization or change
in its solid state, during the spray congealing process. This also meant that PZQ maintained its starting
acicular habitus, previously reported in [11,12], even after the spray congealing.
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Figure 9. HSM images of microparticle formulations.

The microscopic analysis of MPs A, containing the cryo-coground, revealed that after the fusion
of the Gelucire, the activated system started its melting at 55 ◦C (black mass reduction), and only at 150
◦C, the fusion was completed. At this temperature, the PVP polymer (Tg = 150–180 ◦C) also appeared
in a rubbery state, forming a system with a biphasic appearance, as clearly shown in the picture
at 140 ◦C. These images confirmed the presence of a certain amount of PZQ, in the nanocrystalline
form, within the cryo-comacinate (Figure 2). The observation of MPs C, during heating, revealed
that after the fusion of Gelucire, both needle PZQ crystals and round PVP particles could be clearly
recognized. Additionally, in this case, the disappearance of the PZQ crystals was gradual and started
from 50–60 ◦C, depending on the crystal size and completed at 110 ◦C, while the PVP completed its
phase transition at a higher temperature (160 ◦C). Finally, the images of MPs B, containing the PZQ
polymorphic variety, highlighted the presence of dark spots with a crystal lattice appearance inside
the molten droplets, at about 52 ◦C. Their amount and their dimensions were dramatically reduced, in
comparison to what was seen for MPs D, attesting that the residual limited crystalline content of Form
B was in the form of a very fine dispersion in the molten Gelucire. Increasing the temperature, they
progressively solubilized, until their complete disappearance (at about 90◦ C, at a temperature lower
than the Form B melting point, 112 ◦C).

FTIR spectra of the MPs (Figure 10) were dominated by the Gelucire 50/13 bands, due to its high
content in the samples. In particular, in agreement with Brubach et al. [25], particularly evident were
the bands in the 1200–1100 cm−1 range, while carbonyl stretching vibration appeared at 1715–1738
cm−1·s. This permitted the detection of MPs A, MPs C, and MPs D in the two previously mentioned
carbonyl stretching vibrations of PZQ, at 1623 cm−1 and 1646 cm−1, which remained unchanged. On
the other side, MPs B also displayed two distinct peaks at 1628 cm−1 and 1640 cm−1, as is typical of
the PZQ Form B [12].
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Figure 10. FT-IR spectra of the microparticle formulations.

To gather more information about the solid state of PZQ in MPs B, PXRD analysis was performed,
and the spectra of both MPs B and D and their corresponding physical mixture (PM) were compared.
PXRD pattern of the samples are reported in Figure 11. These results attested that in the microparticle
MPs D, the main reflections of the starting PZQ were still visible, confirming the presence of the
crystalline drug in this sample. The comparison with the corresponding physical mixture (PM (MPs
D)), had an identical composition, revealing that was likely that during the microparticles formation,
a slight amorphization or drug dissolution in the Gelucire 50/13 happened, anyway, though PZQ
mainly remained in its original crystalline state. Analyzing MPs B and the relative physical mixture,
the disappearance of the signal at about 4◦ of 2θ, in both samples, could be clearly noticed, which is
typical of the pure PZQ [11,12]. In addition, the signal attributable to the polymorphic form B was less
intense (as evidenced by the arrows), demonstrating the massive molecular dispersion/amorphization
of Form B in the carrier. Only a very limited amount of Form B crystals was still present inside the
microparticles. The diffractograms of the MPs B showed no evident change in the pattern, compared
to the fresh samples, suggesting the stability of the PZQ amorphous form, within the microparticles.
Additionally, the dissolution profile of the MPs B remained unchanged, after 1 year of storage, thus,
confirming the stability of the pharmaceutical performance of this formulation.

Finally, the in vitro antischistosomal activity of the compounds was tested on NTS and adult
S. mansoni. The IC50 values on NTS were 3.16 μg/mL for MPs B, 2.4 μg/mL for the Form B and
2.58 μg/mL for the PZQ. On S. mansoni adult worms we determined an IC50s of 0.48 μg/mL for MPs
B, and slightly lower values of 0.23 μg/mL for the milled PZQ and 0.13 μg/mL for the standard
PZQ. Therefore, MPs was found to show a very similar bioactivity to that of PZQ. This meant that
the microparticles permitted the release of the active drug and maintenance of the activity against S.
mansoni adult worms.
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Figure 11. X-Ray Powder Diffraction Studies (PXRD) analysis of Gelucire 50/13, PZQ raw, PZQ Form
B, MPs D (red arrow indicates a typical PZQ reflection), and MPs B (fresh samples and after 1 year
storage) (red arrows indicate residual Form B signals) and their corresponding PM.

3. Material and Methods

3.1. Materials

Praziquantel (PZQ) Ph. Eur. grade ((11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H-
pyrazino[2,1-a]isoquinolin-4-one) was kindly donated by FATRO S.p.A., Ozzano Emilia, Bologna, Italy.
PZQ impurities: Impurity A (2-Benzoyl-1,2,3,6,7,11b-hexahydro-4-H-pyrazino[2,1-a]isoquinolin-4-one)
and impurity B (2-Cyclohexanecarbonyl-2,3,6,7-tetrahydro-pyrazino[2,1-a]isoquinolin-4-one) were
of Ph. Eur. grade and were purchased from Endotherm Gmbh (Saarbruecken, Germany). Povidone
(Kollidon K30, PVP K30) was supplied by BASF (Ludwigshafen, Germany) while Gelucire 50/13 was
kindly supplied by Gattefossè (Milan, Italy).

3.2. Preparation of Activated Materials by Neat Grinding

These experiments were performed in a vibrational mill-Retsch MM400 (Retsch GmbH, Haan,
Germany), which was equipped by two screw-type zirconium oxide jars, each with a capacity of
35 mL. A ceramic material like zirconium oxide was selected, due to its high density (5.9 g/cm3).
Three zirconium oxide spheres of 15 mm (weighing 10.72 g) were used as the milling media.

In particular, to obtain the PZQ crystalline polymorphic form, Form B, PZQ was ground by itself.
The vibrational frequency was set at 20 Hz, for 240 min, without interruption. The amount of powder
to be introduced in the milling jar was determined to be 0.800 g per jar, and no cooling was provided
to the grinding jar, during room temperature milling. These process parameters were necessary to
obtain the new polymorphic form, Form B, which were selected on the basis of our previous work [11].
A 20 Hz vibrational frequency was applied for a duration of 4 h. The experiment was performed, twice,
to obtain enough material for both the experimental analysis and the spray congealing process.

For the preparation of the coground system, PZQ and PVP were manually gently mixed in an
agate mortar, in a 1:1 drug-to-polymer weight ratio, for the standardized time of 3 min (batch size
ranging about 1g). On the basis of previous experiences [11], the amount of powder to be introduced
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in the milling jar was determined to be 1.072 g per jar, and a vibrational frequency and a milling time
of 60 min were set. Prior to milling, the jars containing the samples were immersed in liquid nitrogen
for 1 min; re-cooling of the milling jars with liquid nitrogen for 1 min, was performed, every 15 min of
milling. The experiment was repeated four times, to obtain enough material for both the experimental
analysis and the spray congealing process.

Post milling, all samples were collected and stored in glass vials in the dark, in a desiccator, over
anhydrous calcium chloride, at 25 ◦C, for further characterization and processing.

For comparison purposes, the properties of the raw PZQ and binary physical mixtures (prepared
in the same agate mortar, by manually mixing PZQ and PVP), were investigated.

3.3. Preparation of Microparticles by Spray Congealing

Four batches of microparticles (indicated as MPs A–MPs D) using Gelucire® 50/13 as the carrier
were produced by the spray-congealing technology, using an external-mix two-fluid atomizer, called
Wide Pneumatic Nozzle (WPN) [18]. Gelucire® was heated up to about 10 ◦C, above its melting
point. The active material (whose amount was determined in order to have a final percentage of
PZQ equal to 15% w/w) was added to the molten carrier, as a powder, and magnetically stirred.
The suspension or solution obtained was then loaded into the feeding tank of the spray congealing
apparatus. The temperature of the feeding tank of the nozzle and the inlet air pressure were set at
60 ◦C and 3 bar, respectively. The atomized molten droplets hardened during the fall into a cylindrical
cooling chamber, which was held at room temperature. Finally, the microparticles were collected from
the bottom of the cooling chamber and stored in polyethylene closed bottles, at 25 ◦C. The batch size
was 10 g for each formulation. The composition of the produced microparticles is reported in Table 2.

3.4. HPLC Analysis

HPLC analysis was performed for the quantification of both PZQ and the related impurities
(or other detectable related products), in the activated samples, after the milling process and for the
determination of the real drug content in the microparticles. HPLC analysis was also used to calculate
the solubility and the dissolution properties of the different samples. The method was adapted from
literature [26] and have been already validated and employed for PZQ quantification in previous
studies [11–13]. Briefly, the HPLC system consisted of two mobile phase delivery pumps (LC-10ADvp,
Shimadzu, Japan) and a UV–vis detector (SPD-10Avp, Shimadzu, Japan). An autosampler (SIL-20A,
Shimadzu, Japan) was used to inject samples (20 μL) onto a Kinetex 5 μm C18 column (150 mm
× 4.60 mm; Phenomenex, Bologna, Italy). The mobile phase was methanol and water at a ratio
of 65:35 V/V, the flow rate and the wavelength of the UV detector were set at 1 mL/min and 220
nm, respectively. The linear calibration curve of the PZQ was obtained in the range of 0.4–40 mg/L
(r2 = 0.99985). The retention time of PZQ was about 5.5 min and the run time was set at 12 min.
The PZQ standard solution was prepared by dissolving 10 mg of PZQ in 20 mL of methanol and
diluting 1:200 in the mobile phase, in order to have a final standard PZQ concentration in solution
of 2.5 mg/L. The calibration curve of the PZQ specified impurities (impurity A and B according to
the PZQ monograph) [27], was obtained in the range of 0.01–1 mg/L (r2 = 0.99927 and 0.99941, for
impurity A and B, respectively). The retention time of the impurities were at 3.45 min and 11.2 min.

PZQ content was determined by dissolving a variable quantity of the specific sample (PZQ milled,
PZQ:PVP cryo-comilled and loaded-microparticles) accurately weighed in 20 mL of methanol. In
the case of the milled samples, the obtained solution was then diluted 1:200, in the mobile phase,
corresponding to about 2.5 mg/L of PZQ, while for the microparticles, the solution was stirred for 24 h,
protected from light, to assure a complete solubility. Finally, the solution was diluted in the mobile
phase 1:100. For all samples prior to injection, the solutions were filtered through a 0.2 μm membrane
filter and the drug content was assayed by HPLC. Each sample was analyzed in triplicates and the
mean of the sum of the peak responses of PZQ was then calculated and have been reported along
with the SD. Moreover, for the activated materials, the PZQ recovery was expressed as the percentage
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of PZQ, with respect to the sum of all peaks (PZQ and related impurities or other detectable related
products). However, for the microparticles, the encapsulation efficiency (%) was then calculated by
dividing the experimental drug content with the theoretical one and then multiplying it by 100.

3.5. Solubility and Dissolution Studies

Solubility and dissolution studies were carried out for both raw and activated materials and for
the microparticles. For the solubility test, an excess amount of sample was added to the 10 mL of
distilled water. The samples were magnetically stirred for 48 h, at 20 ◦C, and were protected from
light by means of an aluminum foil, throughout the experiment. After equilibrium, the samples
were centrifuged at 10,000 rpm, for 20 min, and the supernatant was filtered through a 0.20 mm
membrane filter. After diluting the samples in a ratio of 1:200 in the mobile phase, they were finally
analyzed by HPLC. The measurements were performed in triplicates, for each formulation, and the
mean ± SD was reported. The statistical assessment of the obtained values was performed using
one-way ANOVA, while comparison between means was performed using the t-Test. Differences were
considered statistically significant for p values < 0.01.

In vitro dissolution studies of all samples were performed in 1000 mL of water, maintained
at 37 ± 0.5 ◦C, and stirred at 100 rpm, using a paddle apparatus (Erweka DT800, Heusenstamm,
Germany). Sink conditions were ensured by considering the PZQ water solubility at 37 ◦C of
215.0 ± 4.9 mg/L, as found by Trastullo et al. [7], and different amount of samples (corresponding to
16 mg of PZQ) were added to the vessel, according to their composition. Then aliquots of 2 mL were
withdrawn at specified times, through a 8 μm filter, in order to only collect the dissolution media and
leave the formulation in the vessel. At each sampling time, the PZQ content was assayed by the HPLC.
Withdrawn samples were replaced with an equal volume of fresh medium. The dissolution tests were
performed, at least in triplicates, and the mean ± SD was reported. Comparison between drug release
profiles from the pellets were carried out, using the similarity factor (f 2).

f2 = 50 ∗ log

⎧⎨
⎩1 +

[
1
n
∗

n

∑
t=1

(Rt − Tt)
2

]−0.5

∗ 100

⎫⎬
⎭

where n is the sampling number, Rt and Tt are the cumulative percentage drug dissolved of the
reference and the test products at each time point t. For the f 2 values calculation, sampling number
obtained within 20 min of the dissolution test were considered. The similarity factor fits the result
between 0 and 100. The two drug release profiles were similar if the f 2 was greater than or equal to 50.

3.6. Wettability Studies

The measurements of contact angle were carried out according to the sessile drop method on
compressed non-disintegrating disks, using deionized water as a wetting liquid, as previously reported
for Gelucire-based matrices [28]. Disks were prepared by compressing the mixtures in a manual press
Perkin Elmer, imparting a force of 1 tons for 1 min. The flat tablets produced were then analyzed
with the Drop Shape Analysis System (Krüss DSA 30, Krüss GmbH, Germany), using a single drop of
purified water (25 μL). The contact angle (between the disk and the drop) measurements, performed
in triplicates, were taken after 10 s. The pure PZQ and milled PZQ were analyzed and the mean of at
least three determinations, was calculated.

3.7. Viscosity Measurements

The viscosity of the molten mixtures, heated to the temperature set for the spray congealing
process (60 ◦C), was measured with a Brookflied DVzT viscosimeter (Ametek GmbH, Lorch, Germany)
using a spindle number RV04 and a rotating speed of 200 rpm.
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3.8. Scanning Electron Microscopy (SEM)

Powder samples (pure PZQ, polymorphic form B and cryo-coground) were metallized with
S150A Sputter Coater (Edwards High Vacuum, Crawley, West Sussex, UK) and then observed under a
scanning electron microscope Leica Stereoscan 430i (Leica Cambridge Ltd., Cambridge, UK).

3.9. Environmental Scanning Electron Microscopy (ESEM)

The shape and surface characteristics of the microspheres were observed by environmental
scanning electron microscopy (ESEM) (Quanta 200 FEI, FEI Company, Czech Republic).

3.10. Particle Size Analysis

Particle size measurements of the starting PZQ, Form B, cryo-coground and corresponding PM,
were carried out, using a laser diffractometer (Malvern Mastersizer 2000, Malvern, UK). Before analysis,
about 10 mg of each sample were dispersed by sonication in 100 mL of water containing 0.1% of
polisorbate 80; sample containing PVP were dispersed in silicon oil (Silico DC 245 DOW Corning,
Biesterfeld Spezialchemie GmbH, Hamburg, Germany).

Size distribution of microparticles was evaluated by sieve analysis, using a vibrating shaker
(Octagon Digital, Endecotts, London UK), and a set of six sieves, ranging from 75 to 500 μm (Scientific
Instrument, Milan, Italy).

3.11. Differential Scanning Calorimetry (DSC) Studies

Raw materials, activated materials, and MPs were analyzed by DSC, using a Perkin Elmer DSC 6
(Perkin Elmer, Beaconsfield, UK), with nitrogen as the purge gas (20 mL/min). The instrument was
calibrated with indium and lead, for temperature, and with indium for the measurements of enthalpy.
About 8–9 mg of the sample were placed in an aluminum pan and heated from 30 to 180 ◦C, at a
scanning rate of 10 ◦C/min. Residual crystallinity (%) was then calculated by the measurements of
the enthalpy of fusion (ΔH) of the PZQ, using the following equation: Residual crystallinity (%) =
(ΔHsample × 100)/ΔHPZQ.

3.12. Hot Stage Microscopy (HSM) Analysis

HSM was performed on raw PZQ, PZQ:PVP physical mixture, activated materials and MPs, using
a hot stage apparatus (Mettler-Toledo S.p.A., Novate Milanese, Italy), under a Nikon Eclipse E400
optical microscope. Solubilization processes, phase transitions, or polymorphic changes occurred
during the heating (from 25 to 200 ◦C, scanning rate 10 ◦C/min) were observed and images were
captured by means of a Nikon Digital Net Camera DN100. The magnification was set at 10×.

3.13. X-Ray Powder Diffraction Studies (PXRD)

PXRD patterns were recorded using a Bruker AXS D5005 X-ray Diffractometer (Karlsruhe,
Germany) with Cu-Kα radiation (1.5418 Å), monochromatized by a secondary flat graphite crystal.
The analyses were performed in duplicates, using a current of 30 mA and the voltage was set at 40 kV.
The powder samples were scanned in the range of 3◦–35◦ of the 2θ angle, steps were of 0.05◦ of 2θ,
and the counting time was of 5 sec/step. The samples subjected to the analysis were the following:
Gelucire 50/13, raw PZQ, polymorphic form B, MPs B and MPs D, and the corresponding PMs.

3.14. Fourier Transform-Infrared Spectra (FT-IR) Analysis

Studies of infrared spectra of the excipients (PVP and Gelucire 50/13), raw PZQ, PZQ:PVP
physical mixture, the activated materials, and the MPs were conducted with an IR spectrophotometer
(Jasco FT-IR A-200, Pfungstadt, Germany), using the KBr disc method. The samples were mixed with
KBr and compressed into a tablet (10 mm in diameter and 1 mm in thickness), using a hydraulic press
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(Perkin Elmer, Beaconsfield, UK), at 3 tons, for 3 min. The scanning range was 650–4000 cm−1 and the
resolution was 1 cm−1.

3.15. Physical Stability During Storage

In order to check possible modifications of the solid state within time, PXRD analyses was done,
and dissolution tests of the MPs were carried out after 1 year.

3.16. In Vitro Studies on S. Mansoni

Newly transformed Schistosomula (NTS) were obtained using the mechanical transformation
method [29] and maintained at 37 ◦C, 5% CO2, for 24 h before the experiments. One hundred NTS
were placed in each well of a 96 well plate, containing Medium 199, supplemented with 5% iFCS
and 1% penicillin/streptomycin. A concentration of 100 μg/mL PZQ and Form B and MPs B were
used and serially diluted 1:3, up to 1.23 μg/mL. The plate was then incubated at 37 ◦C, 5% CO2,
and monitored at 24 h, 48 h, and 72 h. The assay was performed with biological triplicates, for each
concentration. At each time point the NTS were assessed, microscopically, using a viability scale (3 =
motile, no changes to morphology; 2 = reduced motility or some damage to the tegument noted; 1 =
severe reduction to motility or damage to the tegument observed; 0 = dead). NTS incubated in the
highest concentration of DMSO served as the negative controls.

Adult S. mansoni were collected from the hepatic portal and mesenteric veins of the infected mice.
In a 24-well plate, 2–3 worm pairs were placed in the culture medium (RPMI supplemented with 5%
iFCS and 1% penicillin/streptomycin) with 0.33, 0.11, and 0.037 μg/mL of the test compounds for 24
h, 48 h, and 72 h, at 37 ◦C, 5% CO2, in biological duplicates. Effects were assessed microscopically,
as described above. Adult worms exposed to the maximum concentration of DMSO served as the
negative control. IC50 values for both NTS and adult worms were calculated using the CompuSyn
software (ComboSyn Inc., Paramus, NJ, USA).

4. Conclusions

Recent developments of praziquantel formulations that are useful for the preparation of a
more appropriate pediatric dosage form, were demonstrated and discussed. The mechanochemical
activation, whether in the presence or in the absence of povidone, had resulted in a remarkable increase
of the solubility of the starting drug. The milling at room temperature and the cryo-comilling of PZQ,
with the polymer, in a 1:1 weight ratio, enabled the improvement of the biopharmaceutical properties,
by obtaining either a polymorph (Form B) or an amorphous/nanocrystalline form, with a reduction in
crystallinity of about 70%, respectively. The results attested the great potentiality and effectiveness
of the method, especially by neat grinding, where the absence of the polymer avoided the dilution
of the drug and fulfilled the principle of minimizing the use of excipients in pediatric formulations.
However, the unfavorable technological characteristics of the activated systems, such as poor wetting
and flowability, caused by electrostatic and cohesive forces, might limit their use in the pharmaceutical
production process. On the contrary, Gelucire® 50/13 microspheres, in which the activated systems
were encapsulated by means of the spray congealing technology, showed a further increase in solubility
and a marked improvement in the rate of dissolution of the drug. After the spray congealing process,
the results evidenced that the cryo-coground and the milled PZQ formed either a solid dispersion
(nanocrystalline and partial amorphous phase) or a solid solution (completely amorphous state),
respectively. As a consequence, the MPs containing both activated systems showed a further increase
of the biopharmaceutical properties, compared to the milled powders. The in vitro antischistosomal
activity showed that MPs enabled the PZQ release, while maintaining its in vitro activity.

To conclude, the approach consisting in the association of the spray congealing with the
mechanochemical activation grinding, in the absence of the polymer, was the most favorable, thus, it is
a promising product for designing a new praziquantel formulation and a valid option for enhancing
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the performance of this antischistosomal drug, possibly permitting a significant reduction in the
therapeutic dose.
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Abstract: A preclinical model could aid in understanding retinoblastoma vitreous seeds behavior,
drug penetration, and response to chemotherapy to optimize patient treatment. Our aim was to
develop a tridimensional in vitro model of retinoblastoma vitreous seeds to assess chemotherapy
penetration by means of live-cell imaging. Cell cultures from patients with retinoblastoma who
underwent upfront enucleation were established and thoroughly characterized for authentication of
human tumor origin. The correlation of the in vitro tridimensional structures resembling human
spheres and dusts vitreous seeds was established. Confocal microscopy was used to quantify
real-time fluorescence of topotecan as a measure of its penetration into different sizes of spheres.
Cell viability was determined after chemotherapy penetration. The in vitro spheres and dusts
models were able to recapitulate the morphology, phenotype, and genotype of patient vitreous
seeds. The larger the size of the spheres, the longer the time required for the drug to fully penetrate
into the core (p < 0.05). Importantly, topotecan penetration correlated with its cytotoxic activity.
Therefore, the studied tridimensional cell model recapitulated several characteristics of vitreous seeds
observed in patients with retinoblastoma and were successfully used to assess live-cell imaging of
chemotherapy penetration for drug distribution studies.

Keywords: tumorspheres; retinoblastoma; topotecan; penetration; confocal microscopy

1. Introduction

Retinoblastoma is the most common intraocular tumor of childhood affecting 1 in 15,000 to 1 in
18,000 live births [1–3]. Retinoblastoma is highly curable if diagnosed in the early stages. For decades,
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surgical removal of the affected eye (or both eyes in cases of bilateral retinoblastoma) has been the first
choice. Later on, the introduction of chemotherapy provided the basis for eye preservation. Over the
last decade, retinoblastoma treatment has radically changed from using systemic chemotherapy
infusion, with low bioavailability in the ocular tissues but high in plasma, and thus severe systemic
adverse events, to highly-selective novel techniques of drug delivery, including direct ophthalmic
artery chemotherapy and intravitreous injection [3–5]. Though a striking increase in ocular survival
has been attained, eyes with tumors that grow from the retina to the vitreous humor, namely vitreous
seeds, are more difficult to cure and may relapse. Therefore, vitreous seeds remain a challenge in the
management of intraocular retinoblastoma and removal of the affected eye may be the only treatment
option [5,6]. Recently, Munier et al. classified vitreous seeds into “dust”, “spheres”, and “clouds”
based on their heterogeneous appearance at fundoscopy [6]. Dusts are composed of loose tumor cells in
the vitreous, clouds are dense tumor fragments formed by translocation of the primary tumor content to
the vitreous, and spheres are translucent solid tumors formed by further clonal growth of the dust or
the cloud, or by sprouting of the primary retinal tumor [7]. Each class of seeds required a different
cumulative dose and number of intravitreal injections of melphalan to achieve complete response to
treatment [7–10]. Later on, each class of seeds is also correlated with histopathological features [11].
In general, clouds need the greatest number of melphalan injections (and cumulative doses) followed
by spheres, and finally dusts [8–10]. Dusts might be more sensitive to treatment because they are more
accessible to drugs, as they are composed of clusters of loose cells, while spheres or clouds grow as
tight clusters with different layers of viable cells and may hamper homogeneous distribution of the
drug after intravitreal injections [8,9]. Thus, assessment of the capacity of chemotherapy to penetrate
into the tumor seeds, and thereby to become available to exert its cytotoxic effect would certainly
add to the knowledge on and improvement of chemotherapy use and patient management.

Among the antineoplastic agents used for retinoblastoma, topotecan has been widely used
based on its effect in preclinical models and clinical studies [12]. To quantify topotecan penetration
into living tumorspheres, confocal microscopy could be used as topotecan in a fluorescent drug [13,14].
This powerful technique allows for the visualization of structures, including living cells and even thick
living specimens, after noninvasive serial optical sectioning [15].

Over the last years, the development of three-dimensional (3D) in vitro tumor models allowed
the establishment of structural complex cell-cell interactions in systems that resemble in vivo
tumors [16,17]. Still, further developments using 3D tumor culture technology are needed for
translational studies in retinoblastoma. Thus, we explored a scaffold-free culture method allowing
self-aggregation of tumor cells into a 3D structure to closely resemble vitreous seeds. In serum-free,
growth factor-supplemented culture conditions, retinoblastoma cells grow in suspension and form
tumorspheres that may recapitulate vitreous seeds of the spheres class observed in vivo, providing a
suitable in vitro tumor model to study drug penetration [18,19]. In contrast, commercial retinoblastoma
cell lines grow as loose aggregates, resembling vitreous seeds classified as dust.

Thus, the aim of our study was to establish and characterize tumorpsheres derived from patients
with intraocular retinoblastoma and use them to assess if differences in tridimensional conformations
and sphere size affect topotecan penetration using confocal microscopy. The developed tridimensional
cell model resembles several characteristics of vitreous seeds in pediatric patients with intraocular
tumors. This model was useful to assess live-cell imaging of chemotherapy penetration for drug
distribution studies and cytotoxicity assessment.

2. Results

2.1. Patient-Derived Tumorspheres Resemble the Original Tumor

Early-passage cell cultures derived from intraocular tumors of two patients who underwent
upfront enucleation without receiving previous treatment were obtained and named after the codes
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HPG-RBT-12L and HPG-RBT-26. They were considered established after three passages, each one
performed during the log-phase growth.

Analysis of DNA showed that in both primary cells the RB1 gene mutations were
germline and single base substitutions. RB1 mutation in HPG-RBT-12L cells, as well as in the
parental tumor was identified as a point mutation in exon 15 (NM_000321.2(RB1):c.1421G>T)
associated with altered splicing, while for the HPG-RBT-26 cells and tumor in exon 23
(NM_000321.2(RB1):c.2359C>T(p.Arg787*)), it was associated with a premature stop codon. Moreover,
the short tandem profile (STR) for the DNA from the cell lines was identical to that obtained for the
tumor DNA (Tumor samples: HPG-RBT-12T and HPG-RBT-26T), confirming the origin of the cell
cultures (Table 1). There was no significant overlap between both primary cell lines and no cell line
corresponded to the DNA profile of the present retinoblastoma cell lines in the STR database of the
American Type Culture Collection.

Table 1. Short Tandem Repeat analysis of the cell lines and matched tumors.

Marker
Cell Line Tumor Cell Line Tumor

HPG-RBT-12L HPG-RBT-12T HPG-RBT-26 HPG-RBT-26T

Amelogenin X X X X

D3S1358 14–17 14–17 17–18 17–18

D13S317 12 12 14 14

Penta E 6–13 6–13 11–14 11–14

D16S539 10–13 10–13 12 12

D18S51 12–15 12–15 12–15 12–15

CSF1PO 12 12 12–14 12–14

Penta D 10–12 10–12 8–14 8–14

TH01 8 8 6 6

VWA 15–16 15–16 15–19 15–19

D21S11 29–31 29–31 29–33.2 29–33.2

D7S820 10–11 10–11 10–11 10–11

D5S818 11–13 11–13 11–13 11–13

TPOX 11–12 11–12 8 8

D8S1179 14 14 8 8

FGA 21–25 21–25 22–23 22–23

As shown in Figure 1, both primary cell cultures were positive for cone-rod homebox transcription
factor (CRX) by RT-qPCR and presented similar expression levels with respect to the commercial cell
line Y79.

Both small and large patient-derived tumorspheres, as well as Y79 cells, were positive stained
for arrestin 3 and synaptophysin, confirming the retinal and neuroectodermic tumor cell origin
(Figure 2A,B). Notwithstanding the size of the 3D model, all of them were histologically composed of
viable and proliferative tumor cells, as shown in Figure 2C,D, respectively.
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Taking into account the morphology, HPG-RBT-12L and HPG-RBT-26 cell cultures grew as freely
floating tridimensional structures in serum-free medium, matching the classification of seeding for
“spheres”. These 3D structures formed spontaneously in the culture media resulting in different sizes.
A representative image of small and large tumorspheres from both patients is depicted in Figure 3
showing the morphological features. Small tumorspheres from patient 1 and 2 (Figure 3A,B) showed
a median (range) diameter of 91 μm (53–109) and 53 μm (41–79), respectively. In the case of large
tumorspheres (Figure 3C,D), median diameters (range) were 353 μm (341–381) and 356 μm (334–385)
for patients 1 and 2, respectively.

Figure 1. Expression of cone-rod homebox transcription factor in patient-derived cells.Expression of
the cone-rod homebox transcription factor (CRX) was determined by RT-qPCR and transcript levels
were quantified relative to the housekeeping gene and then normalized by the level of mRNA CRX
detected in Y79 cells. Data is shown as mean (SEM).

Figure 2. Cont.
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Figure 2. Characterization of the tridimensional retinoblastoma cell structures. Representative small
and large 3D tumor cell cultures resembling both spheres (HPG-RBT-12L) and dusts (Y79) show:
(A) Cone photoreceptor-specific staining (ARR3). (B) synaptophysin stain confirming neuronal
characteristics of the cells. (C) strong nuclear basophilic staining demonstrating they are composed of
viable tumor cells; and (D) Ki-67 expression showing positive brown-staining all through the 3D
structure. Scale bar, 100 μm. Images taken at 20× magnification. Abbreviations: ARR3, arrestin3; H&E,
hematoxylin and eosin.

Figure 3. Representative confocal microscope images of in vitro tumorspheres derived from intraocular
retinoblastoma tumors. Small (A,B) and large (C,D) spherical aggregates of primary tumor cells
(HPG-RBT-12L and HPG-RBT-26 cells) obtained by culturing samples from intraocular tumors of
patients. Images taken at 20× magnification. Scale bar, 100 μm.
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2.2. Topotecan Penetration and Live-Cell Imaging

Confocal microscopy images were collected from 3D tumor models exposed to topotecan.
Supplementary Video 1 shows sequentially acquired and recorded images from a representative
experiment in a large HPG-RBT-12L tumorsphere before and 5 min after topotecan administration.
The penetration of the green color corresponds to topotecan fluorescence from the bathing solution into
the outer layers of the tumorsphere and thereafter into the core as a function of time. Different
rates of topotecan penetration were observed in tridimensional structures formed by Y79 cells
(fast penetration) and in patient-derived tumorspheres (slow penetration) (Figure 4). A uniform
green signal corresponding to topotecan fluorescence was observed even in large clusters, as topotecan
penetrated into the Y79 aggregates in less than 0.5 min due to the lack of strong cell-cell interactions,
as shown in Figure 4A. Y79 cells grow as loose clusters in suspension, resembling dust vitreous
seeds. This result was in contrast to the delayed penetration in patient-derived spheres. As shown
in Figure 4B, after 0.5 min of topotecan exposure, the spheres are black due to the lack of topotecan
penetration into the 3D structure. In large spheres, topotecan penetration into the tumorsphere was
evidenced by the progressive acquisition of green fluorescence from the outer to the core of the sphere
over 5 min of drug exposure (Supplementary Video 1).

 
Figure 4. Topotecan penetration and activity in retinoblastoma 3D structures. (A) Topotecan
fluorescence as green color after 0.5 min of incubation in Y79 cells (dust model) and (B) in small
and large HPG-RBT-12L cells (sphere model). Note the absence of staining within small and large
spheres after incubation with topotecan for 0.5 min. (C) Cytotoxic activity of topotecan (1 μg/mL)
shown as accumulation of ethidium bromide in a tumorsphere treated for 10 min; dead nucleated
cells are stained red. (D) Control tumorsphere (untreated control) stained green with acridine orange.
Scale bar, 100 μm.
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The time for maximum topotecan accumulation into tumorspheres (tmax) was defined as the
time to achieve maximum fluorescence in the core of the sphere. A decrease in tumorsphere size
correlated with a shorter time for topotecan accumulation from the bathing solution into the core of
the tumorsphere for both cell models (p < 0.05; Table 2). However, no significant differences in tmax

were found between cell models for a similar size range (p > 0.05).

Table 2. Time to achieve maximum fluorescence in the core of small and large retinoblastoma spheres
from models HPG-RBT-12L and HPG-RBT-26.

tmax (min) HPG-RBT-12L tmax (min) HPG-RBT-26 P Value (t Test)

Small spheres 1.50 (0.29) 1.62 (0.12) 0.677

Large spheres 2.75 (0.14) 2.67 (0.17) 0.721

p-value (t test) 0.008 0.004

Abbreviations: tmax, time to achieve maximum fluorescence in the core of the sphere. Data is showed as mean (SEM) of
three independent experiments for each cell model.

2.3. Topotecan Cytotoxicity

In order to characterize the sensitivity of the cell lines to the chemotherapeutic agent,
we determined the IC50 of topotecan for the three cell cultures. Mean (range) topotecan IC50 in
Y79, HPG-RBT-12L, and HPG-RBT-26 cells was 28.6 nM (26.1–30.5), 12.3 nM (6.8–13.7), and 6.3 nM
(5.4–8.6), respectively. Topotecan IC50 in Y79 was similar to the value previously reported and
significantly higher than the values attained in HPG-RBT-12L and HPG-RBT-26 (p < 0.05). However,
no significant difference could be detected in topotecan IC50 between primary cell cultures (p > 0.05,
Figure S1).

Because topotecan needs at least 10 min to exert its cytotoxic activity in commercial cell
cultures [20], we assessed the cytotoxic effect of topotecan penetration into the spheres by ethidium
bromide staining after at least 10 min of topotecan exposure. As we used a concentration of topotecan
that was clinically relevant and higher than the IC50 determined in the cell cultures, it was expected
that topotecan would exert a cytotoxic effect in the tridimensional cell clusters. Complete cell damage
was observed by ethidium bromide red staining as shown in Figure 4C, compared to a control
(topotecan-free) tumorsphere stained as green with acridine orange (Figure 4D), supporting the
hypothesis that once inside the cells that composed the spheres, topotecan exerted cytotoxic activity.

3. Discussion

In this study, we established patient-derived retinoblastoma tridimensional culture resembling
the architecture of spheres, a class of vitreous seeds, and for the first time used live tumorsphere
imaging to gain insight into the penetration process of a chemotherapeutic agent in such tumor models.
After a thorough characterization of the cell lines, we took advantage of the fluorescence of topotecan
in conditions compatible with live-cell monitoring to visualize and quantify its penetration into the
core of tumorspheres derived from two patients with intraocular retinoblastoma and in cell clusters of
Y79 resembling spheres and vitreous dust seeds, respectively [7,8,11]. The quantification of topotecan
at different times based on the fluorescence intensity showed that drug penetration into the core of
the cell aggregates was immediate in dust, and faster in small than in large spheres. This result is
consistent with pathological observations stating that larger seeds consist of a greater number of cells
arranged in multilayers around a central core. Therefore, spheres are not mere aggregates of cells but
3D structures that may hamper drug accessibility.

The property of topotecan fluorescence has been used to quantify the drug in several biological
matrices for pharmacokinetic studies [12,14]. In addition, different researchers have exploited this
property to study the release rates of topotecan from liposomes and nanoparticles as part of the
development of new formulations, or to assess temporal variations in the disposition of topotecan in
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living cells or even whole animals using non-invasive fluorescence microscopy [21–24]. As a novel
application, we previously reported the use of fluorescent visualization of topotecan to evaluate the
safety of the injection technique and adequate drug delivery in retinoblastoma patients using a portable
Wood’s lamp [13].

Ours is the first study on the imaging of topotecan distribution in living retinoblastoma cells
spontaneously clustered in a 3D structure, as occurs in vivo. Previous studies on topotecan penetration
in tumorspheres were performed in other tumor cell lines forced to aggregate into a sphere by
gravity using the hanging drop technique [24,25]. In brief, the hanging drop technique consists of
plating droplets of cells in culture media on a lid, inverting the lid over a dish, and place it in an
incubator to allow for the 3D cell structure to form. Other researchers have worked with bioengineered
spheres consisting of commercial Y79 cells and gelatin microparticles as a scaffold to obtain the 3D
structure [26]. Specifically in that study, Y79 cells showed genomic alterations, including changes in
the expression of the collagen family when using microparticles as the matrix on which they were
grown. Thus, it may be expected that an altered drug penetration into the Y79-microparticle induced
by the culture conditions may not resemble the in vivo behavior of tumor seeds. In contrast, our
patient-derived tumor cells spontaneously grow as tumorspheres without the need for external forces,
or polymer support resembling floating vitreous seeds, as occurs in patients.

After upfront enucleation of two patients affected with retinoblastoma, we established two
patient-derived cell models. Then, we first confirmed the origin of the cell lines by different genomic
analysis and the identification of the expression of markers of retinal and neuronal tumor origin to
sustain the basis of all further developments. Importantly, cell-growth conditions avoiding the use of
serum for culturing the cells from the biopsy have been shown to dramatically improve tumor cell
selection and to avoid differentiation of the cell culture to a different phenotype than the parental
tumors [18,19]. Moreover, it is important to mention that cell-growth conditions and the cell line
passage number may result in different pharmacological sensitivity of the cell cultures as previously
reported for retinoblastoma and other tumors [27,28]. As shown in the present study, commercial
retinoblastoma cells spontaneously grow in loose aggregates of cells that allow almost instantaneous
drug penetration, likely resembling the dust vitreous seeds. Therefore, caution should be exercised if
using commercial cell lines but also different cell growth conditions to establish primary cell cultures of
retinoblastoma to use them as a basis of pharmacological screening and translation into the clinics.

The structural properties of the patient-derived tumorspheres were similar to vitreous seeds
classified as “spheres”, based on morphological and histopathological observations [7,8,11]. Patient
sphere sizes were reported to be in the range of 15 to 300 μm or even larger. In line with this observation,
our tumorspheres obtained from in vitro culture are also within that range (Figure 3). In addition, small
patient spheres displayed a homogeneous positive staining for Ki-67 as a marker of cell proliferation
widely used in tumor tissue biopsies. We also showed that large tumorspheres are composed of
multilayers of cells and that all cells located in the core or the surroundings were proliferative with
almost identical expression levels of Ki-67. Thus, our model was able to recapitulate the morphology
and phenotype of dusts and spheres of human vitreous seeds.

Importantly, the 3D multilayer cell structures may hinder drug penetration, and thus, diffusion
studies of active drugs in each in vitro model, and eventually the evaluation of drug sensitivity in
3D models should be performed [29,30]. We demonstrated, by means of confocal microscopy of
topotecan-treated spheres, that the drug penetrated upon the core of the tridimensional structures
in all cases. Also, we observed different rates of drug penetration, depending on the tridimensional
structure, resembling dusts or spheres, and the size of the in vitro spheres. Topotecan penetration
was almost immediate in clusters of Y79 cells as they gathered in a loose packing 3D structure. Thus,
although we observed a lower sensitivity to topotecan (higher topotecan IC50) of Y79 compared with
patient-derived tumor cells, the drug exerts its cytotoxic activity immediately after exposure of the
loose aggregates of Y79 cells. On the contrary, as a result of the multicellular architecture of the 3D
structures that allow cell-cell interactions, patient-derived spheres presented longer times of drug
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penetration into the core and also differences between sphere sizes. Nonetheless, topotecan penetrated
through all the evaluated 3D models and exerted a cytotoxic effect. These results obtained in vitro
show a strong cytotoxic activity of topotecan in Y79, and primary cell cultures may differ from the
clinical observation in retinoblastoma patients. Topotecan is usually administered with carboplatin or
melphalan based on the favorable ocular disposition, the synergistic cytotoxicity, and because of the
lack of documented clinical efficacy if administered as a single-agent [31].

Finally, and based on previous reports on the classification of vitreous seeds and the present results,
we may speculate that the longer it takes for topotecan to reach the inner layers of the tumorspheres,
the higher the number of doses of chemotherapy required for tumor control, as topotecan penetration
may be used as a surrogate for cytotoxicity. This assumption is based on the cytotoxic effect of
topotecan revealed by ethidium bromide after its penetration into the spheres. Nonetheless, the
relation between the number of doses and the actual dose of topotecan with the response in dusts,
spheres, and clouds should be assessed in clinics.

There are some limitations of the present 3D cell culture model that could be acknowledged.
Heterogeneity of patient samples may limit the generalization of drug response and penetration
rates through spheres that could be addressed if a larger number of samples are obtained to estimate
interindividual variability in drug response. However, the lack of fresh primary tumors, specifically
from patients enucleated upfront, and the difficulties in establishing primary tumor cell cultures
limit the availability of a wide range of 3D models for retinoblastoma. In addition, technical
challenges of the 3D cell culture technique relates to the ability of generating the same morphology
and size of the aggregates and to the mobility of free-floating spheroids in suspension, posing a
challenge to temporal imaging of the same spheroid. Also, it should be taken into account that the
present study was performed with topotecan and that other drugs used for retinoblastoma treatment,
including melphalan, may show different penetration rates into the 3D structures depending on the
physicochemical properties among other factors.

Altogether, we developed an in vitro tumor model that resembles retinoblastoma vitreous seeds
based on a close phenotype-genotype correlation. Under the cell culture conditions, these cells grow as
tumorspheres with the ability to interact in a 3D structure. Tumorspheres provide a valuable model to
study in vitro drug penetration as a surrogate for drug exposure in vitreous seeds that may be useful
to optimize drug therapy, and ultimately, to improve the efficacy of retinoblastoma treatment.

4. Materials and Methods

4.1. Ethics Statement

Patient retinoblastoma samples were obtained after protocol and informed consent approval
by Hospital de Pediatria JP Garrahan Institutional Review Board (protocol number 904, date of
approval: 26 February 2016). Written informed consent was obtained from parents or guardians before
sample collection.

4.2. Retinoblastoma Cell Line

The commercial cell line Y79 was obtained from the American Type Culture Collection (HTB-18,
Manassas, VA, USA). Cells were cultured at 37 ◦C with 5% CO2 in RPMI-1640 medium (Paisley,
Scotland, UK) with 20% fetal bovine serum (FBS, Internegocios, Cordoba, Argentina), as previously
reported elsewhere [19,27].

4.3. Establishment of Patient-Derived Cell Cultures

An ophthalmologist collected fresh primary tumor samples from patients with intraocular
retinoblastoma who underwent upfront enucleation as primary treatment. Tumor samples were
mechanically disaggregated and after centrifugation, and cells were cultured in serum-free neural
stem-cell medium as previously described for other pediatric stem cells culture conditions [19,27].
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Briefly, cells were grown in serum-free neurobasal medium (Thermo Fisher Scientific, Grand Island,
NY, USA) containing DMEM/F12 (Thermo Fisher Scientific), supplemented with B-27 (Thermo
Fisher Scientific), heparin (Sigma-Aldrich), EGF and FGF (epidermal and fibroblast growth factors,
respectively, Thermo Fisher Scientific), and PDGF (Platelet derived growth factor, PeproTech, Rocky
Hill, NJ, USA). Cultures were maintained at 37 ◦C in an incubator with a humidified atmosphere of 5%
CO2 and 95% air in T25 flasks at a density of approximately 106 cells/mL before starting the experiment.

4.4. Cell Authentication and Retinal Lineage Markers

Genomic DNA was isolated from cell lines, blood, and tumor samples using PureLink
Genomic DNA mini kit (Invitrogen, Carlsband, CA, USA) following the manufacturer’s instructions.
After checking the quality and quantity of the DNA by Nanodrop 2000 (Thermo Scientific, Waltham,
MA, USA), short tandem repeat (STR) profiling was performed in tumor samples and cell lines for
authenticating the origin of the cell lines by means of the analysis of 15 autosomal STR loci and
amelogenin. RB1 mutations were assessed by direct sequencing of the 27 exons and the promoter
region of the RB1 gene, and mutations were described with reference to GenBank accession #
L11910 [32]. Multiplex Ligation-dependent Probe Amplification assay (MLPA, MRC, Amsterdam,
The Netherlands) was performed according to the manufacturer´s protocol to screen for deletions or
duplications in the RB1 gene.

The expression of the photoreceptor lineage marker cone-rod homeobox transcription factor
(CRX) was analyzed to confirm the retinal tumor origin. Real-time quantitative PCR (RT-qPCR)
was used to evaluate the expression of CRX mRNA in the patient-derived cell cultures using
TaqMan technology in a 7500 Sequence Detection System (Applied Biosystems, Foster city, CA,
USA) [33]. Briefly, total RNAs was isolated from tumor cells using PureLink RNA Mini Kit
(Thermo Fisher Scientific) following the manufacturer´s instructions. After RNA quantitation using
NanoDrop spectrophotometer, RNA was reverse-transcribed into cDNA using random primers and
the SuperScript III kit (Invitrogen). The sequences of primers and probes used for RT-qPCR to analyze
CRX mRNA expression were as follows: Forward: 5′-AGGTGGCTCTGAAGATCAATCTG-3′, Reverse:
5′-TTAGCCCTCCGGTTCTTGAA-3′, and probe 5′-FAM-CTGAGTCCAGGGTTC-3′-MGB. Relative
expression of CRX mRNA was determined in cell cultures using the 2−ΔΔCt method, where Ct is the
threshold cycle of the target product and that of the housekeeping gene. Then, primary cell culture
data was normalized against CRX mRNA expression levels obtained in Y79.

Additionally, immunohistochemistry was performed in paraffin embedded cells for
synaptophysin (NCL-L-SYNAP-299, Leica BioSystems, Newcastle, UK) and arrestin 3 (ARR3,
11100-2-AP, Proteintech group, Chicago, IL, USA) expression to confirm the neuronal and cone-specific
origin of the cells, and hematoxylin-eosin staining for morphological assessment [19]. We also
evaluated the immunohistochemical staining for Ki-67 as a marker of proliferating but not quiescent
(G0 phase) cells using Ki-67 antibody (Ki-67 anti-human clone, Dako, Denmark), and the percentage of
Ki-67 positive cells was compared between tumorspheres of different sizes and origins. The percentage
of Ki-67 positive cells was calculated using ImageJ software (NIH, Bethesda, MD, USA) [34].

4.5. Live-Cell Confocal Microscopy

To quantify the penetration of topotecan into retinoblastoma patient-derived spheres, two sizes of
tumorspheres were considered based on visual inspection with the microscope. ”Small” (< 110 μm)
and “large” (110–400 μm) tumorspheres were classified according to the diameter calculated from an
optical slice corresponding to approximately the middle of each sphere.

First, cell culture viability was evaluated by means of trypan blue exclusion assay. Then,
ten microliters of each cell suspension of approximately 106 cells/mL were seeded on a slide covered
by a clean 15 mm round coverslip, and an appropriate field with tumorspheres was located. Untreated
tumorspheres were evaluated for natural fluorescence in a separate experiment. As shown in
Supplemental Figure S2A, there was no acquisition of signal before topotecan exposure, while after
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6 min of drug addition to the medium (Figure S2B), the sphere acquired a complete green fluorescence
due to topotecan penetration. Then, 1 μL of a 10 μg/mL solution of topotecan (final concentration
1 μg/mL) was added. This concentration was selected based on the dose of topotecan commonly
used for intravitreal injection (30 μg) and the volume of distribution in human vitreous humor (4 mL),
resulting in an in vivo concentration similar to that used for in vitro evaluation [35,36]. Immediately
after, and thereafter every 30 s, fluorescent images were obtained using an Olympus Fluoview FV1000
confocal laser scanning microscope (Olympus, Tokyio, Japan) with imaging software (Olympus
Fluoview FV10-ASW v1.7c, Melville, NY, USA), and equipped with a UPlanSApo 20X/0.75 NA
objective. Excitation was provided by a 458 nm line of a multiline argon laser at a 25% transmittance,
and fluorescent images were collected with a 505–605 nm emission filter. Images were collected
with a format of 1024 × 1024 pixels. Topotecan penetration into the tumorsphere was determined
in terms of fluorescence intensity and images were processed using ImageJ software. At least
three tumorspheres from each size were assessed for each patient-derived model. Autofluorescence
contribution (natural fluorescence contribution of untreated tumorspheres) was evaluated in a different
experiment. All optical images collected from each tumorsphere were sequentially acquired and
recorded on video using ImageJ software.

Images were processed to quantify the penetration of topotecan into the sphere, as follows. First,
anisotropic diffusion filtering was applied to smooth noise and defined region boundaries of each
tumorsphere [37]. Then, the Otsu’s thresholding segmentation method was used for segmenting
the spheres from the background and also inside each tumorsphere to calculate the percentage of
change of black and white pixels as a function of time as a surrogate of topotecan penetration [38,39].
The time to achieve maximum fluorescence in the core of the tumorsphere as a surrogate of complete
penetration of topotecan was defined as the time needed for obtaining at least 90% of white pixels.

4.6. Topotecan Cytotoxicity and Cell Viability Assay

Topotecan cytotoxicity was evaluated in each cell culture to determine the concentration of
drug that causes a 50% decrease in cell proliferation or IC50, as previously reported [20,27]. Briefly,
cells were counted, seeded in 96-well plates, cultured for 24 hours, and thereafter exposed to
different concentrations of topotecan (0.001–1.000 nM). After incubation for 72 h, cell proliferation
was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric
assay. The IC50 was calculated using GraphPad Prism v.6 (GraphPad, San Diego, CA, USA).

At the end of the study, tumorspheres were stained using ethidium bromide (100 μg/mL,
Sigma Aldrich) and acridine orange (100 μg/mL) double-staining for the visualization of nucleic
acids of membrane-damaged cells (necrotic or cells in late apoptosis induced by topotecan, observed
as stained red) and live cells (stained green), respectively, and observed under fluorescence microscope.
As both reagents were added simultaneously, non-specific signals to acridine orange of ethidium
bromide could be assessed in topotecan-treated and untreated 3D structures, respectively.

4.7. Statistical Analysis

Comparison of the time needed for topotecan to fully penetrate into the core of the two sizes of
tumorspheres derived from patients was performed by means of a t test with a significance p-value
of 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1077/s1.
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Abstract: New scientific findings have recently shown that dasatinib (DAS), the first-choice oral drug
in the treatment of chronic myeloid leukemia (CML) for adult patients who are resistant or intolerant
to imatinib, is also potentially useful in the paediatric age. Moreover, recent preclinical evidences
suggest that this drug could be useful for the treatment of Duchenne muscular dystrophy, since
it targets cSrc tyrosin kinase. Based on these considerations, the purpose of this work was to use
the strategy of complexation with hydroxypropyl-β-cyclodextrin (HP-β-CD) in order to obtain an
aqueous preparation of DAS, which is characterized by a low water solubility (6.49 × 10−4 mg/mL).
Complexation studies demonstrated that HP-β-CD is able to form a stable host-guest inclusion
complex with DAS with a 1:1 apparent formation constant of 922.13 M−1, as also demonstrated by
the Job’s plot, with an increase in DAS aqueous solubility of about 21 times in the presence of 6%
w/v of HP-β-CD (0.014 mg/mL). The inclusion complex has been prepared in the solid state by
lyophilization and characterized by Fourier Transform Infrared (FT-IR), Nuclear Magnetic Resonance
(NMR), Differential Scanning Calorimetry (DSC) techniques, and its dissolution profile was studied at
different pH values. Moreover, in view of potential use of DAS for Duchenne muscular dystrophy, the
cytotoxic effect of the inclusion complex has been assessed on C2C12 cells, a murine muscle satellite
cell line. In parallel, a one-week oral treatment was performed in wild type C57Bl/6J mice to test both
palatability and the exposure levels of the new oral formulation of the compound. In conclusion, this
new inclusion complex could allow the development of a liquid and solvent free formulation to be
administered both orally and parenterally, especially in the case of an administration in paediatric age.

Keywords: dasatinib; Duchenne muscular dystrophy; cyclodextrin inclusion complex; phase
solubility studies; paediatric age; liquid formulation

1. Introduction

The drug dasatinib (DAS), whose chemical name is N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-
hydroxyethyl)piperazin-1-yl]-2-methylpyrimidin-4-yl]amino]-1,3-thiazole-5-carboxamide (IUPAC)
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(Figure 1) is a double inhibitor of kinase proteins, including proto-oncogene tyrosine-protein Src
(Src-TK) family kinases [1].

 
Figure 1. Chemical structure of dasatinib (DAS).

DAS is the first-choice oral drug in the treatment of chronic myeloid leukemia (CML) for those
patients who are resistant or intolerant to imatinib. In fact, CML is a myeloprolifelative disorder that
is caused by the BCR-ABL oncogene and DAS is a potent inhibitor of imatinib-resistant BCR-ABL
mutants [2,3].

Until now, DAS was used exclusively for the treatment of adult patients, but new scientific
findings have shown its potential in the treatment of CML in paediatric age, where its pharmacokinetic
parameters, in particular, absorption and elimination time, were comparable with those in adult, with
the same safety and efficacy profiles [4,5]. However, in these clinical trials, the drug was administered
to children in the form of tablets or crushed tablets dispersed in fruit juice. In fact, DAS, formulated as
monohydrate and marketed under the name of Sprycel®by Bristol Meyer Squibb, is presented in the
form of coated tablets with a dosage ranging from 20 to 140 mg of the active ingredient. No liquid
formulation is available on the market, and this may be a problem for paediatric patients who may not
be able to swallow the tablets.

Moreover, recently, a study was published showing that DAS may be applied in the treatment
of Duchenne muscular dystrophy (DMD), a genetic muscle-wasting disorder, whose symptoms
occur around the age of four years in boys and get worse quickly. DMD is characterized by a
progressive muscle degeneration and weakness and it is caused by the absence of the subsarcolemmal
protein dystrophin. Dystrophin preserves sarcolemmal integrity by linking the cytoskeleton to the
extracellular matrix via the interaction with the dystrophin-glycoprotein complex (DGC) and allowing
for proper force transmission from contractile apparatus to extracellular matrix [6]. Thus, the primary
structural defect causes an aberrant transmission of mechanical stimulus across the myofibers, leading
to progressive muscle weakness and degeneration [7]. Similar defects occur in animals, such as
the widely used C57Bl/10ScSn-Dmdmdx/J (mdx) mouse model [7,8]. Recent studies in mdx mouse
model have highlighted that, in dystrophin deficient muscles, Src-TK is both overactivated and
overexpressed, due to the excessive ROS production, and contribute also to NOX activation, in an
auto-reinforcing loop [9], then playing a key role in DMD pathogenesis. In addition, Src-TK is involved
in phosphorylation and degradation of β-dystroglycan (β-DG), a member of DGC, contributing to the
loss of this complex in dystrophic myofibers. Thus, either the pharmacological inhibition of Src-TK
seems a feasible strategy to ameliorate the pathology [10,11]. Src-TK inhibitors are already clinically
available as antitumor drugs, and DAS belongs to this class of drugs.

Based on what has just been outlined, it is evident that it would be useful to develop a new
formulation of DAS, which is different from the one currently in use, possibly liquid, so that it could
be readily used in paediatric patients either by oral or parenteral route [12].

Therefore, the purpose of the following work was to prepare an aqueous formulation of this
drug, evaluating the possibility of using an inclusion complex with cyclodextrins (CDs), as it is a
molecule that is characterized by a low water solubility [13]. Cyclodextrins, cyclic oligosaccharides
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consisting of glucose units joined by α 1,4-glycosidic bond have been widely used to improve
the solubility and stability in water of different molecules due to their ability to form host-guest
inclusion complexes [14–20]. Thus, in this work, we present an inclusion complex of DAS with the
hydroxy-β-cyclodextrin (HP-β-CD), a semisynthetic cyclodextrin that is approved by FDA also for
the parenteral administration. The DAS/HP-β-CD inclusion complex was first studied in solution by
building the phase solubility diagram according to Higuchi-Connors [21] and a two-dimensional-NMR
(2D-NMR) Heteronuclear Multiple Bond Correlation HMBC evaluation was carried out in order to
investigate the portion of the molecule actually contained in the HP-β-CD cavity. Subsequently, this
complex was prepared in solid state by lyophilization and characterized by Fourier Transform Infrared
(FT-IR), Differential Scanning Calorimetry (DSC), evaluation of the incorporation degree, and study
of dissolution profiles at different pH values. Finally, in view of potential use of DAS for DMD, we
first assessed its cytotoxic action on C2C12 cells, a muscle satellite cell line; secondly, we conducted an
in vivo study in wild type C57Bl/6J (WT) mice by administering the inclusion complex in drinking
water for one week to test both palatability and the exposure levels of the complex.

2. Results and Discussion

2.1. Evaluation of the Inclusion Complex in Solution

First of all, the solubility of DAS was determined at 25 ◦C both in ultra-pure water and in buffered
aqueous solutions at pH 1.2 (HCl 0.05 M, for oral administration) and at pH 7.4 (phosphate buffer
0.05 M, for parenteral administration). The results are shown in Table 1. DAS is a strong base with a
pKa value of 10.28 [11], so it is more soluble in acid environments where the protonation of the NH
groups occurs.

The lowest solubility value was recorded in ultrapure water with a pH value of about 6.0, so
the phase solubility diagram relating to the complexation of DAS with HP-β-CD has been studied
at 25 ◦C in water. According to the Higuchi and Connors classification [20], it shows an AP-type
profile, as reported in Figure 2a, and this result clearly show that DAS solubility in water is linearly
influenced by the presence of HP-β-CD until a percentage of cyclodextrin equal to about 6%, with the
formation of an inclusion complex with 1:1 host:guest stoichiometry, while in the presence of major
cyclodextrin percentages the formation of complexes with different stoichiometry occurs. From the
analysis of the first linear portion of the Higuchi-Connors diagram (Figure 2b), it is possible to obtain
the complexation constant for the complex with 1: 1 host:guest stoichiometry and it was found to be
equal to 922.13 M−1, with an increase of about 21 times of the DAS solubility in the presence of 6%
w/v of cyclodextrin (0.014 mg/mL, 2.9 × 10−5 M) as compared to the solubility value of the drug in
the absence of the complexant, which results to be 6.49 × 10−4 mg/mL (1.33 × 10−6 M).

Table 1. DAS solubility at 25 ◦C in presence of different environments.

Environment DAS Solubility (mg/mL) DAS Solubility (M)

HCl 0.05 M pH 1.2 4.31 × 10−2 8.84 × 10−5

Phosphate Buffer 0.05 M pH 7.4 7.65 × 10−4 1.56 × 10−6

Water 6.49 × 10−4 1.33 × 10−6

In order to determine the exact stoichiometric ratio between DAS and HP-β-CD in the formation
of the inclusion complex, the Job’s plot (Figure 2C) was constructed, as described in the experimental
section. In detail, this study was conducted via 1H-NMR observing the variation of chemical shifts of
methyl hydrogens (CH3) on the pyrimidine ring of DAS.
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Figure 2. Phase solubility and Job’s plot diagrams of DAS and hydroxypropyl-β-cyclodextrin
(HP-β-CD) in water at 25 ◦C. (a) Phase solubility diagram in the HP-β-CD concentration range 0–10%;
(b) Phase solubility diagram in the HP-β-CD concentration range 0–6%; (c) Job’s plot diagram.

As shown in the graph, a highly symmetrical trend with a maximum value being recorded at
r = 0.5 is observed, and this finding highlights the formation of a 1:1 inclusion complex. This result is
quite in agreement with the phase solubility diagram because for the construction of Job’s plot very
low concentration of HP-β-CD are used and at low concentration of cyclodextrin the formation of an
inclusion complex with a 1:1 host:guest stoichiometry occurs. This behavior has already been widely
described in the literature [15,22]. It is in fact known that the balance of complexation between drug
and cyclodextrin is strongly influenced by the concentrations in solution of the two components and
that in the presence of high concentration of cyclodextrin different solubilization phenomena take
place that modify the stoichiometry of the inclusion complex, leading to higher-order complexes.

Furthermore, the construction of the Job’s diagram has been carried out on the basis of the
displacement, in terms of chemical shift, of the methyl group protons on the DAS pyrimidine ring.
It would therefore seem that this methyl group is directly involved in the formation of the inclusion
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complex with the cavity of the cyclodextrin and in order to obtain more information about the
interactions of the drug with the cyclodextrin in solution, a 1H- and 2D-NMR (HMBC) study was
conducted, keeping the DAS concentration constant and varying the molar ratio DAS: HP-β-CD.

Figure 3 shows the 2D 1H- 13C-NMR spectrum of DAS in DMSO-d6, which was used to make the
correct assignment of DAS protons while in Figure 4a–c are reported the 1H-NMR spectra of methyl
resonances of CH3 on pyrimidine and benzene rings at different DAS: HP-β-CD molar ratios.

Figure 3. 2D 1H- 13C-NMR spectrum of DAS in DMSO-d6. The cross-peaks displayed by HMBC were
used to identify the structure of the drug, including the correlation of the δ of hydrogens and carbons
separated from each other with two and three chemical bond.

Figure 4. 1H-NMR spectra of methyl resonances of CH3 on pyrimidine (δ ~2.5) and benzene (δ ~2.3)
rings in the presence of cyclodextrin at different DAS:HP-β-CD molar ratios. (a) DAS:HP-β-CD molar
ratios 1:0; (b) DAS:HP-β-CD molar ratios 1:1; and (c) DAS:HP-β-CD molar ratios 1:10.
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The relative positions of the peaks were in agreement with the assignment. 1H- and 2D-NMR
(HMBC) investigations confirmed the structure of the molecule and elucidated the interactions with
the cyclodextrin in solution. Our results give a direct evidence of the formation of an inclusion complex
between the drug and the cyclodextrin. In Table 2, we reported the variation of chemical shifts of
methyl hydrogens (CH3) on the pyrimidine ring of DAS in the presence of different concentrations
of cyclodextrin (i.e., molar ratio drug:cyclodextrin 1:1, 1:2, and 1:3). As one can see from Table 2, the
chemical shifts of this CH3 are affected during complexation, showing changes in the ppm values.
In particular, as shown in Figure 4a–c increasing the concentration of cyclodextrin in solution, we
observed that the chemical shift of the CH3 hydrogens on the pyrimidine ring shifted downfield
(higher ppm). These findings suggest that the methyl hydrogens on the pyrimidine ring were directly
involved in the complexation with cyclodextrin. In detail, the hydrogen nuclei of the drug included in
the cyclodextrin cavity established hydrophobic interactions with cyclodextrin hydrogens, resulting
in a their deshielding. No significant variation of the chemical shifts of the methyl hdrogens on the
aromatic ring benzene was observed. This would suggest that this portion of the molecule is not
interested in the complex formation with cyclodextrin.

Table 2. Shifts of CH3 hydrogens in the presence of cyclodextrin at different DAS: HP-β-CD
molar ratios.

Molar Ratio DAS: HP-β-CD δ CH3 (Pyrimidine) δ CH3 (Benzene)

1:0 2.498 2.292
1:1 2.513 2.293
1:10 2.534 2.294

2.2. Characterization of the Inclusion Complex in the Solid State

In order to exploit the complexation with HP-β-CD in the preparation of a powder formulation
of the drug that instantly dissolves when placed in water to be administered orally or parenterally,
the solid-state complex was prepared by lyophilization. The freeze-dried complex was characterized
by the assessment of the degree of incorporation, expressed as g of DAS per 100 g of product and it
was found to be 4.23 ± 0.42 g of DAS per 100 g of lyophilized powder. This solid inclusion complex
has been characterized by FT-IR, DSC, and dissolution profile. Figure 5 shows the IR spectra of DAS,
HP-β-CD, and HP-β-CD solid inclusion complex.

The IR spectrum of DAS shows an absorption band at 1609 cm−1 due to stretching of the carbonyl
group in the amidic bound, and two absorption bands at 2945 and 2930 cm−1 due to C-H stretching of
methylenic and alchilic groups. In addition, the bands at 1583, 1498, and 1417 cm−1 corresponding
to the C-C strain of the aromatic ring, and the bands at 3461 and 3225 cm−1, corresponding to the
stretching of the N-H and O-H are highlighted, respectively.

The spectra of CDs inclusion complex appear to be very similar to those of cyclodextrin, since
the cyclodextrins exhibit a high number of polar groups (OH, CO) that give rise to very broad
absorption bands, which in some regions often overlap with those of DAS, also because a large excess
of cyclodextrin is present in the complexes. This finding is confirmed by the DSC study reported
in Figure 6.
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Figure 5. Fourier Transform Infrared (FT-IR) spectra (a) DAS, (b) HP-β-CD, and (c)
DAS/HP-β-CD complex.
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Figure 6. DSC thermograms: (a) DAS, (b) HP-β-CD, and (c) DAS/HP-β-CD complex.

In the DAS thermogram (Figure 6a), it is evident the crystalline nature and the high degree of
purity of this compound that shows an endothermic spike at 285 ◦C, according with data reported in
literature [11].

The HP-β-CD thermogram (Figure 6b) highlights the amorphous nature of the same, which does
not exhibit an endothermic melting peak but only a sloping peak between 80 and 100 ◦C due to the
loss of the water present in the sample. The thermogram of the DAS/HP-β-CD complex (Figure 6c)
has a trend that is comparable to that of cyclodextrin alone and this indicates the drug’s inclusion
within the cavity of the complexing agent with its amorphization.
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2.3. Dissolution Studies

Moreover, dissolution studies have been performed at 37 ◦C in two different media: phosphate
buffer 0.05M pH = 7.4 and HCl 0.05M pH = 1.2. Figure 7 shows obtained dissolution profiles.
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Figure 7. Dissolution profiles at 37 ◦C: (a) pH 7.4 and (b) pH 1.2 of DAS alone (�) and DAS/HP-β-CD
complex (�). All values are mean ± SD, n = 3.

It is clear that the DAS/HP-β-CD lyophilized complex exhibits a better dissolution profile than
the drug alone. In particular, this is especially evident at pH 7.4 where it was not possible to obtain the
dissolution profile of DAS alone due to its very low solubility at this pH value, which prevents the
quantitative determination of the drug via HPLC in the dissolution medium. The hydrophobic nature
of the drug prevented its contact with the dissolution medium, causing it to float on the surface and
hindering its dissolution. Instead, in the same dissolution medium the presence of HP-β-CD allows
for the achievement of a quantity of dissolved drug equal to about 77% after 420 min. At pH 1.2, DAS
appears to be more soluble, as demonstrated by the previously described solubility analysis. In this
case, hence, it was possible to obtain the solubility profile of the drug alone at this pH value and it
is evident that after approximately 420 min the quantity of drug dissolved is approximately 81%, as
compared to the 100% that is reached from the complex with the HP-β-CD.

Therefore, the complexation with the selected cyclodextrin certainly represents an effective
strategy for improving the solubility characteristics and the dissolution profile of DAS, also allowing
an improvement of these characteristics with respect to those of monohydrate and polymorphic
forms that are patented [23,24], and enabling it to be administered parenterally, in addition to oral
administration, which is currently the only possible DAS route of administration.

2.4. Cytotoxicity Studies

The cell viability study was performed to compare the cytotoxicity, and then the pharmacological
activity, of the DAS/HP-β-CD inclusion complex with that of the free drug both solubilized in DMEM.
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In view of potential use for DMD, this effect has been assessed on C2C12 myoblasts. For DAS alone,
due to its very low water solubility, a DMSO solution was prepared and this solution was subsequently
diluted in DMEM so that the final DMSO concentration in each well was less than 0.15% in order to
ensure cellular vitality. The two vehicles were also tested, i.e., HP-β-CD and DMSO, both diluted in
DMEM and both at the highest concentration tested in the presence of DAS. The results that were
obtained in terms of cellular viability are shown in Figure 8.

Figure 8. Effect of DAS on cell viability. The figure shows the cytotoxic effect on cell viability of
increasing concentration of DAS (0.1–100 μM) alone or complexed with HP-β-CD. The results are
expressed as the percentage of the control (ctrl) and presented as the mean ± S.E.M. Each data is from
24–48 replicates (wells) and 6–9 different culture dishes. The statistical significance between groups
was evaluated by Student’s t-test, as follows: significantly different with respect to * the control value
(0.001 < p < 0.05); ◦ DAS/HP-β-CD at the same concentration (0.001 < p < 0.05).

It is clear that all of the compounds tested show, as expected, a cytotoxicity that is concentration
dependent. In particular, the DAS/HP-β-CD complex has a relatively higher effect on cell viability
than free DAS, with significantly different statistical results (0.001 < p < 0.005 and 0.025 < p <0.001).
Furthermore, since both vehicles are not cytotoxic, because they guarantee 100% cellular viability, the
cytotoxicity recorded in the test is attributable exclusively to the effect of the drug. The obtained result
suggests that DAS complexation with HP-β-CD increases the cytotoxicity of the drug, and this effect is
probably a consequence of the increased solubility of DAS in water-like phase. Anyway, it is important
to underline that the concentration at which DAS exerted cytotoxic actions on C2C12 cells, both free
than complexed with HP-β-CD, is higher that the IC50 values known to inhibit cancer cell growth,
which are in the nM range. Therefore, this in vitro experiment underlines that DAS is relatively safe
on satellite muscle precursors being cytotoxic only at high concentrations. In fact, the concentrations
that are used in the cell viability test are above the therapeutic plasma levels of DAS, which range in
the low μM values.

2.5. Pharmacokinetic Results

HPLC analyses were carried out to evaluate the DAS traceability in main target tissues (quadriceps
and liver) of treated mice. Appreciable drugs’ levels were found in quadriceps and livers of treated
animals (Figure 9). These results are in line with the finding that DAS is rapidly distributes in
tissues [25]. Also, the level reached in skeletal muscle allows for predicting sufficient exposure for
the action of DAS to take place, considering that the inhibition of Src-TK occurs in the nanomolar
range [26].
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Figure 9. Pharmacokinetic analysis in quadriceps and livers of DAS/HP-β-CD inclusion complex
administered at 15 mg/kg in drinking water for 1 week. All values are mean ± S.E.M. from 7–8 mice
for each group. No significant difference was found by Student t-test analysis.

3. Materials and Methods

3.1. Materials

DAS (MW = 488 g/mol), was purchased from Sigma Aldrich (Milan, Italy). HP-β-CD
(hydroxypropil-β-cyclodextrin, MW = 1396 Dalton, substitution degree 0.65) was kindly provided
by Roquette (FR). HCl and phosphate salts for the preparation of buffers were purchased from Fluka
(Sigma Aldrich, Milan, Italy). Bidistilled water was bought from Carlo Erba (Milan, Italy). The cell
counting Kit-8 (CCK-8) used for cytotoxicity studies was purchased from Sigma Aldrich (Milan, Italy).
All other products and reagents used in this work were of analytical grade.

3.2. Quantitative Analysis of DAS

The quantitative analysis of DAS was performed by High-performance liquid chromatography
(HPLC). In detail, a HPLC station composed of a Agilent 1260 LCVL quaternary pump, a variable
wavelength UV-visible detector and a fixed 20 μL loop manual injector was used. The analytical
data were processed with the Agilent OpenLab LC software. For the analysis, a C18 Zorbax SB – Aq
(4.6 × 150 mm) column was eluted in isocratic mode with a methanol/ammonium acetate pH = 3
60/40 v/v mixture, continuously monitoring the eluent at 280 nm. In these conditions, the retention
time of the drug was about 2.8 min.

Standard calibration curves were prepared at a wavelength of 280 nm using the same analysis
conditions and they resulted in a linear plot (r2 = 0.999) in the range of tested concentrations (from
2.17 × 10−4 M and 6.78 × 10−6 M).

3.3. Solubility and Phase-Solubility Studies

The phase solubility study was conducted in accordance with Higuchi and Connors [21]. In detail,
DAS was added in excess to an aqueous solution containing HP-β-CD in the appropriate concentration
(0–10% w/v) until saturation and the suspensions thus obtained were placed in 4 mL vials with screw
cap to avoid changes that are caused by evaporation. The obtained mixtures were vortexed for about
5 min and then placed in a thermostat bath at 25 ◦C for three days.

Subsequently, an aliquot of the aqueous phase of each mixture was transferred into a 5 mL glass
syringe and filtered through a 0.22 μm cellulose acetate membrane filter (Millipore®, Milan, Italy).
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The obtained filtrate was suitably diluted and subjected to subsequent HPLC analysis for the
quantification of the drug. All of the determinations were conducted in triplicate.

The obtained data were used to determine the apparent stability 1:1 constant (K1:1) of the
DAS/HP-β-CD inclusion complex, using the slope of the phase solubility diagrams straight line,
as reported by Higuchi and Connors in the following equation:

K1:1 =
slope

S0(1 − slope)
(1)

where S0 represents DAS solubility in absence of cyclodextrin determined in the same way.

3.4. Preparation of Solid DAS /HP-β-CD Inclusion Complex

The DAS/HP-β-CD inclusion complex was prepared in the solid state by freeze drying [18].
The lyophilized product was prepared by adding DAS and HP-β-CD in water in equimolar amounts.
The obtained suspension was vigorously vortexed for about five minutes, left under stirring for two
days, filtered through 0.22 μm cellulose acetate filters (Millipore), then frozen, and lyophilized (Lio 5P,
Milan, Italy). The obtained product was characterized by DSC and FT-IR.

3.5. Determination of DAS Incorporation Degree in the Solid Cyclodextrin Inclusion Complex

The amount of DAS that is present in the DAS/HP-β-CD solid complex was determined by
solubilizing about 5 mg of sample in 5 mL of deionized water. Samples were injected in HPLC after
filtration with 0.22 μm cellulose acetate filters (Millipore®). The incorporation degree of DAS into the
inclusion complex was determined from the peak areas obtained and expressed as g of DAS per 100 g
of complex.

3.6. Job’s Plot Method

The stoichiometry of the inclusion complex DAS/HP-β-CD in aqueous solution was determined
by the continuous variation method or Job’s method [15]. Briefly, equimolar (1.02 × 10−3 M)
CD3OD/D2O (50/50, v/v) solutions of DAS and HP-β-CD were mixed to a fixed volume by varying
the molar ratio from 0 to 1, keeping the total molar concentration of the species constant. After stirring
for 1 h, for each solution the 1H-NMR spectra were registered and the chemical shifts of the host’s
protons were calculated and expressed as ppm. The Δchemical shift was determined as the difference
between chemical shifts with and without HP-β-CD. Subsequently, Δppm × [DAS] was plotted versus
r, where:

r =
[DAS]

[DAS] + [HP − β − CD]
(2)

3.7. 1H-NMR and Heteronuclear Multiple Bond Correlation (HMBC) Spectroscopic Studies

1H nuclear magnetic resonance (1H-NMR) spectra were recorded using a NMR Agilent
Technologies 500/54 Premium Shielded instrument and 1H chemical shifts were referred to DHO as
internal standard. For the Heteronuclear Multiple Bond Correlation (HMBC) experiment, an Agilent
500 mHz spectrometer was used. The concentration of the drug was 10 mg/mL in a 5-mm NMR
tube. Sample temperature was set to 25 ◦C. The following parameters were used for 2D 1H- 13C-
heteronuclear multiple bond correlation (HMBC) experiment: number of scans, 2, number of complex
data points (experiments) in F1, 128; number of complex data points in F2, 2048; sweep width in F1
and F2, 222 and 13ppm, respectively; spectrometer offset for 1H and 13C, 6 and 100 ppm, respectively;
interscan delay, 1.5 s. Data were processed with the software Topspin. For 2D, the spectrum was
zero filled to 512 data apodization function in both dimensions prior to Fourier transform and phase
correction. Chemical shifts were expressed in parts per million (ppm) with respect to the DMSO-d6

signal for carbon and H2O2 for proton [27–31].
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3.8. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of DAS, HP-β-CD, and DAS/HP-β-CD solid complex were recorded with a
Perkin-Elmer 1600 FTIR spectrophotometer dispersing each sample in KBr for spectroscopy (2 mg of
sample in 200 mg of KBr) [32]. The scan range used was 400–4000 cm−1, with a resolution of 1 cm−1.
The instrument was periodically calibrated.

3.9. Differential Scanning Calorimetry (DSC) Analysis

The thermal analysis of DAS and DAS/HP-β-CD solid complex were performed using a Mettler
Toledo DSC 822e Stare 202 system (Mettler Toledo, Switzerland) equipped with a thermal analysis
automatic program, as described in a previous work [33]. The instrumentation was calibrated
periodically, using indium as reference.

3.10. Dissolution Studies

Dissolution experiments were performed at 37 ◦C using a BIODIS USP III apparatus (Varian Inc.,
Cary North Carolina, CA, USA), equipped with a rod stirrer maintaining a rotational speed of 100 rpm
during the test. Samples of DAS or DAS/HP-β-CD solid complex, equivalent to about 2 mg of DAS,
were suspended in the dissolution medium (80 mL of 0.05 M phosphate buffer at pH 7.4 or HCl 0.05 M
pH = 1.2). The volume of 80 mL was chosen taking into account the HPLC quantification limit for the
determination of DAS.

At predetermined time intervals, 600 μL of suspension were collected and, in order to keep
constant the initial volume, 600 μL of the same dissolution medium previously thermostated at the
same temperature were added. Samples were subsequently filtered using a 0.22 μm membrane filter
(Millipore®cellulose acetate), and the filtrates thus obtained were subjected to HPLC analysis after
appropriate dilution. For quantitative analysis the calibration curve previously constructed was used
and the dissolution profiles shown correspond to the average of three determinations.

3.11. Cytotoxicity Studies

C2C12 myocytes were cultured in DMEM that was supplemented with 10% fetal bovine serum, 1%
penicillin, 1% streptomycin and 1% glutamine and were maintained at 37 ◦C in 5% CO2/95% air. Cell
viability was evaluated by measuring the succinic dehydrogenases activity in the cell suspension using
the cell counting Kit-8 (CCK-8) (Sigma Aldrich), which utilizes a highly water-soluble tetrazolium salt
and whose detection sensitivity is higher than other tetrazolium salts [34].

Cells were seeded in 96-well cultures at a density of approximately 4.5 × 103 cells per well and then
cultured for 16 h. Afterwards, the cells were treated for 5 h with free DAS (in DMSO <0.15% in order to
ensure cellular vitality) or complexed with HP-β-CD, but at the same concentration calculated on the
basis of the incorporation degree, both being dissolved in DMEM. Following exposure, 10 μL of CCK-8
were added into each well and then the plate was incubated for additional two hours. The absorbance
at 450 nm was measured using a spectrophotometer (microplate reader Victor V31420–40; PerkinElmer,
Wellesley, Massachusetts). Cell viability (%) is expressed according to the following formula:

cell viability (%) = [(test value − blank)/(control value − blank) × 100] (3)

where the blank value represents that of a cell-free wells; the control value represents that of wells
of cells do not treated with DAS and the test value represents that of wells of cells treated with DAS.
The results are expressed as the percentage of the control and presented as the mean ± SD. Each data
is from 24–48 replicates (wells) and 6–9 different culture dishes.
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3.12. In Vivo Study

A total of 10 sedentary WT male mice C57Bl/6J (Charles River, Italy for Jackson Laboratories),
homogeneous for age and body weight (BW) were divided into 2 groups as follows: 4 WT mice
vehicle-treated (HP-β-CD 10%) and 6 WT mice treated with DAS/HP-β-CD inclusion complex at
the dose of 15 mg/Kg. Drug and vehicle were administered in drinking water for 1 week. The dose
was chosen based on data in literature, in fact, the human dose commonly administered in clinical
practice, converted in the appropriate animal equivalent, resulted to be approximately 20 mg/kg
per day [35]. Care in animal handling and environment conditions was used to avoid any animal
discomfort and stress during the study period. Food intake was monitored, and composition was
maintained constant [36]. No abnormal gross findings in animal well-being and no animal deaths were
observed during the study period.

3.13. Ex vivo Study: Pharmacokinetic Analysis

The pharmacokinetic (PK) analysis were commissioned to the CRO “XenoGesis Ltd.—Preclinical
DMPK & Bioanalysis services, Nottingham, UK. In detail, analysis was performed in quadriceps
(Quad) and livers of treated animals. Tissues were individually weighed into a "FastPrep" tube and
PBS was added (3:1 ratio). Each tube was placed in the fast prep homogenizer on a predetermined
1min cycle to ensure complete homogenization. 40 μL of each homogenate was aliquoted to a fresh
tube and 50 μL of MeOH plus 150 μL of Methanol-containing Internal standard (25 ng/mL Imipramine
HCl) was added. Each sample was mixed on a Bioshake for 1 min and then transferred to the freezer
at −20 ◦C for at least two hours prior centrifugation at 2500 × g for 20 min. The supernatants were
then transferred to a 96-well plate for sampling by the LC-MS/MS. A Thermo TSQ Quantiva with
Thermo Vanquish UHPLC system was used (Thermo Fisher Scientific Inc, Milan, Italy). Separation
was achieved on a ACE-AR C18 (50 × 2.1 mm, 1.7 μm) column, with MilliQwater 0.1% formic acid
(solvent A) and methanl-0.1% formic acid (solvent B) at 65 ◦C and at a flow rate of 0.8 mL/min. Positive
ion spray voltage and vaporizer temperature were set at 3500 V and 450 ◦C, respectively, while the ion
transfer tube temperature was set at 365 ◦C. Finally, sheath gas and auxiliary gas pressures were fixed
at 54 and 17 bar, respectively. Detection was performed using a multiple reaction monitoring (MRM)
via a positive ESI source spray voltage. Quantitative analysis was conducted by MRM at 232.06 to
401.11 m/z for DAS inclusion complex and at 86.10 to 193.04 m/z for the internal standard Imipramine.
Mass transitions were combined for each compound to maximize sensitivity.

3.14. Statistic

In the elaboration of results in the cytotoxicity studies, the statistical significance between
groups was evaluated by Student’s t-test, as follows: * significantly different with respect to
control value (0.001 < p < 0.005); significantly different with respect to DAS complexed with HPβCD
(0.025 < p < 0.001).

4. Conclusions

From the results that were obtained in this study, it is possible to state that the complexation of
DAS with HP-β-CD is successful both in solution and in the solid state. In particular, the presence of the
cyclodextrin allows for obtaining an increase in the drug water solubility and a favorable dissolution
profile especially at pH 7.4 as compared to the non-complexed drug Moreover, cytotoxicity studies
highlight that DAS complexation with HP-β-CD increases the cytotoxicity of the drug and PK results
of a one-week pilot study with DAS/HP-β-CD inclusion complex in WT mice provided the basis
for further long-term in vivo treatment with this new oral formulation of DAS in treadmill-exercised
mdx mice.

In conclusion, this new inclusion complex could allow the development of a liquid formulation to
be administered orally, which could be a valid alternative to the one currently present on the market
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that is solid, especially in the case of an administration in paediatric age. Moreover, considering that
HP-β-CD is FDA approved for parenteral formulations, the DAS/HP-β-CD inclusion complex could
also be an interesting tool for the administration of DAS by this route.
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Abstract: The therapeutic approach to Chronic Myeloid Leukemia (CML) has changed since the advent
of the tyrosine kinase inhibitor (TKI) imatinib, which was then followed by the second generation TKIs
dasatinib, nilotinib, and, finally, by ponatinib, a third-generation drug. At present, these therapeutic
options represent the first-line treatment for adults. Based on clinical experience, imatinb, dasatinib,
and nilotinib have been approved for children even though the studies that were concerned with
efficacy and safety toward pediatric patients are still awaiting more specific and high-quality data.
In this scenario, it is of utmost importance to prospectively validate data extrapolated from adult
studies to set a standard therapeutic management for pediatric CML by employing appropriate
formulations on the basis of pediatric clinical trials, which allow a careful monitoring of TKI-induced
adverse effects especially in growing children exposed to long-term therapy.

Keywords: chronic myeloid leukemia; tyrosine kinase inhibitors; pediatric age; imatinib; dasatinib;
nilotinb; ponatinib; formulation

1. Introduction

Protein kinases (PK) enable the phosphorylation of hydroxyl groups of tyrosine, serine,
and threonine residues. Based on this signaling, a cascade of molecular events is activated to
promote a number of biochemical actions responsible for cells proliferation, survival, and functioning.
There are two main classes of tyrosine kinases. The first class is made up by receptors tyrosine kinases
(RTK) linked to transmembrane receptors. The second class is known as cytoplasmic non-receptor
tyrosine kinases (NRTK) [1]. Receptors activated by a vascular endothelial growth factor (VEGF) and a
platelet-derived growth factor (PDGF) and overexpressed in sarcoma, Breakpoin cluster region-Abelson
Kinase (BCR-ABL) in myeloid leukemia, and JAK (Janus Kinases) are of oncology relevance as far as
RTK and NRTK are concerned [1].

The overexpression or mutation of tyrosine kinases (TK) is a hallmark of cell cycle dysregulation
often anticipating the tumor onset. For these reasons, selective TK inhibition is considered a target
therapy in cancer [2].

Chronic myeloid leukemia (CML) is a myeloproliferative disorder, characterized by an abnormal
granulocyte cells proliferation determining a high increase of white blood cell count in addition to a
spleen enlargement (splenomegaly). The CML pathogenesis stems from the Philadelphia chromosome,
discovered by Peter Noweel in 1960. It arises from a translocation of the TK ABL (Abelson) gene from
chromosome 9 to chromosome 22, on the BCR gene (breakpoint cluster region). The translocation
generates the oncogenic BCR-ABL1 fusion gene in hematopoietic stem cells, which encodes an
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abnormal protein, with constitutive TK activity, responsible for proliferative and anti-apoptotic signals.
The occurrence of BCR-ABL protein kinases was observed in more than 90% of CML patients [3].

The BCR-ABL targets are downstream pathways including RAS, PI3K/AKT, and JAK/STAT that
address the transformation of healthy cells toward neoplastic cells responsible for CML pathogenesis.

CML has three clinical phases. The first is the chronic phase (CP) without subjective symptoms
after 3–5 years from diagnosis but a high white blood cell and platelet count. The second is the
accelerated phase (AP) with an incremented differentiation of abnormal granulocytes. The third phase
consists in the blast crisis (BC) with an increase of undifferentiated blasts. Patients in the chronic phase
can be treated with tyrosine kinases inhibitors (TKIs). Unfortunately, accelerated and blast phases are
not responsive to TKIs likely because their progression is not affected by BCR-ABL.

The 3D structure of BCR-ABL kinase, like other tyrosine kinases, is characterized by two lobes,
including the N-terminal and the C-terminal one, connected by a short peptide strand, known as
a hinge region. ATP (adenosine triphosphate) binds to the fissure between the lobes through two
hydrogen bonds with a residue of Glu316 and Met318.

Moreover, in the rear portion of the ATP binding pocket, there is a residue of Thr315 with a key
role for selectivity. This residue is called “gatekeeper” because of a resistance phenomenon associated
with its related single point mutations.

The Bcr-Abl activation is determined by a flexible protein segment in the N-terminal lobe, called
the activation loop. In its active state, it adopts an open conformation with the amino acid triad
Asp-Phe-Gly (DFG, corresponding to 381–383 residues in Abl) directed toward the ATP binding site.
This is the DFG IN conformation, whichh allows ATP to approach the binding site, where the Phe
residue of the triad is located.

When the activation loop is closed as it is in the inactive state, the Asp-Phe-Gly amino acid triad
adopts the DFG out conformation (Figure 1) [4].

Figure 1. An example of ATP competitive inhibitors: (A) X-ray solved structure of Abl kinase domain
in complex with Imatinib (PDB code: 1IEP) with DFG outconformation and closed activation loop.
(B) X-ray solved structure of Abl Kinase domain with Dasatinib (PDB code: 2GQG) with DFG in
conformation, open activation loop [5].

2. CML Therapeutic Approach

In the past decades, the first therapeutic approach to CML involved the use of ordinary
chemotherapeutical drugs (such as a busulfan, hydroxyurea, cyclophosphamide, and vincristine),
which is followed by allogeneic hematopoietic stem cells transplantation (allo-HSCT). This is considered
a potentially curative procedure for a variety of hematological malignancies in order to reconstitute
hematopoiesis [6].

However, allo-HSCT is limited by the availability of donors, transplant-related mortality, and early
morbidity, so that it is considered a third-line treatment for most pediatric cases. Therefore, Bcr-Abl
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inhibitors may be accounted as a targeted therapy toward CML, avoiding all the side effects associated
with canonical chemotherapy, and graft-versus-host disease, which is one of the major complications
of allogeneic hemapoietic cell transplantation (HCT).

Currently, Imatinib is not the only TK inhibitor approved for patients with CML-CP (CML-Chronic
Phase) including pediatric patients, but it remains the first-line therapy for patients with CML-AP
(CML-Accellerate Phase) and CML-BC (CML-Blast Crisis).

Imatinib (Figure 2A) was discovered in 1992 as a selective inhibitor of Bcr-Abl TK. It is able to link
to the kinase in its inactive form preventing the ATP binding (Figure 1A). It was approved in 2001
by FDA as first-line therapy for CML patients by obtaining optimal results compared to those who
had been treated with hydroxyurea and IFN-α in terms of CHR (Complete Hematological Response),
CCR (Complete Cytogenetic Response), and MMR (Major Molecular Response). Unfortunately,
the appearance of resistance phenomena required the development of a second generation of TKI [6].

Figure 2. Molecular structures of the principal BCR-ABL TKIs used for treating pediatric chronic
myeloid leukemia (CML): (A) Imatinib; (B) Dasatinib; (C) Nilotinib; (D) Ponatinib.

2.1. Resistance and Intolerance to Imatinib

The urgent need to develop a second-generation of TK inhibitors was principally due to the
resistance and the intolerance of some patients to imatinib. A patient can be defined resistant to
imatinib when presenting an increasing white blood cell or platelets counts that prove a primary
resistance or a hematologic relapse. Moreover, resistance to imatinib consists of suboptimal cytogenetic
or molecular response or failure, progression to AP/BC, reappearance of Ph+ bone marrow cells
following achievement of complete cytogenetic response (CCR) and, at least, increase of more than
30% in Ph+ cells in peripheral blood or bone marrow, or loss of a molecular response. Frequently,
resistance is associated with emerging mutations in some BCR-ABL amino acid residues. We can count
12 residues with risk of mutations that can be classified in resistant (T315I), less sensitive (Y235H,
F359V, E255K), and sensitive (all other mutations except those mentioned before) [7].

Other resistance phenomena such as P-gp (Glycoprotein P) efflux pump overexpression,
OCT1 (Organic Cation transporter) reduced expression, and the activation of alternating oncogenic
pathways (Src (proto oncogene Sarcome tyrosin kinase), PI3K (Phosphoinositide 3-kinases), PDGFR,
KRAS (Kirsten rat sarcoma Kinase), and JAK2) must be reminded [8,9].

Furthermore, intolerance is related to imatinib side effects due to its off-target activity. Among all,
we can remember the increase of blood bilirubin, headache, rash, vomiting, cardiotoxicity, neutropenia,
obesity, and abdominal pain [1,10].

99



Int. J. Mol. Sci. 2020, 21, 4469

A patient can be defined intolerant to imatinib only when he develops serious adverse events
(AEs) such as renal failure or liver injury (hepatic transaminase and bilirubin elevations), which require
discontinuation or change of therapy [11].

2.2. Second Generation TKI

Dasatinib (Figure 2B) is the first second generation TKI approved by FDA in 2006. It is able to
inhibit BCR-ABL both in the DGF in (Figure 1B) and in the DGF out conformation and also other
TK such as PDGFR and Src [12]. Based on X-ray analysis, it was observed that dasatinib binds
the ABL protein in a less strict conformation compared to imatinib. Despite the lower number of
binding interactions observed for dasatinib vs. ABL with respect to that occurring between imatinib
vs. ABL. The former is provided with inhibiting activity 325-fold higher and it is able to overcome
many BCR-ABL mutations resistant to imatinib with the exception of the T315I one [13]. Furthermore,
dasatinb is not P-gp substrate and, thus, can be used in patients resistant to imatinb and nilotinib.

Nilotinib (Figure 2C) is another second-generation TKI. It is a BCR-ABL, c-kit, and PDGFR inhibitor
from 10-fold to 30-fold more powerful than imatinib on the BCR-ABL oncoprotein. It inhibits the
proliferation of cells exhibiting the mutated TK. Nilotinib binds the protein in its inactive conformation
(DFG OUT) through interactions similar to those observed for imatinib, such as four hydrogen bonds
and many Van der Waals contacts. The successful introduction of the trifluoromethyl group on the
phenyl ring and the substitution of the methyl-piperazine with imidazole are responsible for its greater
activity. It can also overcome some Bcr-Abl mutations (L248V, G250E, Q252H) apart from T315I [14].
According to Redaelli et al. [15], by comparing the nilotinib activity vs. imatinib and dasatinib,
the former showed a mild resistance to 13 out of 18 mutations of BCR-ABL with high resistance to T315I
and E255V changes. Based on some clinical trials of phase III in 2011 (ENESTnd Study), [16] a major
complete cytogenetic remission (CCR) was observed and a reduction in the percentage of patients
proceeded to the accelerated phase of CML after an annual treatment with nilotinib in comparison
with imatinib. For these reasons, nilotinib was approved as first-line therapy for newly diagnosed
patients with CML in 2011.

Ponatinib (Figure 2D) is a very powerful third-generation pan-inhibitor of TKs. It was synthetized
as a ligand of ATP binding domain of BCR-ABL in closed conformation. Ponatinib binds the DFG
OUT conformation of the protein. The peculiarity of this molecule lies in the occurrence of a triple
bond, which allows us to mitigate the steric hindrance due T315I mutation. The triple bond between
the phenyl and the heterocycle ring in ponatinib can hold the isoleucine side chain. Having said that,
ponatinib can be considered as a TK inhibitor unaffected from T315I mutation. Its binding is ensured
by five hydrogen bonds. Moreover, there are several Van der Waals interactions supporting affinity
in the case of multiple mutations [17]. Notably, ponatinib kept its activity in other CML mutations,
such as M244V, G250E, and Q252H. However, its use drew attention to the appearance of an important
side effect, which is the inhibition of parental cells Ba/F3 proliferation [18].

3. CML in Pediatric Age

Horibe et al. combined and analyzed data from more than 3856 Japanese children and 1803 young
adults up to the age of 29 years with leukemia. Among pediatric leukemic patients under 15 years of
age, the proportion of patients with CML was about 1.8% [19]. The relative incidence of CML starts
to increase in the last teen years, between the ages of 15 and 19, up to 8.3%. Specifically, the average
annual incidence of CML in children younger than 15 years is 0.6–1.0 cases per million and, for patients
between 15 and 19 years of age, it is 2.1 per million [20]. Several published reports on pediatric CML
have shown a male predominance of the disease with a male:female ratio of 1.3:1.7 [21,22], as reported
in studies conducted on adults [23]. The incidence of CML among males and females, comparing
statistics by age in the UK, is reported in Figure 3 [24]. As shown, CML mainly affects old people
with a median age of CML diagnosis from 60 to 65 years, especially in western countries, [25] while it
is considered a rare condition in adolescents and an ultra-rare condition in children. Only 2% of all
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leukemias in children younger than 15 years of age and 9% of all leukemias in adolescents between
15 and 19 years, with an annual incidence of 1 and 2.2 cases per million in these two ages groups,
respectively, can be ascribed to CML [26]. As shown in Figure 3, 23% of new cases occurred in the
United Kingdom (UK) in the period from 2014 to 2016, which were relative to people aged more than
75 years old. Incidence rates are significantly lower in females than in males [24] (Cancer research UK).

Figure 3. CML incidence rates in the United Kingdom (UK) [24].

The graphs in Figure 4 show the NAACCR (North American Association of central cancer
registries, 2019) age-adjusted incidence rates of CML in male and female patients under 20 years of
age [27]. It goes without saying that, in spite of the rareness of pediatric CML, its incidence from
2012 and 2016 is, to some extent, steadily increased in young males while a more fluctuating trend is
observed in young females during the same lapse of time.

Figure 4. North American Association of central cancer registries (NAACCR) Fast Stats: age-adjusted
incidence rates of CML in male and female patients under 20 years of ages (A) and (B), respectively [27].

First of all, it must be considered that CML in children and adolescents is different from CML
in adults. Pediatric CML shows more aggressive features, such as larger spleen size in proportion to
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body weight, higher white blood cell and platelet counts, and more frequent diagnosis of advanced
phases [28]. There are also some genetic differences between pediatric and adult CML such as a higher
number of mutations prompting cancer progression. For example, about 60% of pediatric patients have
ASXL1 mutation compared to only 15% of adults [29]. These differences between pediatric and adult
CML are related to host factors and CML cell biology, which leads to different clinical presentation
and disease spread [28]. However, in the absence of a representative sample of cases of pediatric
CML, there are currently not enough clinical studies to establish practice standards for treating this
serious disorder. For this reason, many pediatric oncologists can only follow the ELN (European
Leukemia Net) [28] and NCCN (National Comprehensive Cancer Network) [30] guidelines, designed
for adult patients.

The scoring system commonly used to prognosticate and manage CML in adults such as SOKAL
(Sokal relative risk score), Hasford (Hasford relative risk score), and EUTOS (European treatment and
outcome study score), are not applicable to pediatric patients [31,32]. The International Registry for
Chronic Myeloid Leukemia (I-CML-Peds study) in Children and Adolescents, after evaluating and
comparing the risk group allocations and outcome between the prognostic scores in a population of
350 pediatric patients, proved that the ELTS (EUTOS Long Term Survival) score was the best metric in
terms of differentiation of progression-free survival [31]. However, more data are necessary to extend
and confirm ELTS applicability to children and adolescents.

3.1. TKI Pediatric Therapy: Issues and Concerns

Since the development of TKIs, which have replaced what is now the third line CML treatment,
the allo-HSTC, life expectancy for adult patients with CML has grown significantly. However,
TKI therapy for pediatric patients can be considered a thorny matter because children are actively
growing during the therapy, so they can face a growth disturbance, which is an adverse event never
seen in adults [33]. Moreover, they have a much longer life expectancy than adults and, consequently,
should experience a longer exposure to TKI (some children must follow TKI therapy for all life).
However, long-term effects of TKIs beyond 15 years of age are still missing [34]. It was, thus, wise to
undertake an accurate monitoring of the length of therapy to identify the appearance of resistance or
intolerance phenomena. To minimize TKI-related side effects, a discontinuation approach has been
challenged in pediatric patients as done in the case of adults with a deep and sustained molecular
response [28,35,36]. Unfortunately, the only discontinuation reported for children and adolescents
are due to poor adherence of the therapy. In general, only a few pediatric patients discontinued TKI
successfully [37,38]. As a result, there is an urgent need for perspective studies based on a much larger
number of pediatric CML cases.

The goals of CML therapy are the same for adults and children, which include disease remission,
reduced risk of progression, and survival. However, the treatment of pediatric CML must take into
account the challenge of achieving these goals while minimizing toxicities for six or seven decades [39].
Although cure is the ideal goal for all patients regardless of age, for older adults, it may be sufficient
to approach CML as a chronic disease with the aim of maintaining patients in CML-CP (Chronic
Phase) for a few decades with TKIs. In the GIMEMA (Gruppo Italiano Malattie ematologiche)
study [40], the percentage of young adults who were treated with TKI and had cumulative probability
of progression to AP (Accelerated Phase) and BP (Blast Phase) at 8 years was 16%, which was higher
than in adults or elderly equal to 5% and 7%, respectively [28,36].

As discussed before, prolonged treatment with TKIs has potential long-term effects and, thus,
different undesired effects in growing children when compared to adults. These can be cumulatively
higher in the pediatric CML population in case of lifetime exposure to TKIs. Furthermore, reports
from pediatric oncologists observed poor adherence more frequently in adolescents than older adults
or younger children. For these reasons, extended use of TKIs is a less viable option in these patients,
which makes the issue even more complicated. When selecting a TKI, it is important to consider the
adherence of patients to the therapy. Twice-daily dosing of nilotinib may be more challenging for
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pediatric patients than once-daily dosing of imatinib or dasatinib. Formulations of TKIs with better
palatability should be developed because they may improve adherence among pediatric patients.
Other methods to improve adherence such as direct clinical supervision or various reminder systems
may be needed in patients with suboptimal responses to TKIs. Another factor that needs to be
considered is the cumulative cost of TKI therapy in children who may need decades of treatment,
even though this may become a minor issue in the near future with the introduction of generic products
that are much cheaper than the proprietary medicinal products.

3.2. HSCT vs. TKI in the Therapy of Pediatric CML

As already mentioned, HSCT (Hemapoietic Stem Cell Transplantation) is recommended only
in CP-CML patients resistant or intolerant to TKIs, [41] even if it is the sole treatment option able to
completely eliminate leukemic stem cells [42]. Clearly, children have longer life expectancies, and the
perspective to receive TKIs lifelong could increase their risk of morbidities and, unfortunately, decrease
their life quality [33]. If an appropriate donor is available, HSCT could be considered resolutive in
pediatric CML by avoiding the need for prolonged TKIs and reducing the therapy cost.

Recently, Chaudhury et al. evaluated outcomes, reported in the CIBMTR (Center for International
Blood and Marrow Transplant Research) database in 449 CML pediatric patients who received
myeloablative HCT [43].

They analyzed several parameters influencing the outcomes, such as patient age and pre-HCT TKI
therapy. They evaluated a probability of 5 years of overall survival (OS) and leukemia-free survival
(LFS) post-HCT of 75% and 59%, respectively, without consequences due to a difference of age or due
to pre-HCT TKI therapy. Very favorable effects were obtained if HCT was performed in more recent
years and if it was a Matching Sibling Donor (MSD) HTC.

The estimated LFS in pediatric CP-CML patients treated with imatinib is about 98% at 3 years
with a complete hematologic response of about 98% [44]. However, a comparison among patients
treated with TKIs and others receiving HCT cannot be performed because HCT could not always be a
therapy option.

An important parameter to take into account for the efficacy of CML therapy is evaluating
Health-Related Quality of Life (HRQOL), recently investigated in CML patients receiving imatinib
or HSTC [45,46].

In 2014, Mo et al. demonstrated that HRQOL of patients treated with Identical Sibling Donor
(ISD)-HSCT is comparable to that of imatinib-treated patients [47].

Based on the evidence that young patients are able to obtain better HRQOL after HSCT, which is
the only lasting cure for CML, as mentioned above. It could be considered a valuable therapy option
for pediatric CP-CML.

Very recently, Athale et al. of the Children’s Oncology Group CML Working Group, in the
absence of pediatric CML treatment guidelines, analyzed the issues and the concerns derived from the
comparison between TKI and Allo-HSCT in pediatric age and made several recommendations about
the HSCT therapy [48]. Taking into account that, in recent years, HSCT in children determined fewer
complications than in adults, they recommend HSCT in pediatric age when CML progresses from CP
to AP or BP, when the therapy with two different TKIs fails or when the patients show intolerance or
resistance to TKIs. HSCT may also be considered an option for children and young adults in case of
compliance problems, but only after a deep risk/benefit analysis.

3.3. TKIs Discontinuation: Treatment-Free Remission as an Additional Goal in CMLTKI

The optimal responses of CML patients to TKI treatment resulted in a large increase of the
life expectancy, which is a figure now approaching that of the general population [49]. However,
as mentioned before, long-term use of TKIs can be responsible for more or less severe adverse events.
Among these, the most remarkable and common side effects, such as fatigue and musculoskeletal pain,
may affect patient quality of life (QoL) [45]. Such a similar concern, in addition to the high up-front cost
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of TKI treatment, is responsible for nonadherence to therapy. For all these reasons, TKI discontinuation
in order to achieve treatment-free remission (TFR) seems to be the most encouraging option for CML
patients showing a sustained deep molecular response (DMR). Needless to say, such considerations
need to be done prior to stopping TKI treatment. First of all, it is necessary to define the stage and
the course of the disease at the time of the diagnosis. Precisely, the Sokal risk score at the time of
diagnosis has been identified as an important prognostic factor for successful TFR with TKI, especially
with imatinib. The Sokal risk score is an index used to predict prognosis at the time of CML diagnosis
before starting treatment. It can be useful to determine risk and decide on therapy guided by the
NCCN guidelines for CML. According to the TWISTER (The Australasian Leukaemia & Lymphoma
Group (ALLG) CML8 study, ACTRN 12606000118505) study, a high-risk Sokal score at diagnosis
was associated with molecular relapse [50]. In contrast, STIM (STOP Imatinib) study reported that
patients with low-risk Sokal score had an estimated survival without relapse at 18 months of about
54%, compared with about 35% and 13% in those with an intermediate and high score, respectively [51].
Another important factor to consider is the molecular response, which is a measure of treatment success
in CML. To better understand what MR (Molecular Response) is, it is necessary to remind that Bcr-Abl
is the final genetic marker for Ph+.

If TKI therapy is going well, first, white blood cells return to a normal level (complete hematologic
response), then Ph+ cells cannot be found in bone marrow (complete cytogenetic response) with a very
small amount of Bcr-Abl (major molecular response), as long as it totally disappears from the bone
marrow, which achieves the deep molecular response as a sign of disease remission. Specialists may also
refer to molecular response 4.5 or MR4.5. This means a 4.5-log reduction or a decrease of 10,500 times
in BCR-ABL1 transcripts, which is lower than they were before treatment started. In particular, several
discontinuation trials established sustained MR4 for at least two years as the fundamental criterion for
considering treatment discontinuation, [52] even though the specific eligibility criteria vary across the
TRF (Treatment Free Remission) trial, which leads to choosing MR4.5 as a benchmark. Furthermore,
it is necessary to clarify that the duration of DMR (Deep Molecular Response) may be more important
that the duration of therapy in order to choose TKI discontinuation, as shown in the European Stop
Tyrosine Kinase Inhibitor Trial (EURO-SKI), which points out that the duration of response was
the most relevant factor [53]. Once the necessary criteria for TKI discontinuation have been met,
why should patients choose to cease TKI therapy? Above all, they may be motivated by prospects for a
better life. In particular, the mitigation or the disappearance of adverse events experienced during the
treatment may improve patient quality of life (QoL). This is a fundamental concern for both children
and female patients of childbearing potential, so they could particularly benefit from TFR as a treatment
goal due to the adverse outcome they may experience [54–56]. On the other hand, discontinuing
TKI can be responsible for a withdrawal syndrome, characterized by musculoskeletal pain that
frequently improves spontaneously or with anti-inflammatory agents, but occasionally (albeit rarely)
may require resumption of TKI therapy [57,58]. Then, there is not only an economic consideration
to do in choosing the option of TKI discontinuation because it is a question of such importance as
the emotional and cognitive components since patient wishes and fears must be considered and
respected. All these factors help to motivate adherence to therapy discontinuation when circumstances
permit it. Many trials in the past years have investigated outcomes for TFR as a treatment goal in
CML. Worthy of mention is the STOP-2G-TKI study, which enrolled patients who achieved MR4.5
after receiving 2G-TKIs (dasatinib or nilotinib) for at least two years [59]. During the treatment-free
phase, there was no progression to AP and all relapsing patients regained MMR (Major Molecular
Response) and MR4.5 after restarting therapy. Lots of trials are currently ongoing in order to verify if it
is possible to lower the standards for TFR (responses less than MR4.5 sustained for less than two years)
in order to increase the pool of eligible patients. In addition, before deciding on TFR, it is necessary to
accurately monitor levels of BCR-ABL1 transcripts and continue to check once treatment has stopped.
The molecular monitoring could give information about a potential relapse so that patients can restart
TKI immediately. The most sensitive and accurate methods for quantifying transcripts are Real-time
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Quantitative Polymerase Chain Reaction (RQ-PCR) or digital PCR technology. European Society for
Medical Oncology (ESMO) [60] guidelines highlight the need for a rapid turnaround of PCR test
results within four weeks and the capacity to provide PCR tests every four–six weeks when required,
which are both feasible only in a suitably equipped laboratory [60]. Current NCCN guidelines suggest
monthly monitoring for the first 12 months after discontinuation of TKI, every six weeks during months
13–24, and every 12 weeks thereafter [52]. Considering the low cost and the minimal discomfort of
continued molecular monitoring, if the laboratories are capable of returning results rapidly, ideally in
less than four weeks, even the patient compliance will be guaranteed. Even if lots of ongoing trials
seem to prove that TKI discontinuation is a great strategy for CML management, it became evident
that, while some patients show a steady increase of transcript levels after discontinuation, in many
instances, low transcript levels remained. According to NCCN and ESMO guidelines, this has led to
the notion that relapse, and, thus, reinitiating therapy, should be considered when MMR is lost in most
instances. Understandably, further studies on TKI discontinuation are needed to help define the best
predictive factors for identifying the most appropriate patients, especially for children and adolescents,
because the limited available data are mainly based on case reports of noncompliant patients [61].
Therefore, current adult guidelines for stopping TKI cannot be applied to pediatric patients without
proper prospective clinical trials.

3.4. Imatinib in Pediatric CML

Glivec (that is imatinib mesylate) is a tyrosine kinase inhibitor previously approved by the FDA
for treating CML and for treating patients with Kit (CD117) positive metastatic and/or unresectable
malignant gastrointestinal stromal tumors (GIST). Glivec was also approved in 2003 for use in children
with Ph+ chronic phase CML, which was recurrent after stem cell transplantation or resistant to INF-α
therapy. On January 2013, Glivec was also approved by FDA to treat children newly diagnosed with
Philadelphia chromosome positive (Ph+) acute lymphoblastic leukemia (ALL) [62].

Since its introduction as a selective BCR-ABL1 TKI, imatinib replaced the CML first-line curative
treatment, the allo-HSTC [63]. Similar to the strategy in adults, imatinib soon became the recommended
initial standard of care in pediatric patients [64].

The results of clinical trials with imatinib in the adult patient population have been transferred to
children, and, thus, imatinib is now the front-line treatment for childhood CML. Since the approval
by the US FDA in 2003, several reports have been published on the effects and toxicity of imatinib in
children. With regard to its dosage, pediatric doses of 260 mg/m2 and 340 mg/m2 have been found
to be on par with 400 mg and 600 mg, respectively, in adults. Therefore, the recommended starting
dose in children is 300 mg/m2 once daily (maximum absolute dose, 400 mg) and 400–500 mg/m2

for advanced-stage disease [64,65]. The lack of any specific guideline for children prompts the
consideration of such adult-based criteria to measure the response and decide upon clinical status
such as imatinib resistance, intolerance, noncompliance, or disease progression. In patients with
an optimal response, imatinib may be continued until allo-HSCT is undertaken. In case of failure,
second-generation TKIs and allo-HSCT need to be considered [66].

However, even if clinical experience with imatinib in the pediatric population is limited, a phase I
trial conducted by the Children’s Oncology Groupp [65] showed that a daily oral dose of imatinib
(260–570 mg/m2) was well tolerated in children [67]. A European group reported a multi-center phase
II study of imatinib in 30 children with CML showing comparable results with those achieved in adult
patients [68]. In addition to these studies, a phase III trial was conducted with 156 patients (91 male,
65 female, median age 13.2 years, range 1.2–18.0) with a newly diagnosed CML, recruited from March
2004 until December 2015 [37]. On the basis of this phase III trial, it was concluded that imatinib at the
recommended dose results in both an excellent response and tolerable side effect rates in children and
adolescents with newly diagnosed CML. First-line imatinib treatment allows patients to avoid major
consequences of allo-HSCT, such as transplant-related mortality and chronic graft-versus-host disease.
However, only careful follow-up on long-term administration of imatinib will provide information on
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the sustainability of responses, rates of resistance development, and treatment-related complications,
especially when transition from a pediatric setting into adult hematology becomes mandatory [69,70].
Worth of mention is also a French national phase IV trial [22]. The results of this study pointed out
a high rate of progression-free survival (98% at 36 months) and the achieving of CHR (Complete
Hematological Respnse) for 43 patients (98%). Moreover, during the follow-up, 25 patients (75%)
achieved an MMR. No treatment-related death occurred and toxicities were generally reversible with
temporary treatment discontinuation or dose reduction. The proportion of patients discontinuing
imatinib (30%) is very similar to that reported for adults (from 25% to 28%) [71,72]. In conclusion,
this study focused on a median follow-up of 30 months that shows a satisfactory rate of response
with acceptable adverse effects of Imatinib as initial therapy in children and adolescents with newly
diagnosed CML in CP (Chronic Phase), which confirms its effectiveness in children and adolescents
with CML in CP with response rates similar to those reported in adults. However, longer follow-up
studies are necessary to have a more comprehensive view about long-term exposure [22].

As mentioned above, several studies have indicated that imatinib has a negative impact on growth
and development in children with CML. In this respect, growth retardation, [33] dysregulation of bone
remodeling [73], and alterations in bone metabolism [74] have been associated with imatinib treatment.
A retrospective study reported significant growth deceleration after 12 months of first-line Imatinib
therapy in pediatric patients [75].

Moreover, TKI response rates vary among different individuals in which pharmacokinetics is a
key factor for successful CML treatments. Adherence to imatinib intake may be the most prominent
factor influencing treatment outcome in teenagers, which points towards the potential benefits of
regular drug monitoring [76].

3.5. Dasatinib in Pediatric CML

From 25% to 29% of patients that discontinued imatinib due to a poor response or toxicity [22,77]
were left without approved therapies to treat children with Imatinib resistant/intolerant CML-CP.

On November 2017, the US FDA granted regular approval to the second generation TKI Dasatinib
(SPRYCEL, Bristol-Myers Squibb Co.) for treating pediatric patients with Ph+ CML in the chronic
phase. It is now available in tablet formulation [78].

In order to evaluate the safety and the efficacy of dasatinib in pediatric patients, many trials are
still needed. Among the studies already done, a phase I trial aimed at determining suitable dosing for
children with Ph+ leukemias. CA180–226/NCT00777036 is a phase II, open-label, non-randomized
prospective trial of patients, 18 years of age receiving dasatinib [79]. Major cytogenetic response of>30%
was reached by 3 months in the imatinib resistant/intolerant group and CCyR > 55% was reached by
6 months in the newly diagnosed CML-CP group. CCyR and major molecular response by 12 months,
respectively, were 76% and 41% in the imatinib resistant/intolerant group and 92% and 52% in the
newly diagnosed CML-CP group. Progression-free survival by 48 months was 78% and 93% in the
imatinib resistant/intolerant and newly diagnosed CML-CP groups, respectively. No dasatinib-related
pleural or pericardial effusion, pulmonary edema, or pulmonary arterial hypertension was reported.
Bone growth and development events were reported in 4% of patients. Based on this trial, it was
demonstrated that dasatinib is effective for treating pediatric CML-CP with a safety comparable in
both children and adults [79].

3.6. Nilotinib in Pediatric CML

After imatinib and dasatinib, on March 2018, the FDA approved nilotinib (TASIGNA, Novartis
Pharmaceuticals Corporation) for pediatric patients one year of age or older with newly diagnosed Ph+
CML-CP or Ph+ CML-CP resistant or intolerant to prior tyrosine-kinase inhibitor (TKI) [80]. Afterward,
the European Medicine Agency (EMA) approved nilotinib for pediatric patients as well.

A phase II trial was conducted when imatinib was the only TKI indicated for pediatric patients
with Ph+CML-CP, with this implying alternative treatment options particularly for patients developing
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resistance/intolerance (R/I) to imatinib. This phase II study enrolled pediatric patients with either Ph+
CML-CP R/I to imatinib/dasatinib or newly diagnosed Ph+ CML-CP. The trial confirmed the clinical
activity of nilotinib 230 mg/m2 twice per day in pediatric patients with newly diagnosed Ph+ CML-CP
or R/I to imatinib or dasatinib. Nilotinib was associated again with a manageable safety profile.
In addition, cardiovascular events were not observed in this study and no new safety signals were
identified. The most frequently reported drug-related AEs included the increase in bilirubin, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) as well as headache and rash [81].

Considering that, as mentioned before, the imatinib therapy could be the cause of a slow growth
and a delayed puberty in pediatric CML patients, it is still necessary to verify the nilotinib safety with
regard to this kind of issue.

Despite the limited size due to the rarity of CML in children, a five-year update of the randomized
ENESTnd trial [16] demonstrates the efficacy of nilotinib in pediatric patients at the recommended
230 mg/m2 twice per day dose as well as a manageable safety profile comparable to that of Nilotinib in
adults with Ph+ CML-CP [82,83]. Based on these results, nilotinib 230 mg/m2 twice per day has been
approved in Europe [84] for treating pediatric patients with R/I or newly diagnosed CML-CP. Nilotinib
can be seen as a valuable additional therapeutic option for treating pediatric CML, according to its
efficacy and manageable safety profile in children.

The safety profile of nilotinib in pediatric patients was generally similar to that observed for
adults. As such, no new safety signals were identified.

Therefore, a nilotinib phase II study was conducted in 2019. Nilotinib demonstrated efficacy
and a manageable safety profile in pediatric patients with Ph+ CML-CP [81]. A grade 1 SAE (Severe
Adverse Event) of hormone deficiency that was suspected to be related to nilotinib treatment was
reported in the R/I cohort, even though slowing of growth had already been observed when the patient
was receiving first-line treatment with imatinib. However, because of the limited number of patients
and short follow-up period for this analysis, few conclusions can be drawn regarding the impact of
nilotinib of these parameters [81].

3.7. Ponatinib in Pediatric CML

An important mutation in CML, the threonine-to-isoleucine mutation at position 315 (T315I),
has resulted in the development of ponatinib, which is currently the only TKI effective against T315I
CML. However, it has not been studied sufficiently in children [85]. As a matter of fact, ponatinib,
which is the TKI most recently approved, has demonstrated efficacy in adult patients with refractory
CML but comes with an increased risk of arterial hypertension as well as serious arterial occlusive and
venous thromboembolic events in adults [86]. As already mentioned, mutations of the BCR-ABL1 kinase
domain may cause TKI resistance and mutation screening is recommended in patients with a poor
response (primary resistance) as well as those who lose the initial response (secondary resistance) [87].
A sharp and sudden increase in the BCR-ABL1 transcript ratio should always raise suspicion of poor
adherence [61], as TKI resistance due to mutations in the ABL1 kinase domain are characterized
by a slower expansion of the mutated clone. Each TKI has different patterns of inactivity against
defined mutations. Therefore, the specific mutation needs to be considered when selecting a TKI [65].
Due to the fact that, only a few case reports are available regarding the use of this un-licensed drug
in children and adolescents, it is necessary to mention the experience of the international registry of
childhood chronic myeloid leukemia, according to which data from 11 children with CML registered
to the I-CML-Ped-Study and from three children with Ph+ acute lymphoblastic leukemia (Ph+ ALL)
treated with ponatinib were retrospectively collected [88]. According to the results of the trial and
with the limitation of the retrospective nature of this study, ponatinib may be a reasonable additional
treatment option for children with Ph+ leukemias who failed several lines of therapy. Another study
reported the treatment of a young adolescent with chronic phase CML treated with ponatinib [85].
The patient was a 10-year-old male found to have a white blood cell count of 96,000 mL with 1%
blasts and the (9;22) (q34,q11.2) translocation. In particular, the patient was started on Imatinib and,
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after 6 months, achieved a CMR (Complete Molecular Response). However, at 10 months, BCR-ABL
was again detected by PCR and transcript levels increased over time. At 18 months, gene sequencing
identified the T315I mutation and the patient had no HLA-matched donors [85]. While CML with
the T315I mutation has been considered an indication for allogeneic stem cell transplant, this case
demonstrates that Ponatinib may be a reasonable alternative treatment in children and adolescents.

Likewise, Imatinib and Ponatinib may also impair growth given the patient growth curve. As a
matter of fact, during the therapy, the child has had a significant decline in height velocity. However,
it is encouraging that it did not prevent pubertal development [85].

4. TKI Dosage Forms for Children: Formulation Considerations

Currently, no oral liquid formulation for TKIs is available on the market allowing exact
dosing in children, according to a patient body weight or surface, age, and physio-pathological
conditions. Oncology pharmacists face a constant challenge with young patients unable to swallow oral
anti-cancer drugs. Thus, this makes extemporaneous oral liquid preparation a necessary requirement.
Inappropriate extemporaneous preparations of TKIs may increase the risk of overdosing or underdosing.
Based on a review of the literature, a few compounding recipes are available for these drugs, as shown
in Table 1 [89]. Currently, imatinib (Glivec®), dasatinib (Sprycel®), nilotinib (Tasigna®), and ponatinib
(Iclusig®) formulations as film-coated tablets or capsules are available on the market [90–93].

Table 1. Instructionstoprepareextemporaneousoral liquidsuspensionsof tyrosinekinase inhibitors (TKIs) [94].

TKI Instructions

Imatinib

Tablets may be dispersed in water or apple juice using 50 mL for 100 mg tablet or 200 mL
for 400 mg tablet. The contents must be stirred until dissolved and used immediately.

For children < 3 years old, it is recommended that at least 120 mL of water or food be taken
to avoid esophageal irritation.

Dasatinib
Tablets can be allowed to dissolve over 20 min at room temperature in 30 mL of lemonade,
preservative-free apple juice, or preservative-free orange juice. After ingestion, rinse the

residue off glass with 15 mL of the juice and administer.

Nilotinib
Capsules may be dispersed in 5 mL of applesauce and ingested immediately on an empty

stomach and abstain from eating for at least 1 h.

These oral solid dosage forms are limited by their rigid dose content and the ability of the children
to swallow them. Tablets can be scored to allow splitting to reduce their size. However, this can result
in inaccurate dosages within the fragmented tablets. Capsules can be opened and the contents taken
to improve acceptability in children. However, the capsule contents may taste unpleasant and the
bioavailability of the opened capsule may differ from that of the intact product [94].

The recommended daily doses of imatinib for the pediatric population with CML in chronic phase
are 260 mg/m2 and 340 mg/m2 [76]. Imatinib tablets are not manufactured in a dosage form suitable
for children, and often need to be fractioned to obtain 50 mg parts with even lower doses required in
young children or infants. The drug should be taken usually in the morning after breakfast or at school,
at the evening before going to sleep to reduce nausea as a side effect [95]. Since imatinib acts as a local
irritant, it is recommended to take the tablets with at least 120 mL of water for children < 3 years old.
For young patients who cannot swallow whole tablets, the tablet should be grounded and the resulting
powder should be dispersed in water or apple juice or mixed with apple puree or yogurt. The acidic
pH of apple juice or puree (pH 3.5) is advantageous as the solubility of imatinib strongly increases
at pH values below 6.5. However, the drug is unstable in orange juice, cola, or milk under these
acidic conditions [96].

Dasatinib (Sprycel®), which is a second generation TKI, is also formulated as coated tablets with
a dosage ranging from 20 to 140 mg [97]. Until today, this drug has been used exclusively for treating
adult patients, but clinical trials have shown its potential use in the treatment of CML in children,
where its pharmacokinetic parameters of absorption and elimination time were comparable with those
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in adults with the same safety and efficacy profiles [22,98,99]. However, in these studies, dasatinib was
administered to children in the form of tablets or crushed tablets dispersed in fruit juice.

There is a paucity of data in terms of stability, bioequivalence, and safety of these extemporaneously
compounded oral formulations. Before an oral liquid formulation is prepared extemporaneously,
it is essential to have an adequate understanding of the pharmacokinetic characteristics of the
drug, its stability, compatibility with excipients, and palatability of the final preparation, ease of
administration, and safety concerns [100–103].

TKI oral liquid formulations must be appropriate for the children in terms of dose, convenience,
and acceptability to ensure compliance with the medication and, at the same time, safety and efficacy of
the therapy. The design of a pediatric formulation needs to take into account the differences in pediatric
anatomy and physiology (especially in newborns and infants) to ensure that the pharmacokinetic
profile of the drug is not compromised.

Formulation can lead to differences in pharmacokinetic profiles for a drug by highlighting the risks
associated with manipulating to enable administration to children. Prescribers need to be aware of the
consequences of manipulating medicinal formulations, particularly for anti-cancer drugs with a narrow
therapeutic index, even in extemporaneous compounding by an oncology pharmacist, where there is
insufficient evidence on product quality and safety.

The choice of excipients represents another major factor involved in extemporaneous oral liquid
preparation for children. The excipients used in pediatric formulations need to be appropriate for the
age to minimize excipient toxicity. Usually, the major barrier in development of oral liquid formulations
is taste-masking of the active ingredient. Drug taste and its palatability are the greatest barriers for
completing a treatment. The excipients used in the development of a pediatric liquid formulation
need to be safe and acceptable. Excipients are typically used to improve palatability, shelf-life, and/or
manufacturing processes [104–107].

5. Conclusions

The therapeutic approach to CML has changed since the introduction of the TKI imatinib, followed
by dasatinib, nilotinib, which was approved for use in children, and ponatinib, which became the
first-line treatment in adults and expanded the therapeutic options, pushing allogeneic stem cell
transplantation to a third-line treatment for most pediatric cases. Unfortunately, the selection of a TKI
continues to rely on clinical experience in adults [108] without sufficient data on efficacy and safety
specific to pediatric patients.

The availability of three TKIs is challenging to choose a first-line option, but it also gives clinicians
additional treatment chances in case of a suboptimal response [108].

More experience has been gained about efficacy, toxicity profiles, and comorbidities of Imatinib
compared to the other TKIs [22,37,109]. The appearance of resistance or intolerance phenomena has
required the development of a second generation of TKI. Drug availability, ease of administration,
and financial issues should also be considered.

Evidence-based recommendations have been established for treating CML in adults treated with
TKIs. Appropriate guidelines are, however, difficult to extend to pediatric patients given the very rare
occurrence in children and adolescents [105]. As a matter of fact, the CML incidence increases with
age, from 0.09/100,000 at ≤ 15 years of age to 7.88/100,000 at ≥ 75 years of age. Needless to say, here are
several biological and clinical differences between pediatric and adult CML. Markedly increased
leukocyte count and a higher incidence of splenomegaly are characteristic features at diagnosis of
pediatric patients.

TKIs are designed to inhibit BCR-ABL1 kinase, but they have unfavorable effects, so-called
“off-target” complications, such as growth impairment, especially important in children, because they
are constantly and actively growing. Long-term morbidity due to TKIs is unknown. Furthermore,
the adverse effects on growing children have not been clearly elucidated, even though the exposure
period to Imatinib is relatively short. To establish the standard therapeutic management for pediatric

109



Int. J. Mol. Sci. 2020, 21, 4469

CML, it is important to prospectively confirm the attractive outcomes obtained in adult studies via
pediatric clinical trials with a careful monitoring system for TKI-induced adverse effects, especially in
growing children [110].

Limited experience with very young children, the transition of teenagers to adult medicine,
and the goal of achieving treatment-free remission for this rare leukemia are more significant obstacles
that require further clinical investigations [48,108].

Lastly, in order to carry out a possible and viable therapy with TKIs in the pediatric age, a key role
is played by developing appropriate formulations specifically customized toward this kind of patients,
since these drugs are often available in solid dosage forms, which are difficult to administer in children.
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Abbreviations

CML Chronic Myeloid Leukemia
PK Protein Kinase
TK Tyrosine Kinase
TKI Tyrosine Kinase Inhibitor
RTK Receptor Tyrosine Kinase
NRTK Non-Receptor Tyrosine Kinase
VEGFR Vascular Endothelial Growth Factor
PDGF Platelet Derived Growth Factor
Src Sarcoma
JAK Janus Kinase
ABL Abelson (gene)
BCR Breakpoint Cluster Region (gene)
PI3K Phosphoinositide 3-Kinase
STAT Signal Transducer and Activator of Transcription (protein)
CP Chronic Phase
AP Accelerated Phase
BC Blast Crisis
Asp Aspartate
Phe Phenylalanine
Gly Glycine
ATP Adenosine Triphosphate
DFG Aspartate-Phenilalanine-Glycine
Thr Threonine
HSCT Hematopoietic Stem Cells Transplantation
HCT Hematopoietic Cell Transplantation
INF Interferon
CHR Complete Hematological Response
MMR Major Molecular Response
CCR Complete Cytogenetic Remission
Ph Philadelphia (chromosome)
Ph+ Philadelphia positive
P-gp Glycoprotein P
OCT Organic Cation Transporter
PDGFR Platelet Derived Growth Factor Receptor
UK United Kingdom
NAACCR North American Association of Central Cancer Registries
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ELN European Leukemia Net
NCCN National Comprehensive Cancer Network
CI Confidence Interval
STIM Stop Imatinib
LSC Leukemic Stem Cells
ALL Acute Lymphoblastic Leukemia
CMR Complete Molecular Response
FDA Food and Drug Administration
EMA European Medicinal Agency
R/I Resistance/Intolerance
SAE Severe Adverse Event
HLA Human Leukocyte Antigen
CIBMTR Center for International Blood and Marrow Transplant Research
OS Overall Survival
LFS Leukemia-Free Survival
MSD Matching Sibling Donor
HCT Hematopoietic Cell Transplantation
HRQOL Health-Related Quality of Life
ISD Identical Sibling Donor
TFR Treatment-free Remission
QoL Quality of Life
DMR Deep Molecular Response
EURO-SKI European Stop Tyrosine Kinase Inhibitor
ESMO European Society for Medical Oncology
RQ-PCR Real-time Quantitative Polymerase Chain Reaction
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Abstract: In the pharmaceutical technology, paediatric population still presents the greatest challenge
in terms of developing flexible and appropriate drug dosage forms. As for many medicines, there is a
lack of paediatric dosage forms adequate for a child’s age; it is a prevailing practice to use off label
formulations. Children need balanced and personalized treatment, patient-friendly preparations,
as well as therapy that facilitates dosing and thus eliminates frequent drug administration, which can
be ensured by modified release (MR) forms. MR formulations are commonly used in adult therapy,
while rarely available for children. The aim of this article is to elucidate how to modify drug release
in paediatric oral dosage forms, discuss the already accessible technologies and to introduce novel
approaches of manufacturing with regard to paediatric population.

Keywords: modified release; drug delivery; paediatric formulation development; paediatric
dosage forms

1. Introduction

Creating an appropriate dosage form designed exactly for children still appears as an
outgoing challenge for pharmaceutical technology and the distinction between adults and children
pharmacokinetics should be considered. The statement that children can be treated as “small adults” is
obviously incorrect, particularly in determining the therapeutic doses in individual age groups [1–4].
In paediatric pharmacotherapy, many factors regarding a convenient dosage form (e.g., age-suitable
formulations in proper strength, off label use, and palatability) have to be included. Creating paediatric
dosage forms is associated with many difficulties. Therefore, the main goal raised by regulations of
European Medicines Agency (EMA) or paediatric scientific network groups is increasing the safety and
efficiency of paediatric therapy by the enhancement the quality of clinical studies for children in various
age groups (from birth to 18 years old) with better availability of pharmacokinetic data [5,6]. Scientific
and governmental initiatives (The Best Pharmaceuticals for Children—BPCA, Paediatric Investigation
Plan—PIP) are focused on the development of paediatric dosage forms adjusted to the child’s age
and as a consequence of enhancing the efficiency and safety of paediatric therapy [7,8]. The main
directives implemented in the appropriate paediatric dosage forms development point basic difficulties
connected with paediatric therapy. A special guideline concerning formulation and administration of
suitable dosage forms and detailed information on how to use the medicines with regard to children
was proposed (State of paediatric medicines in the European Union 10 report) [9]. Due to the special
attention focused on the safety of excipients used in the paediatric formulations, the Step and Toxicity
of Excipients for Paediatric Patients database has been created (STEP database) [10]. Additionally, EMA
gave a support in providing clinical trials with children to promote and harmonize existing paediatric
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guidelines [7,11–18]. As a result of these acts, the percentage of clinical trials included children (where
only one participant was under 18 years at least) has increased from 8.3% in 2007 to 12.4% in 2016.
Therefore, it still remains an outgoing problem as there is constantly not enough clinical trials with
children compared to the numbers of clinical trials carried out in adults [9]. Challenges associated with
conducting clinical trials in children include many childhood diseases, heterogeneity of the population
and ethical problems [18]. Main problems related to paediatric therapy are presented in Figure 1.

Figure 1. Problems in paediatric pharmacotherapy practice [11,19,20].

Traditional dosage forms (e.g., tablets, capsules, and injections) are often not appropriate for
children, hence cutting or crushing tablets, splitting capsule and then mixing with the food (solid or
liquid) and dilution of injections are common practice [19–22]. Manipulation with dosage form may
cause a risk of damage of formulation structure, hence side effects and changes in pharmacological
effect might occur. Despite significant advances in the development of drug dosage forms dedicated
especially for children, but unfortunately, unlicensed drugs are still used [1–4].

Oral route of administration is the most natural way of giving medicines for children. Regardless,
child age is still the most popular liquid dosage forms. Their main advantages are safety and
ease of swallowing, but the most important and most convenient factor is the possibility of drug
administration in a wide group of children by volumetrically measuring a dose, precisely adjusted
to a child’s weight or age. Liquid dosage forms are preferred especially for newborns, infants, and
smaller children, avoiding the risk of chocking and enhancing the probability of taking a full dose
of the drug. For older children (above 6 years), despite liquid formulations, solid dosage forms
(tablets, effervescent formulations, orodispersible tablets, films, pellets, or minitablets) could be safely
administered. However, the individual swallowing abilities should be considered when administering
oral solid forms for children. Nevertheless, numerous studies proved that pre-school (up to 6 years old)
and even infants (6 months old) are able to safely swallow particles smaller than 3 mm (minitablets,
pellets) [23–26]. While both liquid and solid forms are available in paediatric therapy, there are
not many MR formulations dedicated for children. MR dosage forms ensure drug release in the
entire gastrointestinal tract providing constant drug concentration and eliminating the necessity of
taking several doses a day, hence improving pharmacotherapy effectiveness [19,27]. Additionally,
it is worth emphasizing that utilizing MR technology creates a possibility of increasing drug stability.
The most common example is formulating enteric pellets with proton pump inhibitors (omeprazole,
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pantoprazole), which are unstable in acidic pH. The main reason why MR paediatric forms are lacking
includes the clinical aspects like a small range of strength suitable only for particular child’s age.
Changing clinical parameters in the chronic diseases requires frequent dose changes depending on the
response to therapy, disease management, or age-related changes in strength dose, which requires
the availability of a wide range of drug doses on the market. From a technological point of view,
the production of various doses is simply unprofitable for pharmaceutical companies, considering
that some of the MR technologies are rather expensive (Figure 2) [9,20]. The aim of the current article
is to overview available paediatric MR oral liquid and solid formulations depending on the dosage
forms and utilized technology, as well as to introduce new approaches and possibilities used in the
children’s pharmacotherapy.

Figure 2. Profits and limitations of use the modified release (MR) formulations in paediatric population.

2. MR Liquid Dosage Forms

Oral liquid formulations (drops, solutions, suspensions, and syrups) are the most popular dosage
forms indicated for children of all ages [6]. The main advantage of liquid forms is volumetric dosing,
which gives an opportunity to precisely adjust the dose for the specific age groups by measuring an
appropriate drug volume. Liquids are easy to swallow and can be administered by child caregivers,
without any manipulation before administration, as in the case of tablets (crushing, mixing with food,
or fluid). Nevertheless, the limiting factor of using liquids is their physicochemical and microbial
instability in an aqueous environment, which entails the need to use preservatives or cosolvents.
Additionally, dosing might be a hindering issue in connection with using a not calibrated spoon,
oral syringes, or not properly measured drops. Limiting factor of using liquid forms in pediatric
preparations is the drug taste as well. Therefore, common practice is to prepare suspensions rather than
solutions. For this purpose, excipients such as natural or synthetic flavours or various technologies
that minimize the unpleasant feeling of bitterness (e.g., dose sipping technology—straws with coated
pellets) can be used [28–31]. Nonetheless, it is evident that conventional liquids are the most frequently
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chosen formulations, therefore MR oral liquid forms would be preferable for children to eliminate
dosing several times per day, especially in chronic diseases. Not only reducing the frequent drug
administration is important, but also providing a favorable pharmacokinetic profile of the drug with
keeping drug concentration at a constant therapeutic level [32]. For comparison, in case of MR hard
capsules, to achieve a prolonged action of the drug, it is possible to open the MR capsule and to
administer the content (e.g., powder, pellets, and minitablets) after mixing with the fluid or food.
However, this practice can result in dose errors or MR disturbance if the medication will be chewed
not swallowed [19,33]. The following modifications are used for formulating prolonged drug release
in liquid dosage forms: Drug/resin complexes, in situ gel formation, microencapsulation, and MR
microparticles [34,35]. Despite liquid MR formulations seem to be suitable for applying to children,
currently the number of MR liquid forms for children available in the market is limited. Table 1 presents
an overview of MR oral liquid formulations with paediatric license and products with finished clinical
trials being under the approval registration process by the Food and Drug Administration (FDA).
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2.1. Drug-Resin Complexes

Utilizing ion-exchange resins for getting a complex with drug is one of the techniques enabling
modified drug release in oral liquids (Figure 3) [52]. Nowadays, the most often used resins are cationic
exchange-resin with a free sulphuric acid group on the crosslinked polystyrene matrix (extended
release utilized in liquids with, e.g., chlorpheniramine and dextromethorphan) and the anionic
exchange-resin with amino groups, which are available in the market with paediatric licence (Table 1).
Developed complexes are often incorporated into microcapsules (inside the particle or in the coat),
lipospheres (lipid microspheres, size 0.01–100 μm), or directly suspended in suspending vehicles.
Obtained suspensions are usually administered once (Dyanavel XR®, Quilivant XR®) or twice daily
(Delsym®, MST® Continous®) [36,37,39]. Dyanavel XR® utilizes an ion exchange resin, where the
amphetamine is bound to the sodium polystyrene sulfate resin through an ionic binding reaction.
Dyanavel XR® contains immediate release and extended release components as complexes coated with
pH independent polymers: Povidone and polyvinyl acetate [37]. Quillivant XR® is a powder forming
an extended-release oral suspension after reconstitution with water. It contains approximately 20%
immediate-release and 80% extended-release methylphenidate in drug-polistyrex complex form [39].
MST® Continous® is the example of syrup containing MR granules with morphine sulphate complexed
with Dowex 50WX8 cationic exchange resin and suspended in a sugar free medium. It is recommended
to take the suspension every 12 h [38].

Figure 3. Drug release modification utilizing drug-resin complexes.

2.2. Microparticles—Spray Drying Technique

The other method of obtaining MR in oral liquids is the spray-drying technique. It creates the
possibility of designing microparticles (microspheres, microcapsules) so that drug is incorporated or
enclosed in a polymeric shell and then suspended in the liquid (Figure 4) [53,54]. This technique brings
the great area on the achieving desired dissolution profile, improved drug stability, and also provides
taste masking effect. Depending on the polymers used in the process, various sizes and properties
of microparticles might be created. Spray drying is the process by which a dry powder product
is formed from the starting solution or suspension [55–58]. Zmax® is an example of a single-dose,
prolonged-release formulation of microspheres for oral suspension containing azithromycin (Table 1).
Zmax® was approved as a one-dose-only treatment for mild-to-moderate acute bacterial sinusitis and
community-acquired pneumonia. Azithromycin microspheres (50–300 μm) are produced with glyceryl
behenate and poloxamer 407 utilization by a combining hot melt extrusion with spray congealing
technology. Microspheres were formed by suspending azithromycin in a molten carrier matrix and
spraying by a spinning-disk atomizer to form droplets, which congeal into solid microspheres upon
cooling [41].

124



Int. J. Mol. Sci. 2019, 20, 3200

Figure 4. Drug release modification using spray-dried microparticles.

2.3. In situ Gel Formation

Modified drug release in liquid formulations could be obtained by the in situ gel formation,
which depends on temperature, pH, ions, or UV irradiation. Gel formation from liquid allows achieving
a sustained or controlled release profile (Figure 5) [59–61]. Physicochemical characteristics like solubility
or gelling properties of polymers are crucial for obtaining desired MR. Polymers used for in situ gel
formation include gellan gum, xyloglucan, pluronics, tetronics, alginic acid, carbomer, hypromellose,
pectins, chitosan, polycaprolactone or poly(DL-lactic acid), or poly(DL-lactide-co-glycolide) [62–64].
The in situ forming gel technique is used in SABER™ technology (sucrose acetate isobutyrate extended
release, SABER™ Delivery System), where the biodegradable gel initially appears in low-viscosity
fluid form. SABER™ systems are dedicated as carriers for drugs in dosage forms administered orally
(the clinical trials with SABER™ delivery system for bupivacaine). After application, its viscosity
increases, making an adhesive gel and MR of drug could be obtained. Orally administered drug
diffuses rapidly, leaving in situ drug depot [42,44]. Another system utilizing gel forming matrices is
ORADUR™. Gel matrices are able to accumulate high concentrations of drug, with the goal of once and
twice-daily dosing. These are also designed to provide controlled long-term treatment preventing the
abuse, e.g., the preparations with oxycodone (Remoxy®) and methylphenidate [49–51]. Unfortunately,
formulations based on ORADUR™ and SABER™ technologies despite completed clinical trials (phase 3)
have still not been approved for marketing (Table 1).

Figure 5. In situ gel formation from liquid for obtaining sustained or controlled release profile of drug
in liquid dosage form.

3. MR Solid Dosage Forms

3.1. Matrix and Coated Tablets

Traditional MR tablets are formulated by drug embedding in a hydrophilic (swelling),
lipid, or insoluble matrix. A determinant factor for maintaining MR from all tablets types is
obtained by incorporation to ensuring a sufficiently long way of drug diffusion. As hydrophilic
carriers, water-soluble polymers are utilized: Cellulose derivatives (methylcellulose, hypromellose, and
hydroxyprophylmethylcellulose) or sodium alginate. A common feature of these polymers is the formation
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of highly viscous gel in an aqueous environment hindering the drug diffusion. By suspending drug in
the gastrointestinal insoluble carrier, shell tablets are obtained. Among excipients forming insoluble
shell inorganic compounds (calcium sulphate, and di- and triphosphate) or organic (ethylcellulose,
cellulose acetate) can be distinguished [65–68]. An interesting example of matrix tablet (intended for
children ≥12 years) is Lamictal® XR (Table 2). The tablets are coated with an enteric layer ensuring
MR. Simultaneously, there are apertures drilled from the core to the outer layer on both faces of the
tablet’s structure (DiffCORE™) to provide a controlled release of drug in the acidic environment of the
stomach (Figure 6). Such a combination is designed to control the dissolution rate of lamotrigine over
a period of approximately 12 to 15 h, leading to a gradual increase of lamotrigine level in serum [69].

Figure 6. Scheme illustration of DiffCORE™ system.
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3.2. Multiparticulate MR Solid Dosage Forms (MultiP)

Single-unit formulations contain drug in a single tablet or capsule form, whereas MultiP dosage
forms comprise of quantity of particles combined into one dosage unit. They may exist as pellets,
granules, minitablets, microparticles (microspheres, microcapsules), or nanoparticles with drugs being
entrapped in or compacted in the matrix, as well as layered around cores and placed per se in sachets
or capsules. MultiP provide many advantages over single-unit systems because of their small size and
large surface, which allows leaving the stomach within a short period of time, which results in better
distribution and bioavailability improvement. Another advantage of MultiP is the decreased risk of
dose dumping due to damaged/broken coating, as well as reduced local irritation as MultiP are more
uniformly dispersed in the gastrointestinal tract. Pellets reduce retention in a throat compared to the
capsules or powders and improve physicochemical stability. MultiP dosage forms may offer a flexible
dosing that allows covering a broad range of doses for different age groups [98,99].

An example of such a system is Multi-Unit Pellet System (MUPS)—utilizing coated pellets for
controlled release, usually filled into a capsule or compressed to a tablet form. MUPS technology
has been adopted by the pharmaceutical industry as an alternative to conventional immediate or
MR tablets. MUPS consisting of pellets ensures divisible dosage form without imparing the drug
release characteristic of the individual units. In addition, compared to other carrier systems, MUPS
preparations entail a lower risk of irritation and toxicity, dose stability, minimal fluctuations of drug
concentration in plasma, and the ability to administer drugs with a narrow therapeutic index. Another
advantage is the possibility of using different taste masking techniques. The leading preparation being
manufactured utilizing this technology is Losec MUPS with omeprazole for children (approved over
1 year of age and ≥ 10 kg) [85,100]. Formerly, attempts were made to obtain omeprazole as liquid form,
however, due to its instability (rapid decomposition at wide range of pH), such a formulation could
not be manufactured and launched in the market [101,102].

Another example of MultiP with paediatric licence is Moxatag™—prolonged release pulsatile
delivery technology (PULSYS™) with multiple pellets inside. The typical PULSYS™ drug delivery
format is a tablet containing pellets with different release profiles. The pellets with amoxicillin
are formulated in a proportion that delivers optimal antibiotic levels. Manufacturers assume that
this product can be presented in the future as sprinkle granules for the youngest patients [87,88].
Prevacid® is an instance of delayed release capsules with pellets (also available as delayed release orally
disintegrating tablet—Prevacid® SoluTab™) containing lansoprazole (Table 2). The pharmacokinetics
of lansoprazole was studied in paediatric patients with gastroesophageal reflux disease (GERD) in
two separate clinical studies (one children group aged from 1 to 11 years and the second from 12
to 17 years). Each capsule contains enteric-coated pellets consisting of methacrylic acid copolymer
providing delayed release of lansoprazole [92,93].

The MR MultiP can also be used in the treatment of hypertension in children above 6 years.
The combined (immediate and control) release profile (Coreg CR®) or extended release (Toprol-XL®)
were designed for carvedilol and metoprolol, respectively (Table 2). Coreg CR® is in hard gelatin
capsules form filled with immediate or controlled release microparticles. Controlled release of carvedilol
is ensured by coating multiparticles using methacrylic acid copolymer [76]. TOPROL-XL® is available
as extended release tablets and has been formulated to provide a controlled release of metoprolol
for once-daily administration. The tablets comprise a multiple unit system containing metoprolol
succinate in a multitude of controlled release pellets. Each pellet acts as a separate drug delivery unit
and is designed to deliver metoprolol continuously over the dosage interval [96,103].
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The group of patients that requires special attention related to effective pharmacotherapy and has
a particular need for taking MR formulations are children suffering from ADHD. MR drug dosage
forms allow for extended delivery with less variability throughout the day, improved tolerability and
less frequent administration ensuring convenience and adherence, which is important in this patients’
group therapy. Therefore, some pharmaceutical preparations utilizing MR have been introduced for
treatment of children with ADHD (Table 2). An interesting example of multiparticulate drug delivery
system is SODAS® (Spheroidal Oral Drug Absorption System). Based on the production of controlled
release beads, it is possible to provide a number of release profiles, including immediate and sustained
release, giving rise to a fast onset of action, which is maintained for 24 h (Figure 7) [104]. Ritalin LA®

(methylphenidate hydrochloride) is an extended-release capsule with a bi-modal release profile based
on SODAS® system with paediatric license (Table 2). The preparation contains 50% of immediate
release beads and 50% extended release beads covered by the polymer overcoat. The first peak in its
bimodal profile occurs after 1 to 3 h and the second peak is approximately 6 h post dosage, therefore
it is designed to be effective throughout the school day [94]. The second example bases on SODAS®

technology is Focalin® XR (Table 2). Similar to the above description, each capsule contains 50%
immediate release beads of methylphenidate and 50% extended release beads covered by a polymer,
with the difference that the beads can be sprinkled in food [81].

Figure 7. Scheme illustration of SODAS® delivery system modified from Elan drug technologies [105].

The other example of MR formulation designed for children with ADHD is Adderall® XR
administered once daily (Table 2). Each capsule contains a 50:50 ratio of immediate and delayed-release
beads. Diffucaps system (utilized in Metadate CD®) comprises both immediate release (30%) and
extended release (70%) beads. Diffucaps is multiparticulate system, where drug profiles are created by
layering a drug onto a neutral core (e.g., sugar spheres, crystals, or granules) followed by the application
of a rate-controlling, functional membrane (Figure 8). The physicochemical characteristics of coating
materials (being water soluble/insoluble, pH dependent/independent) are conditional on individual
drug features. Obtained beads are small in size, approximately 1 mm or less. By incorporating beads
with differing drug release properties, combined release profiles can be achieved. Metadate CD®

designed to provide efficacy throughout the school day is available in six capsule strengths (with
possibility of sprinkle over food) [86].
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Figure 8. Scheme illustration of Diffucaps® bead technology modified from Weil [106].

3.3. Minitablets

Minitablets constitute a dosage form that ensures more dose flexibility and ease of drug
administration in various children age groups than conventional tablets or capsules. Their main
advantage is its small size ranging from 1 to 3 mm, with an average mass from 5 to 25 mg and possibility
of adjusting single dose by counting the proper amount of minitablets. Minitablets are produced in the
same way as conventional ones, by compression using tableting technology with single or multi-punch.
They may appear as individual dosage form or could be delivered in capsules or sachets (Figure 9).
The clinical researches have demonstrated that 2 mm tablets can be easily used in six-month old infants
and 4 mm in children above one year of age, while orodispersible 2 mm tablets can be administered
already for preterm neonates. Moreover, Klingmann et al. proved that children above six-months show
greater acceptance of minitablets than syrups. Furthermore, they might provide combined release
patterns [25,107–109]. Examples of commercially available MR minitablets are: Orfiril Long® and
Pancrease MT® (Table 2). Orfiril Long® is provided in hard capsule or single sachet [89]. Pancrease
MT® is also provided in minitablets form enclosed inside the capsule [90].

Figure 9. Scheme illustration of minitablets placed in capsule and sachet.

3.4. MR Orodispersible Formulations

MR may be also ensured by rapidly disintegrating forms like orodispersible tablets and films.
They constitute a relatively new and dynamically developing group of MR formulations. Preparing
tablets with such a short disintegration time is a particularly beneficial feature, especially for young
patients [110–112]. Prevacid® SoluTab™ is an instance of delayed release orally disintegrating tablet
with compressed MR pellets containing lansoprazole (Table 2). An interesting example of immediate and
extended release profiles combined in single dosage form are two commercially available medications
namely Adzenys XR®-ODT with amphetamine (FDA approval in January 2016) and Cotempla®

XR-ODT with methylphenidate group (approval in June 2017). They are indicated for ADHD treatment
in children from 6 to 17 years of age. These formulations are available in wide range of doses:
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Adzenys®—3.1 mg, 6.3 mg, 9.4 mg, 12.5 mg, 15.7 mg, 18.8 mg, and Cotempla®—8.6 mg, 17.3 mg, and
25.9 mg allowing dosing in a wide age group. These products are obtained by XR-ODT (extended-release
orally disintegrating tablet) technology and they dissolve quickly in the mouth (according to the
FDA guidelines—up to 30 s or less) so that it can be easily swallowed. The technology utilized in
the tablet uses two different types of microparticles: immediately released in 25% (Cotempla®) or
50% (Adzenys®) and slowly released with the other 75% and 50%, respectively, throughout the day.
Two different polymers’ coatings are applied to the XR microparticles: Interior polymer coating as
diffusion barrier (ethylcellulose) and exterior polymer coating being pH dependent (methacrylic acid).
The technology allows for a drug to be incorporated into orodispersible dosage form using ion resin
technology [72,73,77,78,113].

Orodispersible films are defined as thin polymeric films supposed to disintegrate in the oral cavity
within seconds (there is no detailed monography in any Pharmacopoeia; FDA indicated 30 s or less as
disintegration time). Their size and shape resemble postage stamp, with a thickness ranges from 12 to
100 μm and a surface from 2 cm2 to 8 cm2 (in the literature, the most frequently encountered dimension
is 3 × 2 cm2, 2 × 2 cm2) [113–115]. They are usually manufactured by solvent casting, hot melt extrusion,
semisolid casting method, rolling method or electrospinning. There are a number of preparations
dedicated specifically for children in this form, but with immediate release, e.g., Pedia-Lax® Quick
Dissolve Strip, Orajel™ Kids Sore Throat Relief Strips, IvyFilm Kiddies® [116]. In contrast to fast
dissolving films, MR release might be obtained by the mucoadhesive effect, which underlies buccal
films preparation allowing for prolonged release at the application place. Buccal films are particularly
addressed for pre-school and school children since they are thin, adaptable to the mucosal surface and
able to offer an exact and flexible dose. Abruzzo et al. have designed buccal films for propranolol
hydrochloride (β-blocker used in paediatric patients primarily for the treatment or prevention of
cardiac arrhythmias and hypertension) administration. Polymeric layer was prepared by casting and
drying of film-forming polymers’ solutions (polyvinylpyrrolidone or polyvinylalcohol with addition
of gelatin or chitosan). As a second layer applied onto the primary one in order to obtain prolonged
drug delivery and mask its bitter taste, ethylcellulose was utilized. The formulation is intended for
children ≥ 2 years of age and body weight around 12 kg [117].

4. Excipients Utilized in MR—Safety of Use in Children

The safety of children’s pharmacotherapy depends not only on the drug substance itself, but also
on ingredients forming medicines (excipients). The choice of excipients is a crucial factor in the
development of medicinal products for paediatric use. Excipient safely and commonly used in adults’
therapy could be harmful for children, e.g., ethanol or propylene glycol cause neurotoxicity; some
preservatives like benzyl alcohol, sodium benzoate may lead to allergic reactions. Additionally,
a questionable issue is the utilization of parabens in the paediatric population. The most common
polymers used for obtaining MR formulations are cellulose derivatives (especially hypromellose and
ethylcellulose) utilized as coating polymers, taste masking agents, or e.g. a microparticles matrix
(Table 3) [10,68,118–122]. Ethylcellulose as a biocompatible and gastro resistant polymer is used for
preparaing sustained release syrup with hydrocodone and chlorpheniramine indicated for children
above six-years (Tussionex®, Table 1) [40]. Ethylcellulose (in aqueous suspension form) was also
used for formulating MR microspheres with mirabegron by the spray drying technique, so oral
sustained-release suspensions were obtained [51,52]. Emami et al. used hypromellose for formulating
MR suspensions with theophylline [123]. Most cellulose derivatives are generally recognized as safe
(GRAS) to use in children pharmacotherapy (Table 3). However, for most excipients used in pediatric
formulations (e.g., ethylcellulose acetate, methacrylic acid copolymers, and lauryl sulfate), safety data
are still limited. The EMA guidelines serve as a database for assessing the safety profile of excipients,
so the presented data must be actualized, related to the age group, and relevant to the maximum daily
exposure uptake [10,68,118].
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Table 3. Safety data of excipients used in paediatric modified release preparation [10,68].

Excipient
Paediatric Safety

Data Use
Main Function in

Formulation

Cellulos derivatives

cellulose acetate NA * MR

cellulose acetate
phthalate NA * MR

carmellose sodium yes suspending agent

ethylcellulose yes MR taste masking

hypromellose yes suspending agent MR
taste masking

methylcellulose yes suspending agent

ion exchange resin NA * drug/polymer
complexation

methacrylic acid copolymers NA * MR

sodium polystyrene sulfate NA * drug/polymer
complexation MR

sodium alginate NA * MR

calcium sulfate NA * MR

lauryl sulfate NA * MR

polyvinyl alcohol NA * MR

* NA: no data available.

5. Novel Technologies 3D Printing for MR Formulations

Pharmaceutical applications of 3D printing have increased over the past years. Printing
technologies are cutting edge methods in tablets and films manufacturing. Inject printing is
experimentally used for drug printing on different matrices, flexographic printing is employed
to coat the drug loaded substrate with a polymeric film. An increasing number of researchers are
employing 3D printing technologies to develop oral dosage forms with MR. There is a new approach
using a non-contact printing system that incorporates both piezo-electric and solenoid valve-based
inkjet printing technologies to deliver both drug and excipients onto the matrix. The main ideas
of using this type of technology revolve around the fact that printing technologies would allow to
develop pharmaceuticals in a tailored manner to meet some of the envisaged personalization needs of
patients for potential use in the paediatric population [124,125]. Recently, 3D printing was utilized to
create a multi-active solid dosage form, containing five different drugs within the same capsule, which
were autonomously controlled with two separate release profiles, called Polypill® [126]. It would
be especially useful for all patients who are taking medicines many times a day. The feasibility of
3D printing coupled with hot melt extrusion to prepare paediatric medicines that can be consumed
easily by children from 2–11 years old was introduced. The medicines were designed in such a way to
imitate ‘candy-like’ chewable tablets. For the purposes of the study, Starmix® (HARIBO PLC, UK)
formulations were printed using indometacine as model drug and hypromellose acetate succinate as
the polymeric excipient [127]. The culmination of 3D printing applications in oral dosage forms is the
FDA approval (in August 2015) of 3D printed drug product called Spritam® (levetiracetam)—tablets
for oral suspension manufactured by using the ZipDose® technology based on a powder bed (liquid
3D printing patented technology). Spritam® became the first 3D-printed drug approved by FDA
as a prescription adjunctive therapy for treating patients with epilepsy for children from the age of
four-years old (or 20 kg up). The technology enables immediate disintegration of the drug with a sip of
water, making it easy for the patients to administer the drug, even in high doses. ZipDose® technology
creates a porous formulation using 3D process that binds powders without compression. The method
enables delivery of high drug doses of up to 1 g. Drugs formulated using ZipDose® technology are
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specially designed for people with swallowing difficulties (drug dosage form disintegrate within
approximately 11 s according to manufacturer) and those who skip regular drug doses, resulting in
ineffective treatment outcomes—the children population perfectly fit in [128,129].

6. Conclusions

Pharmacotherapy of children’s population is an important matter in a field of modern
pharmaceutical technology. The main problems regarding children treatment result from the diversity
of the paediatric population, as well as a relatively small number of appropriate dosage forms, including
modern ones. Creating children-made formulation is challenging but an essential task in formulating
an appropriate dosage form, which should be adjustable for a wide range of ages, palatable, easy to
administer, but first of all safe and effective. Key aspects in modern formulations involve development
of novel MR formulations (minitablets, pellets, MR oral liquid formulations) when considering chronic
diseases that affects children and minimizing the dose frequency. Simultaneously, safety of excipients
and child’s acceptability should be kept in mind. The limited number of MR formulation in the
market (especially for children under six-years) arise from the high cost of technologies and lack of
relevant clinical trials in the paediatric population. Therefore, new regulations and additional funding
opportunities, as well as innovative collaborative research initiatives should be constantly developed.
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Abstract: The development of age-appropriate formulations should focus on dosage forms that
can deliver variable yet accurate doses that are safe and acceptable to the child, are matched
to his/her development and ability, and avoid medication errors. However, in the past decade,
the medication needs of neonates have largely been neglected. The aim of this review is to expand
on what differentiates the needs of preterm and term neonates from those of the older paediatric
subsets, in terms of environment of care, ability to measure and administer the dose (from the
perspective of the patient and carer, the routes of administration, the device and the product), neonatal
biopharmaceutics and regulatory challenges. This review offers insight into those challenges posed
by the formulation of medicinal products for neonatal patients in order to support the development
of clinically relevant products.

Keywords: neonates; formulation; product development; formulation development; oral; parenteral;
topical; inhaled; intra nasal; biopharmaceutics; administration; excipient; NICU; device; medication
error; dosage form

1. Introduction

Neonates are not small adults, and neither can they be classified as small children when it comes
to medicinal products and their formulation development.

Neonates include term, post-term and preterm babies. The neonatal period for term and post-term
newborn infants is defined as the day of birth plus 27 days. The neonatal period for preterm newborn
infants is defined as the day of birth through to the expected date of delivery plus 27 days [1].

Each year, some 15 million babies arrive in the world, more than one in 10 babies are born
prematurely, according to the report ‘Born Too Soon: The Global Action Report on Preterm Birth’
(2012) [2]. Even if born at term and ready to grow outside of the mother’s womb, most organs and their
functions are still immature. This immaturity of organ and function is more profound and impactful in
preterm infants. For example, neonates have reduced gastric emptying, intestinal transit time and
surface area, and transporter immaturity, which have relevance for oral drug delivery. Additionally,
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the skin barrier may not be fully formed, and respiratory function may be immature. A host of other
physiological factors such as gastro intestinal (GI) pH, body surface to volume ratio, body fat to lean
tissue ratio are also different and are known to change rapidly with time [3].

The underlying complexity of pharmacology and biopharmaceutics in neonates, especially in
preterm babies, can lead to altered and variable pharmacokinetics and pharmacodynamics even
compared to that in young babies [4–6]. In turn, this can lead to potential lack of efficacy or reduced
safety of a medicinal product leading to additional special requirements for development of products
for these age groups. This includes (amongst others) formulation aspects, dosage form choice,
drug administration considerations and storage and handling advice.

The recent European Medicines Agency (EMA) report to the European Commission on the
experience acquired as a result of the first 10 years application of the Paediatric Regulation,
acknowledged that neonates still represent a particularly neglected paediatric subpopulation in
the development of medicines despite the regulatory push [7].

In paediatric patients, there is still significant off-label use of medicines due to a lack of medicines
developed and authorised for the specific needs of the very young [8,9]. This remains an even more
significant problem in the neonatal population, due to the difficulty in conducting the necessary clinical
trials in vulnerable subsets with lower patient numbers. Considering the extra challenges they present,
pharmaceutical companies are not incentivised to formulate medicines for the neonatal population.
In fact, trials open for recruiting neonates were included in only a quarter of all agreed paediatric
investigation plans (PIPs), often at the request of the EMA Paediatric Committee (PDCO), due to
an array of reasons: Lack of neonate specific indications, recruitment/enrollment challenges, lack of
incentives [10]. There is a ‘Catch 22′ situation because to protect neonates, trials have been deferred so
that safety and efficacy data are obtained in older age groups meanwhile the unmet needs gap widens,
necessitating off-label use [11]. An international consortium of experts has produced a white paper to
facilitate successful neonatal clinical trials of medicines and includes useful information on neonatal
dosage forms and formulations [12].

The situation is not helped by a relative lack of relevant guidelines on the development of
medicines for neonates (let alone those born prematurely). In terms of international guidance, it is only
in the latest revision of the ICH E11 Guideline on Clinical Investigation of Medicinal Products in the
Paediatric Population (2018) [1] that neonates are specifically mentioned as an age classification and
paediatric subgroup. In these guidelines, a rather general and brief set of considerations are made in
terms of formulation and around polypharmacy via parenteral routes of administration in the hospital
setting. The capability to administer small volumes in relation to dosing error is also mentioned.
This is insufficient considering the much wider and complex needs of neonates [13] and lack of clarity
about how this limited guidance is to be translated into patient-centric product development, which
meets with regulatory approval.

The common ground in current guidelines is that there are pointers to the lack of safety data on
excipients and that available data generally does not apply to neonates requiring further justification
including provision of non-clinical safety data [14,15].

The aim of this review is, therefore, to provide insights and factors to consider in order to assist
those developing products for neonates, but with little or no neonatal medicine knowledge or paediatric
formulation development background, to overcome the range of challenges posed by this patient group
and so enhance the provision of clinically relevant products. This includes factors that differentiate the
needs of preterm and term neonates from those of the older paediatric subsets, in terms of environment
of care, ability to measure and administer the dose (from the patient, the routes of administration,
the device and the product perspectives), formulation development, neonatal biopharmaceutics and
regulatory challenges.
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2. Formulation Considerations

2.1. Environment of Care

Neonates who receive treatment in hospital, will most often be located in the Neonatal Intensive
Care Unit (NICU). The NICU admits high-risk premature and full-term neonates with serious medical
or surgical conditions.

Factors which may necessitate neonatal admission include (modified from [16])

• Premature birth <37 weeks gestation
• Delayed birth >42 weeks gestation
• Birth weight <2500 g
• Concern about size, e.g., intrauterine growth restriction (IUGR)
• Medication or resuscitation required in the delivery room
• Birth defects, e.g., congenital heart defects, intraventricular haemorrhage, macrosomia, retinopathy

of prematurity (ROP)
• Respiratory problems including RDS (respiratory distress syndrome) and BDP

(bronchopulmonary dysplasia)
• Infection (including neonatal sepsis)
• Seizures
• Hypoglycemia
• Requiring additional support (extra oxygen or monitoring, body temperature control support,

intravenous (IV) therapy, or medications) or specialized treatments (blood transfusion)
• Feeding issues
• Jaundice

Often multiple conditions exist concomitantly leading to a need for polypharmacy.
Neonates admitted to the NICU often require periods in specialised incubators to maintain

optimum environmental conditions and may also be attached to electrocardiogram (ECG), oxygen
saturation and blood pressure monitors (Figure 1). In addition, they may require respiratory
support through oxygen supplementation or require phototherapy for jaundice [17]. The majority
of pharmaceutical medicinal products administered to neonates are liquid oral or parenteral
formulations [18]. In this population, the environment of care is critical with the vast majority
of IV infusions delivered in an intensive care setting where the additional environmental requirements
of light, temperature and oxygen may impact the physicochemical stability of medication being
delivered [19]. The effect of the environment of care should be a critical consideration in the
formulation design of a parenteral product intended for this patient population and in use stability
studies will be discussed in more detail below.

Neonates in incubators also provide some challenges for the provision of suitable nutrition and
hydration requiring enteral or parenteral feeding. Given the limited number of access points and the
requirement for polypharmacy that is common in this patient group, there are more opportunities for
stability challenges, interactions and incompatibilities.
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Figure 1. Schematic of NICU support for neonate (used with permission of Mayo Foundation for
Medical Education and Research, all rights reserved).

2.2. Ability to Dose: Patient (Developmental Age)/Physiological/Administration Routes Factors to Consider

Some drugs can be administered to these patient groups orally, topically, via inhalation or indeed
by any of the usual administration routes and the specific issues associated with the ability to dose via
these routes is discussed under each of these sections below. However, the main route of administration
in the neonatal patient is parenteral and in particular the IV route for seriously ill preterm and term
neonates [20].

2.2.1. Parenteral Delivery

The neonatal IV infusion is a demanding process, involving vulnerable patients and complex
IV administration apparatus. Venous access in neonates can be via a catheter with tip placed in the
vena cava, a central venous catheter (CVC) (threaded through from a peripheral vein and known as a
‘PICC’ or peripherally-inserted central catheter, inserted through the umbilical vein (UVC) or placed
surgically) or via a peripheral cannula or catheter (accessing smaller veins in the hands, arms and feet).
A UVC remains in situ for up to two weeks after birth and PICC may last for several weeks whilst
cannulas and catheters accessing the small peripheral veins may only be patent for hours or days [21].

All cannulas and catheters require scrupulous care to avoid blockage and infection. Since
blood flow in central versus peripheral veins is greater, an administered drug is rapidly diluted [22].
Some irritant (chemotherapy, amiodarone, vasopressors [22] and hyperosmolar (glucose >12.5%,
total parenteral nutrition (TPN)) [23] medications, may be indicated for central administration only.
Many medications are compatible with a peripheral route of administration. However, some may
cause phlebitis (e.g., dopamine, dobutamine, sodium bicarbonate, calcium gluconate) [24].

The choice of available catheters is summarised in Table 1 alongside characteristics and issues
associated with each.

Tubing of small internal diameter is often used to reduce the dead space in apparatus for IV drug
administration. Even so, drugs may be exposed to adverse temperatures and light from the point of
administration until they reach the vascular system. This should be taken into account when assessing
in-use stability as well as pharmacokinetics and clinical outcomes.
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Table 1. Characteristic of available types of the vascular catheters (adapted from [21,22,24–26].

Type of Catheter Characteristics Issues

Peripheral Venous Catheters
Peripheral venous catheter Application: Most IV drugs, isotonic IV

fluids, blood transfusions
Low flow rates
Physicochemical irritation with some drugs
results in phlebitis
Dwell time: Most need to be removed within
three days due to complications

Difficult to insert in the neonates due to the
small and hard to visualize vessels

Central Venous Catheters (CVC)
Umbilical venous catheter
(UVC)

Application: For diagnostic and therapeutic
purposes—infusion of medication, TPN,
hypertonic IV fluids, central venous pressure
and venous blood gas monitoring, blood
transfusions
Dwell time: Up to 14 days

Suitable for neonates only
as the umbilical vein remains for up to two
weeks after birth
UVC usually inserted within 12 hours of
birth if indicated, for parenteral nutrition
and/or inotropic support.

Peripherally inserted
central catheter (PICC)

Application: Medication and IV fluid
administration, TPN, blood sampling
Suitable for irritant drugs
Not suitable for large volume administration
in emergency situations (for 28G 20 cm long
catheter the max flow is 1 mL/min)
Available multi-lumen catheters
Made of polyurethane or silicone

Links the benefits of peripheral and central
catheter
PICC inserted at any time and used for all
drugs (in conjunction with UVC helps
reduce risk of drug incompatibilities).

An important formulation consideration associated with IV administration in preterm and
term neonates is the volume of fluid that can be tolerated. Neonates, especially those delivered
preterm, will have critical fluid and electrolyte requirements. At full term, a neonate has a fluid
allowance of 100–140 mL/kg/day resulting in administration of 10–20 mL/hr, which includes all routes
of administration [27]. In the case of severely fluid restricted neonates, IV fluids and drugs must be
concentrated and so may need to be infused at flow rates as low as 0.02 mL/hr. Formulations for IV
drugs and infusions should be designed with such requirements in mind and should take account
of the sickest babies requiring multiple therapies, each with their own method of administration to
be considered.

Generally, drugs administered intravenously should not be required to be administered in a
fixed volume. It is preferable to investigate and report the minimum and maximum concentration
at which the drug is sufficiently stable and to note any restrictions that this may pose for vascular
access. For example, the need to use the central venous routes and slow rates of administration if
higher concentrations might irritate or damage veins. The consequences of inadvertent extravascular
administration should also be considered.

When drugs require dilution for administration the carrier fluid studied should include dextrose
(5% and 10% w/v) as well as sodium chloride 0.9% w/v to maintain isotonicity. If dextrose solutions are
suitable, this will help with sodium restriction and provide additional energy. Water for Injection should
not usually be considered a suitable infusion fluid because of the potential risk of infusing hypotonic
solutions, but information on stability and osmolarity may be useful if dextrose is inappropriate and
sodium balance a problem.

Many neonatal patients in a critical care setting receive between 15 and 20 IV medications daily, the
majority of these are unlicensed or used off label [4]. Lack of knowledge around the physicochemical
incompatibilities of IV drugs in NICU and PICU settings often necessitates the use of a dedicated
IV catheter in neonates and infants who have limited IV access [28,29]. Drug incompatibilities are
often an underestimated aspect of clinical practice and are concerning in the neonatal population
where a lower capability to compensate for adverse drug reactions may lead to higher morbidity and
death [30,31]. This concern is exacerbated in neonates by the frequent requirements for polypharmacy,
multiple infusions delivered through a single catheter due to limited vascular access, low infusion
rates exposing drugs to longer interaction and the possibility of incomplete dissolution or precipitation
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of drug due to low volumes of drug solutions [32]. Realistically, limited venous access can result in
little choice but to co-administer drugs.

A recent report highlighted the extent of the problem and reported that among medicines tested
as a co-infusion of two drugs listed as a common NICU medication, only 4% of the combinations were
fully compatible [28]. The compatibility of IV injections with other commonly administered drugs and
infusion fluids should be studied when mixing at a ‘Y’-site when the drug is likely to be used in the
intensive care situation.

2.2.2. Oral Delivery

Medicine administration via the oral route to children less than two years of age can be difficult
for both parents and children [13,33]. The main issue in administering oral medicines to neonates
lies in their ability to effectively swallow the medicine. Typically, most oral processes are present
from birth (rooting, lip, lateral tongue, mouth opening, biting, and emerging chewing behaviours).
However, even oral syrups are not always fully swallowed when administered to neonates and
infants [34]. This is further exacerbated in preterm neonates, where issues around swallowing and
ADME (absorption, distribution, metabolism, and excretion) factors may be less well understood.
Clinical evidence suggests, that the oral absorption process of a drug undergoes substantial changes
after birth [35,36]. The impact of these physiological changes on oral drug therapy is currently unclear.

Historically oral liquid formulations have been used in neonates. Examples of commonly used
oral medicines for neonates include vitamin D drops, analgesic suspensions (ibuprofen, paracetamol),
antibiotics, glucose gel for treatment of hypoglycaemia and anti-reflux medicines. The first approved
medicine to treat neonatal diabetes (Amglidia®) is a suspension formulation of glibenclamide [37].

EMA guidance [20] suggests, that the following oral formulation options are suitable from birth:
Powders and granule (administered as a liquid) and oral liquid preparations (solution, suspension and
oral drops).

It is important that appropriate strength medications are available for neonates to ensure
that appropriate doses/volumes can be accurately measured and administered. The maximum
recommended single dosing volume is 5 mL for children aged below five years and 10 mL for children
aged below 10 years [38]. For neonates, dose volumes as low as 0.1 mL may be required.

The importance of accurate dosing to the youngest children has previously been highlighted [39].
Dosing devices for this age group mainly involves the use of an oral syringe or dropper though both
have significant issues in terms of accuracy [40,41]. Therapeutic nipple shield [42,43] and medicine
dispensing pacifiers [44,45] have been suggested for home use, but these are as yet experimental.
In hospitalised patients, enteral tubes can be used for the administration of oral medicines where liquids
(ideally solutions rather than suspensions) are the preferred dosage forms. Emulsion formulations can
also theoretically be delivered via this route. One example is enteral nutrition or milk. There is a risk
that the PK of a highly lipophilic drug, delivered via this route, may be altered if co-administered with
an emulsion formulation or milk. Although during development compatibility of drug-enteral feed
will be evaluated for new medicines, it is impossible to consider every feed available to review the
likelihood of an interaction. Thus, there are circumstances where a drug–feed interaction may lead to
PK variability as a result of a novel feed. Many medicines currently used in neonates are unlicensed for
use in this population, and there is little or no information on their compatibility with milk or enteral
feeds which may lead to a change in the anticipated PK. This is addressed in more detail in section
(biopharmaceutical consideration).

Palatability considerations for neonates are more commonly associated with volume and texture
of medicines in addition to taste [46,47]. However, some taste preferences seem to be innate (e.g.,
sweetness), and in extreme cases, bitter taste can lead to vomiting, so taste cannot be ignored even in
neonates. New products that are designed for children are likely to be those that offer flexible dosing to
target not only neonates but also older infants and children. Therefore, a product that meets the needs
of all age groups will be developed which will address issues of palatability for infants and children.
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2.2.3. Rectal Delivery

Rectal administration is more commonly used from infancy onwards [48]. This route suffers
in neonates from unpredictable absorption which seems to be the limiting factor [36]. This is
highly correlated with faecal incontinence/retention of the drug dose, which is inversely related to
age/maturation. Solid dosage forms are usually better retained in the rectum than liquids. However,
flexible and accurate dosing, which is an important product feature, cannot be delivered when
suppositories are split at the point of administration [49]. This does not completely prevent the use
of the rectal route to reduce the need for parenteral administration, or overcome oral administration
restrictions (e.g., physiologically reduced gastrointestinal absorption, nausea, vomiting, seizures, nil by
mouth), but safety and efficacy with appropriate bioavailability studies and patient size-appropriate
product are paramount. In fact, recent studies (pain, patent ductus arteriosus closure) [50–52]
demonstrated similar effectiveness for rectal delivery (mainly small enemas) as compared with IV or
oral delivery even in very low birth weight preterm infants as well as being cheap and safe. Therefore,
in resource-limited settings, rectally formulated drugs for pre-referral use could have great potential,
e.g., neonatal septicaemia, pneumonia or malaria [53]. Recently, rectal antibiotic (Ceftriaxone) to reduce
treatment delays in neonatal sepsis presented as rectodispersible capsules have been proposed [54].

2.2.4. Pulmonary Delivery

The respiratory route is not much used therapeutically in preterm and term neonates with one
major exception.

Respiratory distress syndrome (RDS) is a life-threatening condition, which occurs almost
exclusively in preterm neonates with a deficiency [55,56], dysfunction or inactivation of pulmonary
surfactant. The physiological role of surfactant is to allow the lungs to expand and avoid collapse
(atelectasis) during the expiratory phases. Lack of surfactant results in difficulty in breathing, with low
oxygenation, increased breathing effort and the need for respiratory support.

The administration of exogenous surfactant can alleviate the symptoms of RDS by supplementing
the endogenous pool of surfactant, thereby enabling the biofilm to be replenished, dramatically reducing
mortality and morbidity. This is often administered via invasive methods, such as endotracheal
intubation and mechanical ventilation (MV). The gold standard version of this approach [57,58] is
called INSURE (intubation, surfactant administration, extubation). Less invasive approaches, using
thinner catheters (such as LISA technique—less invasive surfactant administration [59,60]), have been
designed to supply exogenous surfactant to spontaneously breathing neonates, but these are still
partially invasive. Therefore, there is a great interest by neonatologists in the development of a truly
non-invasive procedure for surfactant administration, such as nebulisation. Some interesting pilot
studies have been published on this issue [61–63].

These various intubation techniques also allow administration of other therapeutic interventions
to treat a wide range of breathing difficulties should these be required. It is important that any
formulations administered in this way, are of the correct concentration to be able to deliver the required
dose in a small volume, and that the rheological profile is adequate to permit flow through the narrow
tubes involved.

For neonates who can breathe spontaneously the major route of drug delivery is via nebulisation.
A wide range of breathing difficulties can be treated, including respiratory syntical virus (RSV)
bronchiolitis or asthma-like reactive airways disease. Typical drugs administered include beta agonists,
steroids, ribavirin and sometimes adrenalin.

An advantage of using the pulmonary route is that efficacy can be achieved with reduced
systemic drug levels and hence, decreased side effects [64]. For example, a recent review [63] has
shown that pulmonary administration of corticosteroids can effectively prevent bronchopulmonary
dysplasia in preterm infants with RSD, without the adverse effects on growth and neurodevelopmental
outcome associated with systemic delivery. An emerging practice consists of adding budenoside to
surfactant [65].
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The formulation for nebulisation is usually a sterile aqueous solution or suspension, mainly based
on the solubility and stability proprieties of the active drug substance. Many times, in order to achieve
the suitable physico-chemical characteristics (i.e., osmolality, viscosity, pH etc.) and stability, it may
be necessary to include excipients in the formulation. However, only a few excipients are approved
for the inhalation route, and usually, there is little if any specific safety data available for neonates
or the wider paediatric population [15], let alone after pulmonary exposure. Nebuliser solutions
should be presented in an age-related unit dose of appropriate concentration if possible. Where this
is not possible, the device used to measure the dose must not be a syringe designed for injection,
thus reducing the risk of the nebuliser solution being inadvertently injected. The most appropriate
nebuliser system to achieve good inhalation performance in terms of output rate, dose delivery to
the lung, aerodynamic particle/droplet size distribution (i.e., fine particle or respirable fraction below
5μm or 3.3μm) and respirable drug delivery rate must be chosen. It is worth highlighting that the
lung deposition of a nebulised product can be influenced by the breathing pattern (i.e., tidal volume,
breath frequency and inhalation/exhalation ratio). The breathing pattern depends on the patient’s age,
and so, neonates (preterm and term) and children have significantly different and variable breathing
profiles, making reliable dosing difficult when the efficiency of drug delivery systems are breathing
pattern dependant [66,67]. This is further complicated if the infant is crying as this also changes
breathing patterns.

It is possible to model the influence of various anatomical, physical, and physiological factors on
aerosol delivery in preterm neonates on the efficiency of the delivery of an aerosolized drug to the
bronchial tree using 3D models such as the (PrINT model) [68].

Nebulised delivery may also be important in older paediatric patients during times when the
child’s inspiratory force is low such as during an acute exacerbation of their condition. However,
for both babies and older paediatric patients, some studies have shown that drug delivery from a
Pressurised Metered Dose Inhaler (pMDI) and spacer system with suitably sized facemask can be at
least as effective as nebulisation [69,70]. Delivery via pMDI and a spacer system is recommended in
NICE guidance [71] for routine treatment of older paediatric patients.

2.2.5. Nasal Delivery

Although the nasal aperture is small in diameter in neonates and the nasal mucosa is often
delicate and coated with mucus, it nevertheless offers a potential route for employing local drug
administration to effect systemic drug delivery, thus reducing the need for injectable administration.
In emergency care, this could also decrease the need for additional painful procedures such as insertion
of IV cannulas for medication administration. For example, intranasal fentanyl has been used in the
palliative care of term neonates and infants [72]. As such, it has attracted significant research interest
in the last few years for use in this age group. Even if intubation is required, nasal administration
could provide a less impactful means of aiding that procedure. Nasal midazolam was used and was
more efficient than nasal ketamine, to adequately sedate neonates requiring intubation in the delivery
room [73]. A typical dose volume was 0.1 mL/kg in each nostril.

Potential advantages of this route of administration, are that it is less invasive than IV whilst
maintaining rapid onset since medications are directly absorbed (parenterally) through the nasal
mucosa into systemic circulation, it also results in higher bioavailability compared to oral medications,
as first-pass hepatic metabolism is bypassed. There is also some evidence that brain penetration can be
enhanced as a consequence of nasal delivery [74–76].

Compared to buccal administration, (another method of avoiding first-pass metabolism), where
salivation and swallowing issues after administration in neonates could have a substantial impact
on dosage accuracy, more consistent absorption and bioavailability have been obtained following
intranasal administration [77].

Bypassing the gastrointestinal tract with nasal drug delivery allows for the delivery of
some macromolecules with low permeability across the gastrointestinal tract or susceptibility to
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chemical/proteolytic degradation. Recent studies in neonatal mice highlighted the potential of
intranasal immunization of neonates with live vaccines [78]. As vaccination at birth would provide
early protection for neonates and infants, expanding and improving the available means of neonatal
vaccination is a global health priority.

There is a well-established link between nasal dosing and enhanced blood–brain barrier (BBB)
permeability. This may or may not be of therapeutic benefit. If central activity is not desired, then nasal
dosing may lead to enhanced toxicity. The BBB is a dynamic physiological barrier which regulates
the passage of hydrophilic molecules into the central nervous system (CNS) via a physical barrier
formed by tight junctions (TJ) between the endothelial cells and also a system of influx and efflux
transporters and enzymes. Recent reviews and papers on the development of the BBB in preterm
and term neonates suggest that although the physical barrier is formed very early, many other factors
that affect brain penetration favour increased drug levels in the brain and cerebrospinal fluid (CSF)
and that these factors change rapidly with maturation [79–81]. As yet, there is little or no information
on the effect of actives and excipients on the development of the BBB in these age groups. It is
known, however, that some penetration enhancers used in intranasal formulations for adults work
via breaking tight junctions which is clearly not safe in neonates [82]. Conversely, cyclodextrins (e.g.,
hydroxypropyl-β-cyclodextrin), which are increasingly being used as vehicles to transport lipophilic
drug through BBB [83], may have a neuroprotective effect and are used therapeutically in the treatment
of neonatal hypoxia-ischemia [84].

Alterations in BBB development and in TJ expression could lead to anomalies later in life as well
as to increased predisposition to some diseases. Neonatal hypoxia-ischemia (HI) causes severe brain
damage and remains a major cause of neonatal morbidity and mortality [85]. At present, treatment
options for neonatal HI brain damage are very limited and have only modest efficacy [86]. A study
conducted in several rodent models of ischemic brain injury demonstrated the therapeutic potential of
mesenchymal stem cells (MSCs) transplantation that improves functional outcome and also restores
brain structure [87]. These findings in rodents indicate that the nasal route was an efficient route for
stem cell transplantation after brain injury in the neonates [88].

During the development of a new formulation for nasal administration to the neonate, as well as
all the usual factors (e.g., pH, osmolality, chemical irritation and overall acceptability) the formulator
needs to keep in mind:

• The ratio between the ideal volume per nostril and the concentration of solution/ suspension to
be administered. In practice, the maximum volume for single administration into one nostril is
0.1 mL in neonates and 0.5 mL in older children [89]. There is no agreement about the volume
that can be given to preterm neonates. Larger doses can be given by using these dose volumes
(or half the total volume provided this does not exceed the safe total volume) in both nostrils.

• The need for a ‘baby size’ device able to dose accurately very low volumes of liquids without
causing physical damage to the nasal mucosa.

• The potential irritancy of highly concentrated solutions, especially if these are hypertonic.
• The choice of excipients. For example, a penetration enhancer may be required to aid the absorption

of polar drugs. Many of these could cause irritation of nasal epithelium of neonates, and for most
common penetration enhancers, no safety data are available in the neonatal population.

2.2.6. Dermal and Transdermal Delivery

In neonatal practice, many of the topical treatment decisions are made by specialist nurses. It is
therefore very important for formulators to provide a high level of support to enable safe and effective
use of topical formulations.

Formulators should be aware that the skin barrier may not be fully formed in preterm infants
both at birth and for up to four weeks afterwards [90]. There are also changes in the type and
proportion of lipids present and the development of ancillary skin structures such as sweat ducts and
hair follicles [91]. This has implications for potential toxicity of active pharmaceutical ingredients
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(API’s) and formulations usually delivered for a localised effect via the topical route. In the absence of
a fully competent skin barrier, higher systemic exposure of both API and common topical formulation
excipients could be expected. The skin barrier may also be breached in term neonates and infants due
to conditions such as cradle cap, nappy rash and eczema/dermatitis. Even if the skin is fully formed
and functional, the lipid composition changes rapidly and the stratum corneum tends to be thinner
in young babies and more hydrated. Additionally, occlusive dressings including nappies/diapers
with impermeable plastic coverings can increase absorption. Besides permeability, the simple BSA/kg
ratio puts neonates at a higher risk of increased absorption. Therefore, any adverse effects tend to be
exacerbated by the relatively higher surface to volume ratio in children leading to a risk of unwanted
high systemic exposure if large areas of skin are treated.

Formulators, therefore, need to ensure that APIs delivered topically in neonates have excellent
systemic safety (limitation to the skin alone cannot be assumed). It is insufficient to only undertake
topical safety studies as systemic absorption should be assumed and therefore systemic safety studies
are required. Toxicity of ingredients in subpopulations such as neonates requires a careful risk
assessment to avoid the use of excipients with unclear safety in target population. It is also necessary
to select formulation excipients that are intrinsically safe and have a low potential to cause irritation or
other skin reactions, e.g., sodium lauryl sulfate [92].

Finally, it is important to ensure that the pH and tonicity of the formulation is well matched to the
specific requirements of the skin at the various stages of development and an understanding that this
can change rapidly [93,94].

Coupled with the state of development of the barrier function of the skin, it is important to
remember that skin in the neonate is often fragile and that it can be damaged by mechanical abrasion.
Thus, the rheological profile and other cosmetic attributes of the formulation need to be taken into
account. It may well be desirable to use a specific neonatal formulation that is more fluid/easier to
spread than is common for creams and ointments used in older children. Similar considerations apply
to the potential skin damage that can be caused by adhesives used in transdermal patches.

In some cases, the topical route is deliberately used to achieve systemic delivery [91]. In this case,
it is still important to remember that the barrier properties of the skin may be rapidly changing during
early development as this might affect the systemic blood levels achieved from a particular dose with
implications for the topical dose that needs to be given.

Indeed, dose flexibility is a challenge in the neonate due to the above-mentioned developmental
factors specific to the skin and due to the rapidly changing weight of the neonate. For standard
semi-solid formulations, this can be accommodated to some extent by the area that is treated, but a
wide range of strengths is still likely to be required. This is often achieved by diluting a formulation
extemporaneously with a base. If this is done the stability implications (chemical, physical and
microbiological) need to be considered along with the issues of ensuring homogeneity of the diluted
formulation. For ‘unit dose’ topical formulations such as patches, dose control is achieved either by
cutting patches or masking them (usually off-label) to reduce the contact area. Both practices are
subject to significant risks of poor dose control unless the developer fully validates this practice.

Once a fully competent skin barrier is formed, it is possible to use the full range of topical and
transdermal delivery [91] including creams, ointments, sprays, lotions, baths and, less frequently,
transdermal patches with suitable adjustment to the dose. Some patches have paediatric labelling
supported by clinical trials, whereas others are used off-label. There is little literature on the utility of
innovative delivery methods such as needleless injectors, iontophoresis, sonophoresis and microneedle
patches in the neonate. However, there is evidence of them being tested for use in older paediatric
patients in order to attain more reliable drug levels, either locally in the skin or systemically, that are
bioavailable from creams and ointments, especially where dermal permeation of the API is low or slow.
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2.3. Ability to Administer: Product Factors to Consider

The lack of appropriate dosage forms frequently results in off-label and/or unlicensed use of
modified adult formulations for administration in neonate and paediatric patients [95]. It has been
reported that between 71% and 100% of patients in the NICU receive at least one off-label or unlicensed
medicine [96].

The dose of a medicine can vary 100-fold between that for a preterm baby and an adult. Whilst
a liquid medicine may be acceptable for all ages, using just one concentration for all ages would
mean that an appropriate dose volume for an adult (say 10 mL) would be impossible to measure
accurately for a preterm neonate (say 0.1 mL). Thus, more than one concentration would be required in
this example.

Fortunately, many medicines can be dosed according to weight bands (e.g., 5–10 kg, 11–20 kg) or
by age bands making it easier to produce an acceptable standard concentration of a drug. Formulations
available from manufacturers should follow this rule, making it more feasible to manipulate with
drug doses for neonatal application. However, doses of potent medicines for neonates necessitates
individualised dose calculations based on body weight (e.g., mg/kg) or body surface area (e.g., mg/m2).
This could lead to the preparation of very low drug concentrations, several manipulations in preparation
of the end formulation and the management of multi-infusion IV administration [97]. This has been
reported to lead to a significant risk of medication errors and adverse drug events, especially in the
NICU [98].

To overcome these issues associated with individualised concentration calculations based on low
body weight, formulations of standard concentrations [97,99], specifically of high alert medication,
have been implemented into NICU settings [100–102]. These can then be used with intelligent infusion
pumps programmed with the standard concentrations allowing automated calculation of the individual
flow rate based on body weight. Standardised concentrations also make it easier for pharmacies to
prepare or source drugs which are ‘ready to infuse’ rather than them being prepared at the bedside with
the attendant risks. They also reduce the burden of complex patient-individualised calculations on the
prescriber and nurse administering the medication [97,99,103] and standard concentrations of different
strengths allow for flexibility to compensate for a patient’s differing fluid requirements, though the
existence of more than one concentration introduces the potential for product selection error.

As the flow rates of standard concentrations are linked to patient weight, the flow rate decreases
with decreasing patient’s weight. This can result in very low flow rates in extremely low birth weight
neonates where rates may be as low as 0.02 mL/h. Low flow rates have been associated with long delays
in drug delivery times and hence the onset of effect, delays in transitioning to new infusion rates and
delays in reducing effects when the infusion is stopped [27]. Such unpredictable delivery is unacceptable
in the administration of life-sustaining medicines to critically ill patients [104–106]. Lack of awareness of
these issues among clinical staffmay lead to inappropriate clinical decision-making [27,104]. Observed
lack of response to treatment due to delivery delay may cause precocious dose increase leading to
overdosing and toxicity. When examined together with low flow rates, several other factors may
contribute to prolonged and unpredictable delivery such as, the dead space of the administration
system [27,104], the adsorption of the drug to tubing, backflow of the infusion [105], change of the flow
rate of other infusions or a carrier fluid [27], the type of pump used, the placement of the infusion
tubing and the line architecture [27].

When designing new formulations or reformulations of existing drugs, clinicians and drug
formulators should work together to maximise an optimal drug delivery under special neonatal drug
administration conditions (Table 2). Information and advice provided to the end user should facilitate
a practical dosing regimen taking into account the potency of the drug and potential adverse effects
and the setting in which the drug is to be measured and administered (NICU, hospital ward, home).

Using standard concentrations of medicines can help avoid medication errors when patients move
between care settings [107]. Due to the implementation of standard concentrations to the neonatal care,
the number of individually prepared drug doses reduced dramatically. Formulation of medication
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strengths that could represent standard concentration used in the NICU would eliminate the step of
drug manipulation to prepare standard concentrations.

Table 2. Factors to consider in neonatal parenteral drug formulation and administration.

Chemical and physical compatibility of drug formulation used in multi-drug administration [28] including
generic brands

Chemical and physical compatibility of drug formulation used in combination with neonatal TPN [108,109]

Compatibility of drug with diluents typically used in the NICU and stability after dilution

Compatibility of drug formulation while mixing at Y-site junction at different mixing ratios [108,109]

Stability of drug formulation over extended period of time (e.g., over 24 h infusion)

Stability of drug formulation exposed to different environmental conditions (high temperature, strong light,
high oxygen levels) [110]

Stability and compatibility of excipients used in drug formulation

Stability and compatibility of excipients used in drug formulation with IV administration set and container

Compatibility of drug formulation with IV administration set and container

Strength(s)/concentration of drug that can cover neonatal weight- or age-bands as well as fluid
restricted patients

Performance of medical equipment delivering drug—volumetric and smart pumps, syringe drivers

Design of IV administration set minimising drug delivery delays

2.3.1. In use Stability Issues

As well as all the administration factors discussed above, it is clear that formulations need to be
stable in order to deliver the expected dose to the patient.

Although all the usual ICH stability requirements will apply, the therapeutic environment will
often present some additional ‘in use’ stability challenges that should be considered by the formulator
when developing products for this age group. This is particularly true for preterm infants and those
being treated in high dependency incubators or intensive care environments and when those infants
are treated almost exclusively via the parenteral route. They are complex to anticipate and therefore to
reproduce in vitro despite regulatory expectations. Yet, conditions in NICU may be more controlled
than in other environments. Clinical colleagues can provide information on likely treatment scenarios
that will allow the most common potential interactions to be mimicked. Drug concentrations, diluents,
formulations, mixing ratios and environmental conditions (light and temperature) are some factors
pertinent to the design of compatibility studies. Some of the major issues are true pharmacy issues that
need to be considered within the clinical context:

a) Photostability—useful reviews have been published [111,112]. Light intensity is often higher in
the neonatal environment. Phototherapy is often used to treat postnatal jaundice either with lamps
having the required spectral power distribution to break down the bilirubin in the skin or even exposure
to direct sunlight. The implications of this treatment to the stability of any drug that partitions to
the skin or eye need to be considered along with the implications for photosafety particularly if the
metabolic immaturity of the neonate might be expected to affect clearance of any photoproducts that
are generated. When bilirubin is present in the skin, protein binding will also be high. This can either
exacerbate or mitigate photostability issues, depending on the mechanism of photodegradation. It is
extremely difficult to predict what effect this protein binding might have a priori.

If the infant is being treated parenterally, it should be remembered that solution concentration
tends to be low (though they can also be high if the neonate is fluid restricted) and infusion rates can
also be low leading to long residence times in the administration lines. There is often a transit time of
several hours between the infusion pump and the patient [27,106]. Added to this is the potentially very
large surface to volume ratio due to the solution flowing through a long narrow bore tube. All of these
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factors can lead to significant levels of photodegradation that may not be fully predicted by some ICH
Q1B photostability tests. It is therefore important to undertake a well-designed in use photostability
test to allow for suitable advice to be provided to the healthcare practitioner.

Another factor that needs to be considered here is that the material of construction of any transfer
line may be quite variable. Thus, some plastics will contain quite high levels of UV stabilisers whilst
others may have much lower levels or even none at all. Clearly, this can lead to different levels of
photoprotection for the content of the line.

If the product is known to be photolabile, then it may be wise to advise that any holding vessel
(such as a syringe or infusion bag) and particularly any transfer lines are shielded from light exposure
either with a suitable coloured cover or with a light impermeable barrier such as aluminium foil.
One downside of doing this is that it will render visual inspection more difficult.

b) Other environmental factors—due to potential difficulties in breathing and less developed
thermoregulation preterm infants may be in an oxygen-rich environment that is maintained at a higher
temperature than would usually be the case in the hospital environment. This has obvious potential
implications for formulations that are subject to oxidation or thermally driven hydrolysis if they are
stored in such an environment for extended periods. Again, this may be further exacerbated by low
concentration. The formulator will need to consider whether or not these conditions might have an
effect on their product and provide suitable handling advice accordingly.

c) Potential Interactions—due to the limited number of access points for parenteral delivery to
the neonate, it is often necessary to provide several drugs via the same entry point. In addition,
neonates may be provided with nutrition via the same route. Thus, it is important to consider potential
incompatibilities (both chemical and physical) between the various medications and the potential for
API to adsorb to components of the parenteral or enteral feeding formulation used. In some cases,
high concentrations of dextrose may be administered in this age group, both of which could have
effects on product stability. On top of that, there is a risk that the API may interact with the material of
the transfer tube leading to adsorption of the API. If the concentration is low, there may be a significant
loss of therapeutic activity.

d) It may be a challenge to provide a sufficient range of formulation strengths to cover all needs of
the paediatric population. Dilution may be required to allow accurate measurement using routinely
available syringes. Large dilution factors may be required if only a single product concentration (often
designed for adults or older children) is available. If dilution is to be avoided it may be necessary to
develop and provide an appropriate dose measurement device and/or advice on providing an accurate
dosage. Another method for controlling dose (volume) delivery is to change the infusion rate as
discussed in the parenteral section.

If the formulation contains a stabiliser of some sort (e.g., antioxidant, photostabiliser) then dilution
may render that stabiliser ineffective with obvious potential consequences for the formulation stability.
The extent of the impact will be determined by a knowledge of the stability of the unprotected API and
the level of stabiliser that remains. If the parenteral product is an emulsion or suspension, then dilution
may lead to physical instability potentially leading to blockage of cannulas or even phlebitis. On the
positive side, dilution may also reduce intake of an excipient that might be harmful to the neonate, e.g.,
sodium metabisulfite in parenteral inotropes.

The diluent used is also of importance. In some instances, photodegradation of the diluent can
lead to degradation of an otherwise photo stable API (e.g., [113]). Formulators should be aware of this
possibility when considering which diluent to recommend.

Photostability (and possibly oxidative stability) is also of concern for formulations that are applied
topically in such a high-intensity light environment. Clearly, there is a risk that stability could be
poor, leading to suboptimal dosing and/or the generation of relatively high levels of photo products
in situ. The fact that the API concentration could be low should be considered when assessing the
likely impact.
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2.3.2. Excipients

Some of the challenges in the development of formulations for neonates have recently been
reviewed by Kogermann et al. (2017) [114]. Not surprisingly, this review focuses largely on
pharmaceutical excipients since mainly liquid dosage forms are used in these vulnerable patients and
these may require preservatives to limit microbial growth and/or an array of excipients to achieve a
solution of the active or to formulate a palatable liquid. Given that most actives are not specifically
developed for neonatal conditions, dosage forms may contain excipients deemed safe in adults or
older children that have not been studied for neonates [14,15].

The immaturity of organs and physiological systems of the neonate is important for the ‘handling’
of excipients as well as active drug substances. Little is known or published about the acute or chronic
effects of excipients in the very young and that which has been published indicates their vulnerability
to toxic effects considered safe for older children and adults. The exposure limits for many excipients
have been published, but often apply to adults and should not be applied to neonates unless specifically
indicated. Non-clinical work in appropriate juvenile animal models may be required for excipients
used for the first time in the very young, and there should be appropriate justification for the use of
any excipient supported by studies of high quality.

Epidemiological studies have demonstrated the exposure of neonates to excipients and the variation
between products marketed in different countries [115]. Studies have also shown that excipient exposure
can exceed current safety limits and that exposure may be from several medicines [116]. Measuring
blood levels and the kinetics of excipients is possible in the very young and can be contemplated as
part of clinical studies if necessary [117].

The formulator should first consider whether any excipient is required when developing a
formulation for neonates. For example, it should not be necessary to include an antimicrobial
preservative in a liquid product if designed for single use. Even an oral liquid medicine might be
presented as a sterilised unit dose preparation without preservative excipients. Colours are generally
not needed for this population and if intended for administration via enteral tubes, sweetening and
taste masking may not be required. A risk-based approach [118] taking into account PK, ADME
and safety data relevant to neonates may be taken in discussion of potential formulations with
clinical and toxicology colleagues. For example, an excipient toxicity profile acceptable for single
dose administration for a life-threatening illness may be quite different from that for long-term
administration for a condition for which effective remedies are already available. Of course, the overall
cost of formulation development for neonates and the viability of the commercial product will also
require consideration during this pre-formulation discussion.

The European Paediatric Formulation Initiative (EuPFI) STEP database [119] provides
comprehensive information on excipients for children and is freely available. The European
Commission, through the EMA, is revising the labelling requirements for excipients in authorised
products. Supporting the thresholds for labelling requirements are extensive reviews of excipient
properties, uses and toxicology [120]. Whilst not intended to provide direct guidance to the formulator,
that for propylene glycol [121] serves as a good example of the way in which toxicity can be assessed
and safe exposure limits calculated.

As with any product development, compatibility studies of any proposed excipients with the API
are an important part of early product development.

2.3.3. A Shift towards Solid Dosage Forms?

The mainstay of oral product administration for neonates are liquid dosage forms. Despite being
more common for the paediatric market, they tend to contain excipients with elevated toxicological
risks in neonates compared to adults (e.g., ethanol, propylene glycol, benzyl alcohol, polysorbate,
parabens, etc.) due to the ongoing organ development and incomplete maturation [122]. REF oral
solid dosage form is by far dominating the adult market [123]. Although they may sometimes contain
excipients with some toxicological concerns of their own (for example, some may be allergens or
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irritants), in general, excipients used in solid dosage forms have a more benign safety profile than
some used for liquid medicines [124]. As discussed above (Section 2.2) neonates are not always able
to swallow liquids let alone solid dosage forms even though there are many inappropriate products
on the market such as capsules and tablets licensed from birth that will have to be manipulated for
administration [125]. It is highly unlikely that this is based on clinical data and hence, would no longer
be acceptable following the implementation of new regulations worldwide.

The attraction of solid dosage forms has led to the emergence since 2008 of flexible solid oral
dosage form (FSOD) which has been actively promoted by the World Health Organization (WHO) to
overcome challenges of ensuring access to suitable medicines for children [126].

FSOD are solid forms that do not have to be swallowed whole, such as dispersible tablets,
effervescent tablets, orodispersible tablets, and sprinkle capsules. They are flexible in administration,
though not necessarily in dose. They may provide a convenient dose unit that can be manipulated to
provide a suitable form for delivery to a neonate.

For example, some tablets for older children can be cut accurately into two, four or even eight
approximately equal pieces. Such tablets were developed for fixed-dose combination of zidovudine
and lamivudine in fast-disintegrating subunits (per 5 kg of BW) [127]. These can be easily administered
after dispersion in a liquid or milk.

Dispersible tablets offer more dose flexibility. However, the minimum adequate volume
of dispersion linked to the reproducibly of accurate dose withdrawal needs to be considered
concomitantly [128]. In theory, such a dispersion could be dosed via an enteral tube. The suspension
should also of sufficiently low viscosity and be fine enough to pass through the enteral tubes if this
is foreseen.

As effervescent tablets have high-sodium content, their use should be carefully considered for
neonates. They are also clearly contraindicated in cases where the patient in hypernatraemic, who need
to be sodium restricted. Dispersions probably need to be degassed prior administration.

Some tablets have been developed to be administered in a Therapeutic Nipple Shield to safely
deliverer medications and nutrients to breastfeeding infants [129]. In one proof of concept study,
formula or freeze-dried milk/drug tablets were formulated to demonstrate both reliable drug delivery
to babies and the ability of milk to dissolve poorly water-soluble drugs [130,131]. Both are interesting
concepts considering babies’ exclusive milk-based diet. There is also some evidence that milk can
mask the taste of some medicines. However, the risk of interfering with feeding by rendering the taste
of the milk foul needs to be mitigated with decent palatability of the medicine itself.

Until recently, few studies have been undertaken on the acceptability of mini tablets for patients
under six years of age. Recently, however, a study in 6 to 12 month-old children that also included some
neonates (n = 151) demonstrated complete swallowing of one mini-tablet (82.2%) compared to 72.2% for
a liquid syrup [132] (Figure 2). However, it is to be noted that this mini tablet was uncoated so would
have dispersed if it were inhaled inadvertently rather than swallowed. This was for safety reasons but
may have somewhat confounded the study. On the positive side, there was no evidence of choking.
As this has been a concern for some time, it would appear that the acceptance of this dosage form has
come a long way. Data on acceptability and swallowability of several hundred mini tablets in slightly
older babies, infants and children (six months to six years) are awaited. In parallel orodispersible
minitablets that can be dispersed in the mouth or in baby-friendly beverages to particles that are easy
to swallow are proposed to reduce the risk of choking while allowing dosing via nasogastric tubes
(NGTs) [133].

Other orodispersible dosage forms, such as thin polymeric film, have been studied in older age
groups (0.5–6 years old) [134]. They are attractive as they overcome the need for swallowing a solid
entity. However, there is no precedent of use in neonates. This is also true of micropellet formulations
such as sprinkles. It is hoped that work with older babies will provide usability and safety evidence
and translate in product development in the near future that could benefit neonates too.

155



Int. J. Mol. Sci. 2019, 20, 2688

 

Figure 2. Newborn child with uncoated mini-tablet in the cheek pouch before swallowing (with
permission to use from Thabet et al. 2018 [132]).

2.4. Ability to Administer: Device Factors to Consider

2.4.1. Accuracy of Small Volumes

Measuring small volumes (e.g., bolus IV injections, oral liquids, low rate IV infusions) with
sufficient accuracy can be problematic if routinely available administration devices such as oral/enteral
syringes and injection syringes are to be used [40]. Using a liquid product with a concentration
designed to administer standard volumes to adults or older children may mean that volumes of 0.1 mL
or less might be required for neonates [39,40,135–139]. This issue can be even more acute if clinical
practice standardises on a single oral/enteral syringe design rather than using any specific device that
may be provided by the manufacturer. To mitigate this issue, formulators should ensure that they
develop the right product strength(s) so that there is no need to measure small volumes, especially that
no volume is less than 0.1 mL and at the same time, the strength allows to cover body weights from
0.5 kg to 5 kg (a 10-fold range).

Calculating the required dose volume may be difficult, and dilution steps may add to calculation
errors and be undertaken in an unsuitable environment. Decimal fractions involving hundredths of a
mL can be confusing.

For injections the volume presented in a container should not be greater than ten times the dose
for the smallest child and for drugs given by other routes of administration the risks of miscalculation
or inaccurate measurement should be risk assessed and steps taken to reduce the risk [20].

It would be helpful if the device industry could develop administration devices that can accurately
measure and reproducibly deliver very small volumes.

2.4.2. Enteral Tubes Administration

Neonates may require enteral feeding tubes to allow safe administration of enteral feeds, fluids
and medicines. Older children with swallowing difficulties (sometimes related to administration
of medicines only [140]) may have enteral feeding tubes inserted at different sites in the upper
gastrointestinal tract for the long-term administration of food, fluids and medicines. The likelihood of
administration via an enteral tube is one of the factors that will determine the investigations required
to demonstrate that the drug preparation can be delivered effectively via the tube and without adverse
effects. The flush volume required to ensure the whole dose is delivered must be carefully considered in
relation to fluid requirements. If the product is likely to be administered via an enteral (e.g., nasogastric,
nasojejunal) tube, issues such as viscosity of formulation (to permit flow of the product through
neonatal tubes [e.g., 6FR/8FR] and avoid blockage), size of particles, adsorption to commonly used
enteral tubes and interaction with common formula/breast milk should be investigated [20]. A recent
Q&A has been produced by the Quality Working Party of EMA and sets out the potential problems
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of administration of medicines through an enteral tube and the steps to be taken to investigate and
minimise them [141].

2.4.3. Parenteral Catheters and Administration Sets

An important formulation development consideration is to assess the risk of interactions between
certain drugs and the materials of the devices used to administer them. Neonatal catheters and
cannulas can be made of a variety of different materials including silicone, polyurethane, polyvinyl
chloride and polyethylene [142]. Other components of the administration set may well be constructed
from a different polymer to that of the catheter being used. Thus, the nature of the incompatibility may
be complex. For this reason, the formulator should be aware of the composition of medical devices
and potential incompatibilities.

The most commonly observed interactions are chemisorption, mechanical trapping of drug
molecules onto or within the device and leaching. The occurrence of an interaction depends on the
chemical nature of a drug and of the device material [143], the number of binding sites on the material’s
surface (surface area, device dimensions) [143], the drug concentration [144], and the time of contact
between the drug and the material’s surface which is influenced by the flow rate and the length and
diameter of any tubing. The pH of the formulation may influence binding by changing the ionisation
state of the API and any binding sites on the material of construction of the administration device.
It is also important to consider any physical entrapment due to sharp bends in the tubing or via
in-line filters. In the latter case, the pore size and material of construction could be important. Where
medications are used at low neonatal concentrations, the loss due to interactions may be relatively
significant [104]. A well-studied example is insulin [143,145–147]. Insulin adsorbs to glass and plastic
polymers, binding more strongly at low flow rates to polyvinyl chloride (PVC) than to polyethylene
(PE) tubing [143]. The opioid analgesic fentanyl and some benzodiazepines (diazepam, clonazepam)
used in neonatal population for sedation and seizure control have been shown to interact with PVC IV
lines and bags whilst there was no interaction with PE [144,147].

Another issue to consider here is that of the potential risk posed by extractables and leachables
from any polymeric components. This issue is not restricted to parenteral delivery but may be
expected to have a significant impact in this patient group. Leachables may be an issue not only for
administration sets but also for primary, secondary and tertiary packaging. Table 3 below shows the
likelihood of packaging component interactions.

Table 3. Assessment of drug product leachables associated with pharmaceutical packaging/delivery
systems (modified from “FDA/CDER/CBER risk-based approach to consideration of leachables”
(USP—General chapter <1664>) [148]).

Degree of Concern
Associated with the Route of

Administration
Likelihood of Packaging Component–Dosage Form Interaction

High Medium Low

Highest Inhalation aerosol and spray
Injections and injectable
suspensions, inhalation
solution

Sterile powders and powders
for injection, inhalation
powders

High Transdermal ointment and
patches

Ophthalmic solutions and
suspension, nasal aerosol and
spray

Low

Topic solutions and
suspensions, topical and
lingual aerosol, oral solutions
and suspensions

Oral tablets and oral (hard and
soft gelatin) capsules, topical
powders, oral powders

Term (and to an even greater extent preterm) neonates are at higher risk of increased sensitivity to
toxicants due to their organ immaturity and altered metabolic function [149]. This should be taken into
account when establishing the safety threshold of any extractables and leachables. Official guidance
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on how to do this is available [150]. This includes the calculation of ‘safety factors’ for neonates and
children but does not cover preterm infants.

With the advent of ever more sensitive analytical techniques, the number of compounds that may
need to be evaluated, albeit at trace levels, makes this aspect of product development very challenging.
It can, however, have significant effects in clinical practice.

As an example, some drugs, such as amiodarone and etoposide and some formulation excipients,
such as those used in lipid emulsions, are known as leaching promoters [104,151]. Diethylhexyl
phthalate (DEHP) is a plasticiser that is commonly used in PVC polymers that may be used in
administration sets [152]. Animal studies have shown that high levels of phthalates may cause a
range of issues in animals, including cancers, endocrine disruption and kidney injury [153]. The US
Department of Health and Human Services issued a report in 2006 in which the risks of DEHP to human
reproductive and development was evaluated [154]. In the report, neonatal patients and in particular
pre-term neonates were highlighted by the FDA and the European Commission as being particularly at
risk of exposure to levels of DEHP where there may be toxicological concerns [155]. However, DEHP
free administration sets may not always be readily available. Lala et al. have described a case where an
urgent need for an IV amiodarone infusion (which was infrequently used by their unit) was delayed
several hours whilst attempts were made to source DEHP free components to adapt administration
apparatus to avoid leaching of DEHP [104].

2.4.4. IV Polypharmacy

Patients cared for in intensive care units frequently require multiple IV infusions and present with
limited vascular access. To avoid mixing different drug solutions in one IV container and to reduce
the contact time between these drugs Y-site, T- or multi-lumen connectors are used to separate drug
administration [31,156,157]. Some examples are shown in Figure 3 below.

Figure 3. Different types of connectors (adapted from IV Sets and Access Devices Product Catalog—B.
Braun Medical Inc., effective August 2017).

In practice, multi-lumen and y-site connectors are often used to simultaneously deliver multiple
compatible drugs through one port of entry. The use of these devices can allow for multiple drug
infusions to converge and be administered through a single venous port, if compatibility studies
are available. This is illustrated in Figure 4. However, the optimum geometry, effect of mixing,
flow resistance and risk of inadvertent boluses due to drug flow through these parts have not yet been
sufficiently studied and compared.
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Figure 4. Example of venous access and multiple drug administration devices.

2.4.5. Inhalation Devices

The device used is an integral part of dose delivery of respiratory medicines, and hence, devices
have been discussed to a significant extent under the respiratory product development section.
Metered dose inhalers (MDI) need to be assessed for the safety of any extractables and leachables,
e.g., from polymeric components of valves used in MDI. Aqueous formulations present less of a risk.
Nevertheless, there have been some notable innovations in the use of devices to aid drug delivery in
unusual settings such as the delivery of aerosolised therapy to a sleeping infant (Figure 5) and around
device development [158,159].

 

Figure 5. Photograph illustrating the method of aerosol administration to a sleeping infant showing
the Respimat inhaler, InspiraChamber and SootherMask. (reproduced from [160] with permission from
BMJ Publishing Group Ltd.).

2.5. Biopharmaceutical Considerations

The rate and extent of absorption, distribution, metabolism and excretion of drugs in children are
different from that encountered in adults with the greatest differences from the adult being observed in
neonates [161]. The impact of a number of biopharmaceutics factors on product development has been
discussed inter alia during the discussion about the development of products for the various routes
of administration.
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Rectal absorption in full-term neonates has been reported as excellent. Intrarectal pH was shown
to be significantly lower in neonates (6.5) compared with infants (6.9), and illness had no effect [162].
Neonates’ erratic absorption seems to be the limiting factor for wider use [36].

When medicines are administered via inhalation, breathing patterns can have an effect on the
bioavailability and crying (which is more prevalent in neonates compared to adults) can reduce the
amount of dose absorbed.

The skin barrier may not be fully formed in preterm infants, there are changes in the type and
proportion of lipids present, and the development of ancillary skin structures such as sweat ducts
and hair follicles differs to that of the skin of a term neonate. Skin may also be thin, fragile, hydrated
and prone to occlusion. This has implications for potential toxicity of APIs and formulations usually
delivered for a localised effect via the topical route.

Altered or reduced distribution is likely via most parenteral routes.
A recent review describes these differences in detail [13], the most relevant information has been

extracted and is presented in Table 4.

Table 4. Summary of differences between neonatal and adult physiology that affect
absorption/distribution of drugs (extracted from [13]).

Route of
Administration

Impact on
Absorption/Distribution

Reasons

Oral Altered absorption Neonatal pH is elevated in the stomach (increased for
basic drugs and reduced for acidic drugs)
Immature ontogeny of transporter expression

Reduced absorption Slower gastric emptying
Reduced relative surface area in the intestine

Increased absorption Slower intestinal transit
Reduced intestinal P-glycoprotein expression

Rectal Decreased surface area Reduced relative surface area of rectum
Respiratory Decreased absorption Immature lung branching and development

Reduced lung capacity and inspiratory flow
Nasal No data shown Potential for irritation in the nasal mucosa in neonates
Dermal and transdermal Increased absorption Higher BSA/kg ratio

Thinner stratum cornea layer
More hydrated stratum corneum
Higher relative surface area to bodyweight

IV Reduced distribution Reduced blood volume
Intramuscular Reduced distribution Reduced muscle mass

Altered distribution Variable muscle blood flow
Subcutaneous Reduced distribution Reduced subcutaneous fat

The gastrointestinal environment is very different in neonates compared to adults due to the
ontogeny of transporters, pH and permeability of the intestinal wall [6,13,163–165]. Furthermore,
the impact of feeding on drug absorption needs to be considered due to the very different feeding
pattern in neonates as well as the co-administration of medicines with foods to improve acceptance
and palatability [166,167]. In neonates and infants, attention has been paid to the mixing of medicines
with liquid feeds due to the impact on the osmolality of the resulting fluid which may affect GI
transit [168,169] although the actual physiological impact is still unclear [170].

Many medicines are mixed with food to improve palatability, yet the impact of this mixing
on the absorption of the drug is unknown [171]. The dissolution of drug products in breast and
formula milk has been evaluated in vitro to identify whether any effects can be predicted [172]. Other
paediatric-relevant dissolution testing systems have also been introduced [173] as well as media that
represents the gastric and intestinal fluid from children [163].

Doses used in paediatric populations are often derived from weight-based and surface-area-based
dosing equations that are often based on adult data and then scaled based on size and age as an
approximation for drug activity in children. However, paediatric growth and development is not a
linear process, and there are risks associated with simple scaling to determine doses to use in neonates.
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Comprehensive physiologically based pharmacokinetic modelling (PBPK) systems have been
introduced that replicate the known parameters of the paediatric GI tract to better predict oral
dosing [174–182]. However, the major limitation in both in vitro and in silico models is the lack of
accurate knowledge about the neonatal and infant intestinal parameters [178,183,184]. These models
have focused on oral absorption to date, and there is a need to develop appropriate tools for other
routes of drug administration in neonates.

Clinical examples of differences in absorption in neonates compared to adults are scarce. Recent
work suggested that the processes underlying changes in oral drug absorption rate typically reach
adult levels within one week of birth [35].

2.6. Regulatory Challenges

Useful background information on the European Paediatric Regulation, together with progress
reports, is published by the European Commission [7,185]. The US FDA has a similar regulatory
framework and many other countries model their approach to the assessment of products on these two
sets of regulations [186]. The clarity that these regulations and associated guidelines have provided has
advanced the number of new medicines that are available for children. However, the 2017 review of
10 years of the implementation of the European regulations shows there is still a long way to go [185].

Many of the medicines used for neonates have only been developed and authorised for adults
and older children. That is, they are used off-label. They may sometimes have been studied extensively
perhaps ‘in-house’, but information has often been gathered and published by academia and never
submitted by the pharmaceutical industry to regulatory scrutiny [187,188]. Frequently the dosage
form that is authorised is not acceptable for neonates or younger children and must be modified for
administration via an extemporaneous preparation by the pharmacist or manipulation at the point of
administration such as splitting or crushing a solid oral dosage form [189]. Modification of the dosage
form may generate an ‘unlicensed’ medicine with attendant uncertainty and risks. Although there is a
strong drive to develop licensed medicines for all paediatric subpopulations, as noted throughout this
paper this can be extremely challenging for neonates and in some cases industry verified manipulations
can provide some increased level of assurance of suitability for use in the interim before a suitable
neonate formulation can be licensed [188].

Whilst regulation demands a paediatric investigation plan (PIP) for all new medicines, this does
not apply to long-established molecules. There are incentives to study and seek authorisation for
age-appropriate dosage forms of off-patent medicines used by children (the Paediatric-Use Marketing
Authorisation (PUMA) [190]), but it has not been considered successful in providing the medicines
required. The incentives do not appear to be enough to balance the cost of development studies,
and despite the acknowledged benefits of using a licensed product, the inevitable cost of such medicines
can limit market entry. Enforcement of the use of licensed medicines appears not to be systematic and
unlicensed medicines continue to be used.

Since it appears that extemporaneous modification is likely to persist the European Directorate
for the Quality of Medicines (EDQM) is establishing a formulary of paediatric medicines prepared
extemporaneously. As of January 2019, two monographs are available for public consultation.
This seeks to improve access to medicines of demonstrable quality when suitable marketed products
are not available [191].

3. Burden of Proof

Given all the product, environmental, biopharmaceutics, dose delivery and device factors
discussed above, along with the multiplicity of different practices in the clinical setting based upon
the age of the neonate, their stage of development and their clinical need, the potential number of
pharmaceutical development studies and in particular the compatibility and stability studies are
huge. There is a complex matrix of confounding factors such as polypharmacy/coadministrations,
low or high concentrations, long residence time and high risk of adsorption to the medical devices
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used for the administration, e.g., tubing, extractables and leachables assessment, interaction with
packaging and unique environmental conditions many of which either alone or in combination can
lead to unfavourable clinical outcomes.

The principal aim of a formulator is to design a formulation that provides the intended efficacy
for the target patients, ensuring a safe and robust quality profile for the final drug product. However,
it would perhaps be unrealistic to test every possible combination. Although this is part of current
practices of drug product development, it is important in the context of neonates to reinstate that
product developers provide evidence and advice that will cover the majority of anticipated use cases
covering both what is acceptable and what is contraindicated from a product quality, safety and efficacy
point of view. A lot of this advice can be extrapolated from studies performed for other paediatric
subpopulations or adults. However, specific pharmaceutical development studies taking into account
the specific requirements of neonates may well be required.

If clinical practice demands that manipulation of formulations or co-dosing etc. that is outside
the range of studies performed by the product developer or reported and justified in the literature,
then it is the responsibility of the team treating that patient to consider the wisdom of the proposed
action. Clearly the pharmacist supporting that team can be of significant importance in evaluating the
product quality aspects. The level of practical work supporting those decisions will depend on the
circumstances. Thus a ‘one off’ intervention may perhaps be supported on a risk/benefit judgement
based on general medical and pharmaceutical principles. If the intervention is used more frequently,
then the pharmacy should undertake and publish appropriate compatibility and stability studies. If the
intervention is to become commonplace, then formal studies perhaps in association with the original
product developer and/or academia will be warranted.

It is essential to assign to appropriate shelf life and/or in-use period for the final product under
specific storage conditions (i.e., temperature, humidity and light). Conditions in the NICU may, in fact,
represent the best case-controlled environment for the delivery of medications to neonate and drug
formulators should investigate other environments in which uncontrolled environmental conditions
may present challenges not seen in the NICU. It is vital to demonstrate the in-use usability of the
entire product including storage requirements in the likely use environment, access to the packaging,
reconstitution procedure, dose measurement, suitability and ease of use of any device required, clarity
of instructions. All these factors can/should be assessed in a simulated use evaluation supervised by
clinical and/or pharmacy staff using a representative sample of professional staff (i.e., nurse, physician,
pharmacy technicians) and where relevant non-professional carers such as parents and guardians.
With the increased involvement of staff and carers in the treatment of neonates, evaluation of the role
of human factors could be particularly relevant during development.

Studies should aim to mirror clinical practice where possible bearing in mind that the needs for
each neonate could vary significantly and might require customized treatment regimens, especially as
new treatments become available. Usability study should also include the stability of the formulation
over the extended “worst case” time periods being cognisant of regulatory policies on microbiological
stability. Limited venous access in neonates can in clinical practice result in little choice but to
co-administer drugs. Formulators should be aware of this potential and should extend stability studies
to examine Y-site stability of co-administered drugs and also TPN [109,157].

4. Conclusions

Development of medicines is challenging per se, and this is even more relevant in the development
of medicines for children, let alone preterm babies and neonates. When those children have such rapidly
changing physiology and biopharmaceutical characteristics accompanied by critical clinical conditions
and requirements, such as is the case for neonates (and in particular preterm neonates), then product
development is very challenging. Neonates are still ‘therapeutic orphans’ in terms of access to
appropriate drugs and formulations that have been studied and approved by regulators. To design
an appropriate formulation for neonates, it is important to understand their physiological status,

162



Int. J. Mol. Sci. 2019, 20, 2688

development and care environment as well as methods of drug administration and the limitations
these factors place on formulation development. Given that neonates will usually form a very small
fraction of the population that might benefit from a drug, there may be other constraints that limit the
ability to provide unique neonatal formulations. A good understanding of the various constraints
will allow the formulator to provide for neonates whilst having due regard for the needs of the older
population. If the neonate is considered early in the formulation design process, some delays in clinical
trials in this population may be avoided.

In recent years, great strides have been made in understanding physiological development in
paediatrics in general and neonates in particular. Nonetheless, it is clear that as yet some fundamental
information is not available to inform the pharmaceutical development process. For example, further
research is needed on the safety of excipients in this population, the development of the CNS and in
particular the effect of API and excipients on the maturation of the BBB, the robustness of the skin
barrier. The maturation of drug elimination processes and the effect of a rapidly changing fat/lean
ratio on drug distribution. Guidance is also needed on compatibility studies that are required and/or
desirable in the light of the polypharmacy that is common in the treatment of neonates. Finally,
the place of oral therapy with minitablets needs clarification. Further research in these areas will help
inform even better product development for this patient group.

Nevertheless, this review has provided information, advice and guidance on factors for the
product developer and, in particular, the formulator when seeking to meet the requirements of this
highly vulnerable patient group. In general, guidance is given for what is required for treatment in
ICU settings but where possible, we have set that in the context of paediatric product development as
a whole.
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Abstract: Autoinflammatory diseases (AIDs) are heterogeneous disorders characterized by dysregulation
in the inflammasome, a large intracellular multiprotein platform, leading to overproduction of
interleukin-1(IL-1)β that plays a predominant pathogenic role in such diseases. Appropriate treatment is
crucial, also considering that AIDs may persist into adulthood with negative consequences on patients’
quality of life. IL-1β blockade results in a sustained reduction of disease severity in most AIDs. A growing
experience with the human IL-1 receptor antagonist, Anakinra (ANA), and the monoclonal anti IL-1β
antibody, Canakinumab (CANA), has also been engendered, highlighting their efficacy upon protean
clinical manifestations of AIDs. Safety and tolerability have been confirmed by several clinical trials and
observational studies on both large and small cohorts of AID patients. The same treatment has been
proposed in refractory Kawasaki disease, an acute inflammatory vasculitis occurring in children before
5 years, which has been postulated to be autoinflammatory for its phenotypical and immunological
similarity with systemic juvenile idiopathic arthritis. Nevertheless, minor concerns about IL-1 antagonists
have been raised regarding their employment in children, and the development of novel pharmacological
formulations is aimed at minimizing side effects that may affect adherence to treatment. The present
review summarizes current findings on the efficacy, safety, and tolerability of ANA and CANA for
treatment of AIDs and Kawasaki vasculitis with a specific focus on the pediatric setting.

Keywords: Interleukin-1; anakinra; canakinumab; innovative biotechnologies; autoinflammatory disease;
Kawasaki disease; systemic juvenile idiopathic arthritis; personalized medicine; child; pediatrics
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1. Introduction

Autoinflammatory diseases (AIDs) are a heterogeneous group of monogenic and multifactorial
diseases characterized by recurrent or chronic inflammation caused by dysregulation of the innate
immune system [1,2]. Most of these disorders have an early onset, ranging from the first h to the first
decade of life. However, due to their rarity, a diagnostic delay is frequently observed [3]. The main
subgroup of AIDs includes different hereditary periodic fever syndromes, such as cryopyrin-associated
periodic syndrome (CAPS), tumor necrosis factor receptor-associated periodic fever syndrome
(TRAPS), hyperimmunoglobulin D syndrome/mevalonate kinase deficiency (HIDS/MKD), and familial
Mediterranean fever (FMF) [2]. These conditions follow an autosomal dominant (CAPS and TRAPS) or
recessive (HIDS/MKD and FMF) hereditary pattern and share a common clinical background marked
by recurrent fever attacks and inflammation involving different sites, such as skin, serosal membranes,
joints, gastrointestinal tract, or central nervous system [4,5]. AA amyloidosis is their most serious
complication in the long-term, with an overall prevalence ranging from 2% to 25% of cases [6]. Many
multifactorial disorders manifest with the same clinical features observed in inherited AIDs and even
share the same pathogenic pathway [7]. In this regard, recurrent fevers with arthritis and cutaneous
rashes are also typical features of systemic juvenile idiopathic arthritis (SJIA), which has been classified
up to now as a category of juvenile idiopathic arthritis, the most common rheumatic disease in
childhood. SJIA can lead to growth retardation, osteoporosis, and life-threatening complications, such
as macrophage activation syndrome (MAS), and is now considered an autoinflammatory condition [8,9].
Recently, an autoinflammatory origin has also been suggested for Kawasaki disease (KD), an acute
self-limited systemic vasculitis usually occurring in children before 5 years and involving medium-sized
vessels, especially coronary arteries, which represents the first cause of childhood-acquired heart
disease in developed countries [10]. Irrespective of the specific underlying pathways, these syndromes
are characterized by an overproduction of interleukin (IL)-1, which initiates the inflammatory cascade
and leads to tissue damage of variable degrees. Therefore, appropriate and effective treatment is
crucial, considering that these conditions may persist into adulthood with negative consequences on
both the patient’s future health and quality of life [11]. Monotherapy blocking IL-1 activity results in a
sustained reduction of disease severity, but chronic treatment is often required to control inflammatory
flares for the lifetime and prevent long-term complications. Therefore, monitoring the safety profile
and tolerability of therapy in children affected by these disorders is of paramount importance since it
may affect adherence to treatment and overall clinical efficacy. In this work, we aimed at providing
current findings on the efficacy, safety, and tolerability of Anakinra (ANA) and Canakinumab (CANA)
for treatment of AIDs and Kawasaki vasculitis with a specific focus on the pediatric setting.

2. IL-1 Blockade in Autoinflammatory Diseases

The IL-1 family includes key cytokines involved in the innate immune response as well as
in the mechanisms of fever and inflammation [12,13]. Namely, IL-1 induces the synthesis of major
inflammatory mediators, such as cyclooxygenase type 2 (COX-2), type 2 phospholipase A, and inducible
nitric oxide synthase, which in turn account for the production of prostaglandin-E2, platelet activating
factor, and nitric oxide [12]. The two major cytokines, IL-1α and IL-1β, exert their pro-inflammatory
effects by binding the IL-1 family receptors, which are characterized by the presence of the Toll-IL-1
receptor (TIR) domain in the cytoplasmic portion [14,15]. In physiological conditions, both IL-1α
and IL-1β bind to type 1 IL-1 receptor (IL-1R1) and to the adaptor protein, IL-1RAcP, in order to
trigger signal transduction [16]. On the contrary, the IL-1 receptor antagonist (IL-1RA) is a competitive
inhibitor that prevents IL-1α and IL-1β from interacting with the IL-1 receptor 1 (IL-1R1). Much less is
instead known about the type 2 IL-1 receptor (IL-1R2), a decoy receptor for IL-1β, lacking a cytoplasmic
domain, which does not have a signal role, but rather sequesters IL-1β [17]. Most AIDs are caused by
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a lacking regulation in the inflammasome, a large intracellular multiprotein platform, leading to an
overproduction of IL-1β that plays a predominant pathogenic role in such disorders [18].

Four biologic drugs blocking IL-1 are currently available [19,20]. Of them, ANA and CANA
have been approved for clinical use in Europe, whereas the soluble decoy IL-1-receptor, rilonacept,
and the human-engineered monoclonal anti-IL-1β, gevokizumab, are not authorized in European
countries. ANA is a human IL-1 receptor antagonist that acts by competitively inhibiting the binding
of IL-1 with the IL-1 type 1 receptor [21]. ANA (Kineret®) is currently approved for the treatment of
rheumatoid arthritis (RA), CAPS, and Still’s disease [21]. In adult, adolescent, and pediatric patients
aged 8 months or older affected by CAPS, ANA is administered at the starting dose of 1 to 2 mg/kg/day
by subcutaneous (s.c.) injection. For the maintenance of response, a regimen of 1 to 2 mg/kg/day is
indicated in the case of a milder disease, whereas in more severe cases, the usual maintenance dose is 3
to 4 mg/kg/day, which can be adjusted to a maximum of 8 mg/kg/day [21]. The absolute bioavailability
of ANA after 70 mg s.c. injection in healthy subjects is around 95%. In RA patients, maximum plasma
concentrations of ANA have been reported at 3 to 7 h after s.c. administration (1 to 2 mg/kg), whereas
the half-life ranges from 4 to 6 h. The clearance of ANA is mainly mediated by the kidney, and
increases along with creatinine clearance [21]. In children with CAPS, the pharmacokinetics of ANA
is significantly influenced by body weight [22]. On the other hand, CANA is a human monoclonal
antibody that specifically binds IL-1β, blocking its interaction with IL-1 receptor and preventing the
consequent inflammatory response [23]. CANA (Ilaris®) is currently approved for the treatment of
periodic fever syndromes in adults, adolescents, and children aged at least 2 years, including CAPS,
TRAPS, FMF, and HIDS/MKD, as well as in the treatment of Still’s disease and gouty arthritis [23].
The recommended starting dose of CANA in adults, adolescents, and children aged 2 years (and older)
is 150 mg for patients with body weight > 40 kg and 2 mg/kg for patients with body weight ≥ 7.5 kg
and ≤ 40 kg. CANA is administered every four weeks as a single dose via s.c. injection. In CAPS
children aged 2 to 4 years with body weight ≥ 7.5 kg and in adolescents and children older than 4 years
with body weight between 7.5 and 15 kg, the starting dose of CANA is 4 mg/kg. In patients with body
weight between 15 kg and 40 kg, the indicated starting dose is 2 mg/kg, whereas in patients weighing
more than 40 kg CANA should be initially administered at the dose of 150 mg [23]. CANA should be
administered every 8 weeks, as a single dose via s.c. injection. Maintenance dose should be defined
based on the initial response [23]. In adults, the peak of serum CANA concentration (Cmax) occurs
approximately 7 days after a single s.c. administration of 150 mg, whereas the mean half-life is around
26 days. The absolute bioavailability of CANA is estimated to be 66%. Body weight significantly
influences both CANA distribution and elimination [23]. In very young children, a modest increase in
the turnover rate of IL-1β has been observed. In pediatric patients, no age-related variations of CANA
clearance and volume of distribution can be found after correction for body weight [24]. A schematic
representation of IL-1 inhibition with CANA and ANA is depicted in Figure 1.
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Figure 1. Strategies for IL-1 blockade with Anakinra and Canakinumab. (A) Interleukin (IL)-1 binds to
type 1 IL-1 receptor (IL-1R1) and to the adaptor protein, IL-1RAcP, in order to trigger signal transduction.
(B) The recombinant human IL-1R1 antagonist, Anakinra, directly competes with IL-1 for binding
to the IL-1R1, blocking the biological activity of IL-1. (C) The human monoclonal IgG1 antibody,
Canakinumab, selectively neutralizes IL-1β and inhibits its binding to the IL-1 receptor.

3. Cryopyrin-Associated Periodic Syndrome

CAPS includes a spectrum of apparently distinct inflammatory disorders of increasing
severity: Familial cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and
chronic infantile neurological, cutaneous, articular (CINCA) syndrome/neonatal-onset multisystem
inflammatory disease (NOMID), all caused by mutations in NLRP3, the gene encoding cryopyrin,
a component of the IL-1 inflammasome that regulates the production of IL-1β [25]. Therapeutic
strategies specifically aimed at blocking IL-1 have been widely evaluated in CAPS patients (Table 1).
Namely, the efficacy and safety profile of CANA in CAPS have been extensively assessed, both in
clinical trials as well as in the real clinical practice. In a 48-week double-blind placebo-controlled
randomized withdrawal study, the use of CANA (administered s.c. at the dose of 150 mg or 2 mg/kg
for patients weighing 40 kg or less) every 8 weeks was evaluated in a cohort of 35 CAPS patients [26].
Namely, 4 patients were aged 4 to 16 years, whereas the remaining 31 patients were aged 17 to
75 years. Of them, 26 had history of a previous anti-IL1 treatment. A single dose of CANA accounted
for complete response in 34 patients (97%); of note, CAPS symptoms significantly improved within
24 h in patients who had a response. Regarding patients entering the double-blind phase, all the
15 patients continuing CANA treatment remained in remission, whereas 81% of patients (13/16) in
the placebo group had a disease flare, after a median time of 100 days from the start of placebo. As
for safety, the proportion of patients experiencing at least one adverse event ranged from 77% in the
third phase of the study to 100% in the second phase. Interestingly, during the same phase, adverse
events were also recorded in 88% of patients treated with placebo. Most frequent adverse events
included nasopharyngitis, rhinitis, diarrhea, nausea, influenza, bronchitis, headache, and vertigo.
Overall, 9 patients experienced serious adverse events. There were no reports of severe injection-site
reactions. Furthermore, no safety issues emerged regarding blood monitoring and urinalysis. In a
phase II open-label study on 7 pediatric patients with CAPS (5 children with MWS and 2 adolescents
with NOMID) [27], CANA (2 mg/kg s.c. for patients weighing ≤ 40 kg or 150 mg s.c. for patients
weighing > 40 kg) led to a complete response within 7 days after the first dose in all cases. According
to physicians’ assessments, a relevant improvement in symptoms occurred within 24 h after the first
dose. Six patients were retreated on relapse, and 4 achieved a second complete response within 7 days
following retreatment. CANA was generally well tolerated. Only one severe adverse event (vertigo)
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was reported. Most frequent adverse events were upper respiratory tract infection (n = 5), rash (n = 4),
pharyngitis (n = 3), nasopharyngitis (n = 3), and vomiting (n = 3). In another open-label multicentre
phase III study conducted on 109 CANA-naïve adult and pediatric patients and 57 patients with
previous history of CANA treatment, CANA was administered at the dose of 150 mg or 2 mg/kg
every 8 weeks for up to 2 years [28]. Among CANA-naïve patients, complete response was achieved
in 85 cases (78%), 79 of which occurred within the first 8 days of treatment. The other 23 patients
who did not achieve complete response showed variable disease improvement. Data of the relapse
assessment were available for 141 patients; 90% of them did not relapse, whereas 14 had a clinical
relapse on at least one occasion. Overall, the median duration of treatment was 414 days (29–687 days)
for the entire cohort, and 290 days (29–625 days) for pediatric patients. In order to control disease,
higher doses were required in pediatric cases (≤ 40 kg) compared with adults, and in patients with
NOMID compared with other phenotypes. Overall, 40 patients needed dose (or dose frequency)
adjustments to control the disease. Overall, 90.4% of patients (n = 150) experienced at least one adverse
event. Most frequent adverse events included headache (n = 34), rhinitis (n = 27), arthralgia (n = 24),
bronchitis (n = 18), diarrhea (n = 18), and upper respiratory tract infections (n = 17). Eighteen patients
experienced at least one severe adverse event. In the pediatric cohort, six serious adverse events
were reported, related to tonsillitis (n = 3), severe intra-abdominal abscess following appendicitis,
severe bronchitis, and pneumonia. In a double-blind placebo-controlled randomized withdrawal study
by Koné-Paut et al. [29], 35 CAPS patients (of whom 5 were pediatric) received CANA 150 mg s.c.
every 8 weeks. According to the study protocol, a double-blind placebo-controlled withdrawal phase
was performed from week 9 to 24, whereas in the open-label phase from week 24 to 48 all patients
resumed CANA. On day 8, 89% of patients had minimal or no disease activity. By day 8, clinical
response was associated with a decrease of inflammatory markers, and considerable improvement in all
36-item Short-Form Health Survey (SF-36) domain scores. Response was sustained in patients treated
with 8-weekly CANA, whereas it was rapidly lost during the placebo-controlled phase in patients
receiving placebo and regained following CANA resumption. The 48-week treatment with CANA
was generally well tolerated. Only two patients experienced serious adverse events. Namely, one
patient had recurrent antibiotic-resistant lower urinary tract infection and sepsis, which required
CANA discontinuation; vertigo and increased intraocular pressure, acute glaucoma, and unilateral
blindness (complications of CAPS) were observed in the second patient. In an open-label study on
19 Japanese patients aged 2 to 48 years affected by NOMID (n = 12) or MWS (n = 7), CANA was
administered every 8 weeks for 24 weeks, at the dose of 150 mg s.c. or 2 mg/kg for patients with a body
weight over and under 40 kg, respectively [30]. Complete response was achieved in 18 out of 19 patients,
though with dose and/or frequency adjustments. At day 24, relapse occurred in four patients, whereas
one patient discontinued CANA before week 24. AID activity scores and inflammatory markers
significantly decreased following CANA treatment. Namely, mean C-reactive protein levels decreased
by 2.94 ± 2.99 mg/dL, dropping to 1.19 mg/dL at the end of the study compared to 4.52 mg/dL at
baseline. A similar trend was observed for serum amyloid-A (SAA) levels. Interestingly, anti-CANA
antibodies were detected in 3/19 patients, but the presence of these antibodies was not confirmed
in subsequent evaluations. As for the CANA safety profile, 18 patients (95%) experienced one or
more adverse events. Specifically, most common adverse events included nasopharyngitis (n = 7),
gastroenteritis (n = 6), upper respiratory tract infection (n = 3), and rhinorrhea (n = 3). Most adverse
events were mild, and only 3 were considered of moderate severity. Severe adverse events related to
diffuse vasculitis (n = 1) and pneumonia (n = 1) were also reported. Higher CANA doses (> 150 mg
or 2 mg/kg every 8 weeks) did not appear to be associated with a differential safety profile. In the
extension phase of this trial [31], both the efficacy and safety of CANA were evaluated over a 22
month-period. After 48 weeks of treatment, as well as at the end of the study period, all patients had
a complete response. All patients experienced at least one adverse event during the study, with the
most common event being upper respiratory tract infections (n = 14). Serious adverse events were
recorded in five patients, and included multiple infections, pneumonia, sinoatrial block, headache,
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asthma, and appendicitis. No permanent discontinuation of CANA due to adverse events was reported.
Regarding ANA, a 5-year prospective open-label cohort study evaluated the safety profile of ANA
in 43 CAPS patients (of whom 36 were children) [32]. The ANA starting dose ranged from 0.5 to
1.5 mg/kg/day, but was adjusted to 1.5 to 2.5 mg/kg/day during the follow-up period. The number of
adverse events reported during the 5-year study period was 1233, giving an overall reporting rate of
7.7 events per patient per year. Most frequent adverse events included headache (n = 21), arthralgia
(n = 18), and upper respiratory tract infections (n = 17). Serious adverse events occurred in 14 patients,
mostly within the first year of treatment and mostly related to infections. There were no deaths and all
adverse events resolved during the study period.
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We report below, distinctly, the most severe forms of CAPS, including CINCA/NOMID and MWS,
focusing on the main studies in which ANA and CANA were employed.

CINCA/NOMID represents the most severe form of CAPS and is characterized by the triad of
cutaneous urticarial-like rash, arthropathy, and central nervous system (CNS) involvement, in association
with typical dysmorphic features, including frontal bossing and saddle back nose. CNS manifestations
encompass chronic aseptic meningitis leading to brain atrophy and sensorineural hearing loss. Anti-IL-1
treatment represents the standard therapy for this condition. A trial by Goldbach-Mansky et al. evaluated
both the efficacy and safety of ANA (1 to 2 mg/kg s.c.) in 18 NOMID patients [33]. All patients had a
prompt clinical response to ANA. In detail, rash and conjunctivitis disappeared within three days and
all inflammatory markers, including SAA, rapidly dropped. After 3 months of treatment, 11 patients
underwent a withdrawal phase of a maximum of 7 days. Disease flare occurred in all except one
patient, after a median time of 5 days (2.5 to 7 days). ANA resumption was associated with a rapid
response, and improvements were maintained over the 6 month follow-up. As for specific CNS
response, ANA treatment was associated with a significant decrease from 0.5 to 0.1 (p < 0.001) in
the median daily headache scores (classified from 0 to 4 for increasing severity). In 12 patients in
whom cerebrospinal fluid was evaluated, intracranial pressure, protein levels, and white-cell counts
also decreased significantly. Furthermore, brain magnetic resonance imaging showed a relevant
improvement in cochlear and leptomeningeal lesions as compared with baseline. Adverse events
reported during ANA treatment included upper respiratory infections (n = 15), urinary tract infections
(n = 2), and dehydration from nonbacterial diarrhea requiring hospitalization (n = 1). Localized,
injection-site erythematous reactions were reported in eight cases. However, none of the patients
discontinued drug treatment. The use of ANA in NOMID is further supported by evidence coming
from four observational studies [43–45] as well as from different isolated experiences (see details in
Table 1).

In a 24-month open-label phase I/II study [34], six patients aged 11 to 34 years were treated
with CANA 150 mg (or 2 mg/kg in patients ≤ 40 kg) or 300 mg (or 4 mg/kg) with escalation up to
600 mg (or 8 mg/kg) every 4 weeks, after discontinuation of previous ANA treatment. CANA led
to a significant improvement in all patients, with four patients having inflammatory remission at
month 6. CNS remission was not achieved by any of the six patients. However, five patients had
a significant improvement in their headache diary scores, and the other patient had a normal CSF
leucocyte count, albeit showing a persistent headache. Overall, CANA was well tolerated. Only
one severe adverse event related to a methicillin-resistant Staphylococcus aureus abscess was recorded.
Twelve infection-related adverse events occurred in six patients.

MWS is a rare autosomal dominant disease belonging to the family of CAPS: Its manifestations
include urticaria-like rashes, arthralgia, progressive sensorineural deafness, episodic fever, and renal
amyloidosis. IL-1 inhibitors have been shown to be revolutionary in MWS [46]. The use of ANA in
MWS was evaluated in a single-center observational study on 12 patients (5 children and 7 adults)
with severe MWS [47] (see Table 1). After 2 weeks of treatment, a significant decrease in disease
activity was reported, leading to significant improvement of organ manifestations as well as improved
inflammatory parameters. Treatment was well tolerated, and no severe adverse events were reported.
In another single-center open-label prospective observational study on patients diagnosed with active
MWS between 2004 and 2008, ANA was started in five pediatric and seven adult patients, whereas
CANA was initiated in six children and eight adults [48]. Both treatments led to a significant reduction
of disease activity and inflammatory parameters. After a mean time of 12 months (range 5 to 14 months)
for ANA and 11 months (6 to 15 months) for CANA, disease remission was achieved in 75% and 93%
of patients, respectively. No detectable difference in treatment efficacy was found when comparing
anti-IL-1 naïve versus rollover patients (i.e., treated with CANA after ANA discontinuation). In the
ANA cohort, no serious adverse events were observed. Mild adverse events included injection-site
reactions in five patients and mild upper respiratory infections in four patients, respectively. In the
CANA cohort, vertigo occurred in one patient and required hospitalization. No injection-site reactions
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were observed. Other adverse events included mild upper respiratory tract symptoms in four patients
and transient headache in two patients. The use of ANA in MWS is further supported by evidence
deriving from five case reports [49–53].

4. Tumor Necrosis Factor Receptor-Associated Periodic Syndrome

TRAPS is the most frequent autosomal dominant autoinflammatory disorder, which is caused
by mutations in the TNFRSF1A gene, encoding the 55-kD type-1 receptor of tumor necrosis factor
(TNF)-α [54]. The average age at disease onset is around 3 years; however, adult onset has been
described up to the sixth decade of life. This disease is clinically characterized by recurrent episodes
of long-lasting fever and inflammation involving different organs, such as the skin, gastrointestinal
tract, serous membranes, joints, muscles, and eyes. Inflammatory attacks are initially responsive to
corticosteroids, but the progressive loss of response and recurrence of uncontrolled attacks is further
associated with the development of secondary amyloidosis [55]. As IL-1-mediated inflammation is
directly involved in the pathogenesis of this syndrome, anti-IL-1 treatments are gaining a relevant
role in the management of this disorder (Table 1) [56,57]. Namely, Gattorno et al. evaluated the use
of ANA in four children and one adult with TRAPS [37]: All patients had a rapid response to ANA,
with a disappearance of symptoms and normalization of inflammatory parameters, including SAA.
According to the study protocol, ANA was discontinued after 15 days of treatment. In all cases, a
disease relapse was observed, within a mean time of 6 days (range, 3 to 8 days), whereas reintroduction
of ANA was associated with a regain of disease control. Over a mean follow-up of 11 months, no fever
episodes as well as no disease-related clinical manifestations were observed. The only adverse events
reported were cutaneous reactions, including rash, pain, and itching, all occurring during the first
week of treatment. Use of CANA in TRAPS has been evaluated in an open-label phase II study on
20 patients aged 7 to 78 years, with active recurrent or chronic TRAPS [38]. CANA, at the dose of 150 mg
every 4 weeks for 4 months or 2 mg/kg for patients weighing 40 kg or less, induced clinical remission
(Physician’s Global Assessment score ≤ 1) and full or partial serological remission within day 15 in 95%
of patients (n = 19). Responses to CANA occurred rapidly, with a median time to clinical remission
of 4 days (3–8 days). Furthermore, a significant improvement in the quality of life was also reported.
According to the study protocol, CAN was withdrawn after 4 months of treatment: All patients relapsed
following CANA discontinuation after a median time of 91.5 days (range of 65 to 117 days). However,
CANA was well tolerated. All patients reported at least one adverse event, and most common events
were nasopharyngitis (n = 12), abdominal pain (n = 11), headache (n = 11), and oropharyngeal pain
(n = 10). Serious adverse events were reported in seven patients, and included pericarditis, abdominal
pain, diarrhea, intestinal obstruction, vomiting, upper respiratory tract infection, meniscus injury,
hypertriglyceridemia, and hyperkalemia. No significant changes in laboratory, clinical, and vital
parameters were reported, and no patients developed anti-drug antibodies.

5. Familial Mediterranean Fever

FMF is the most frequent autosomal recessive autoinflammatory disorder, characterized by
self-limited episodes of fever and polyserositis, which may also lead to long-term complications,
such as renal amyloidosis [58,59]. Although its pathogenesis is not fully understood, the MEFV gene
encodes mutant pyrins, crucial players in the regulation of innate immunity, which lead to uncontrolled
production of IL-1 [59]. Use of CANA in colchicine-resistant FMF (crFMF) is supported by three clinical
trials (Table 1). In the 6-month open-label, single-arm pilot study by Brik et al. [40], seven children
with crFMF were treated with subcutaneous injections of CANA at the dose of 2 mg/kg (maximum
150 mg), 4 weeks apart. Six patients experienced a reduction of 76% to 100% of FMF attacks, and
three did not experience any attacks during the treatment phase. After the last CANA injection, five
participants developed an attack, after a median time of 25 days (range of 5 to 34 days). Overall,
11 adverse events were reported in four patients, including two cases of infections. All adverse events
were mild, except a moderate streptococcal throat infection. No significant laboratory abnormalities
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and formation of neutralizing anti-CANA antibodies were reported. In another open-label trial on nine
adolescents and adults with crFMF [41], CANA accounted for a reduction of 50% or more in attack
frequency in all treated patients, with only one patient experiencing an attack during the treatment
period. Furthermore, following CANA administration, a significant improvement was observed in
both the physical and mental component assessed by SF-36. Following the last CANA injection,
five patients had an attack, after a median time of 71 days (range of 31 to 78 days). Eight patients (89%)
experienced one or more adverse events. Namely, the most frequent adverse events were headache
(n = 4), and respiratory tract infections. Other adverse events included, anxiety, hidradenitis, pruritus,
tooth infection, and vomiting, all reported in one case each. Effectiveness and safety of CANA in
crFMF is further supported by two long-term retrospective observational studies on 15 children [60]
and 14 adolescent or adult patients [61], respectively. On the other hand, the use of ANA in FMF is
mainly supported by observational evidence. In a study by Başaran et al. [62], eight children and
adolescents with crFMF were treated with ANA (1 mg/kg/day to 3 mg/kg/day). A switch to CANA
was required in four cases, due to noncompliance to daily injections in three cases and clinical and
laboratory worsening in one case. Overall, the use of anti-IL-1 drugs was beneficial to all patients,
both in terms of a reduction of attack frequency and normalization of inflammatory parameters. No
severe adverse events were reported, and only one patient experienced a local injection-site erythema
with ANA.

Yet, in another retrospective study by Cetin et al. [63] conducted on 20 patients with crFMF,
4 pediatric patients were treated with ANA or CAN (in two cases each). In two children treated with
ANA, the number of monthly attacks decreased from 4 to 0 in one case and from 1 to 0 in the other one.
ANA was continued for 12 and 7 months, respectively, and was still ongoing at the end of the study.
Similarly, CANA also accounted for a significant reduction both in the rate of monthly and annual
attacks. No adverse skin or allergic events was reported. Biopsy-proven amyloidosis was present in one
child treated with CANA, with a significant decrease of urinary protein excretion (from 25.6 mg/m2/h
to 12 mg/m2/h before versus after CANA treatment, respectively). In the retrospective study by
Özçakar et al. [64], three pediatric patients suffering from crFMF were treated with ANA and one case
with CAN. Three of them (two treated with ANA and one with CANA) had concomitant FMF-related
amyloidosis. Among the three patients treated with ANA, the occurrence of attacks was significantly
reduced. However, for the two patients with amyloidosis, one needed renal transplantation and the
other had end-stage renal disease. In the patient treated with CANA, the frequency of disease attacks
was significantly reduced (from 24 attacks/year to 0), and partial remission of nephrotic syndrome was
achieved. None of these patients experienced drug-related adverse events.

6. Hyperimmunoglobulin D Syndrome/Mevalonate Kinase Deficiency

HIDS/MKD is an autosomal recessive disorder caused by mutations in the gene encoding
the enzyme mevalonate kinase, directly involved in cholesterol and isoprenoid biosynthesis.
This autoinflammatory disease usually starts in the first year of life and is characterized by lifelong
recurrent fever episodes (every 4 to 6 weeks), typically lasting from 3 to 7 days [65,66]. The clinical
signs range from the milder HIDS to its most severe expression, named “mevalonic aciduria”. The most
frequent symptoms during febrile attacks, sometimes precipitated by vaccinations, infections, emotional
stress, trauma, or surgery, are abdominal pain, diarrhea, vomiting, arthralgia, lymphadenopathy,
heterogeneous skin lesions, and aphthous ulcers [4]. An increase in mevalonic acid and activation
of small GTPases result in IL-1 overexpression via caspase-1 activation. Therefore, short-term IL-1
blockade may be effective for stopping inflammatory attacks [2]. To date, two clinical trials have
evaluated the use of the IL-1 inhibitor, CANA, in this condition, whereas no controlled clinical trial on
ANA has been conducted (Table 1). Namely, in the open-label phase II study by Arostegui et al. [42],
CANA was administered subcutaneously at the dose of 300 mg (or 4 mg/kg for patients weighing≤ 40 kg)
every 6 weeks to six pediatric patients and three adults with active HIDS. In this cohort, the first CANA
injection led to good or excellent control of the disease, with a median time to disease resolution of
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3 days. Furthermore, CANA accounted for a significant reduction in the severity or disappearance of
HIDS features, including fever, lymphadenopathy, abdominal pain, and aphthous ulcers. According to
the study protocol, CANA was discontinued after 6 months. Seven out of nine patients experienced
a relapse following CANA discontinuation, the median time to relapse being 110 days (range of
62 to 196 days). As for its safety profile, all nine patients experienced at least one adverse event
during the study period, albeit only one was judged as drug-related (i.e., non-serious fungal vaginitis).
Overall, 98 adverse events (of whom 14 serious) were observed. Most frequent non-serious adverse
events were related to infections and required systemic antibiotics in most cases. As for serious
adverse events, 8 out of 14 events included acute peritonitis, anemia, bacteremia due to Streptococcus
pneumoniae, gastrointestinal bleeding, hypertensive crisis, pneumonia, and severe anemia, which
occurred in the same patient. Another patient was hospitalized due to hidradenitis suppurativa, and
one patient developed cellulitis in the left arm. No death was reported, and no patient required drug
discontinuation because of adverse events. Furthermore, no relevant change in clinical laboratory
parameters and vital signs was observed.

Use of ANA in the treatment of pediatric HIDS/MKD is supported only by observational evidence.
Specifically, two studies evaluated both the efficacy and safety of ANA for this condition. In the
prospective observational study by Bodar et al. [67], 11 patients with HIDS (4 pediatric patients aged 5
to 17) were treated with either continuous (n = 3) or on-demand (n = 8) ANA (starting at first symptoms
of an attack, 100 mg/day or 1 mg/kg/day for 5 to 7 days). In the two pediatric patients with mevalonic
aciduria, continuous ANA treatment induced partial remission only in one case, and no response in the
other one. Among the other nine patients, continuous ANA treatment induced complete remission, but
was further discontinued for safety reasons. Among the nine patients with on-demand therapy, ANA
induced a clinical response in 8 out of 12 attacks, but did not impact on its frequency. No major adverse
events were observed; local injection-site reactions as well as mild upper respiratory tract infections
were the only adverse events. Of note, treatment discontinuation was required in one patient. In the
cohort of 103 adult and pediatric HIDS patients investigated in the observational study by van der
Hilst et al., the use of ANA was reported in 11 cases: Among them, four achieved a good response to
treatment, three a partial response, whereas the remaining four had no response to therapy [68]. Use of
both ANA and CANA has been further evaluated in an observational study by Galeotti et al. [69]:
Eleven French adult and pediatric patients were treated with either ANA (n = 9) or CANA (n = 6,
of whom four following ANA treatment), reaching a complete and partial remission in four and seven
cases, respectively. Anti-IL-1 treatment was also associated with a decrease in a 12-item clinical score,
in the number of days with fever during attacks as well as in the level of inflammatory parameters.
Both drugs were well tolerated. During ANA treatment, four patients experienced injection-site
reactions, whereas shivers and hypothermia after the first injection and bacterial pneumonia were
reported in one patient each. As for CANA, adverse events included injection-site reaction (n = 1),
recurrent pharyngitis (n = 1), and transient hepatitis (n = 2, one of whom was without confirmation of
viral or autoimmune etiology). No alterations in hematological and urinary parameters were reported.
Yet, in a national Japanese survey conducted on 10 pediatric patients suffering from MKD, the use of
anti-IL-1 treatment was reported in two patients [70]: In both patients, initial ANA treatment accounted
for partial response, whereas a switch to CANA led to a complete response. During anti-IL-1 treatment,
transaminase elevation and arthritis were reported in one patient each.

7. Additional Evidence on IL-1 Inhibition in Autoinflammatory Diseases

Beside the above summarized evidence for specific AIDs, the use of anti-IL-1 has been evaluated
also in mixed cohorts of patients with different conditions.

A retrospective chart review by Ozen et al. evaluated the treatment pattern of 134 patients with
FMF (n = 49), TRAPS (n = 47), or HIDS/MKD (n = 38), highlighting the central role of anti-IL-1 agents
in the management of these conditions [71]. Similarly, data derived from the Eurofever Registry and
related to 496 patients with FMF, CAPS, TRAPS, MKD, pyogenic arthritis-pyoderma gangrenosum-acne

184



Int. J. Mol. Sci. 2019, 20, 1898

(PAPA) syndrome, deficiency of IL-1 receptor antagonist (DIRA), NLRP12-related autoinflammatory
disorder, and periodic fever-aphthosis-pharyngitis-adenitis (PFAPA) syndrome pointed out the key-role
of IL-1 blockade for DIRA and CAPS, as well as for cases of poorly controlled MKD, TRAPS, PAPA,
and crFMF [72]. According to an Italian study aimed at evaluating the use of IL-1 inhibitors among
475 patients (of whom 111 were aged 16 or less), 86% and 56% of all treatments with ANA and CANA,
respectively, were mainly related to adult onset Still’s disease (18.5%), SJIA (13.5%), Behçet’s disease
(9.7%), FMF (7.6%), idiopathic recurrent acute pericarditis (5.6%), and TRAPS (5.0%) in the ANA group,
and to Behçet’s disease (14.3%), TRAPS (13.3%), FMF (5.7%), and HIDS (3.8%) in the CANA one [73].

Efficacy and safety of ANA in patients with AIDs is further supported by the result of a French
nationwide survey on 189 patients [74]. On the other hand, damage caused by amyloid deposits in
AIDs seems not to improve with anti-IL 1 treatment [75].

In a recent clinical trial by De Benedetti et al. [36], 63 patients with crFMF (29 were children), 72
with MKD (54 children), and 46 with TRAPS (27 children) were randomized to receive CANA 150 mg
s.c. or placebo every 4 weeks, with an add-on injection of 150 mg of CANA in the case of no flare
resolution. At week 16, the proportion of patients with complete response was significantly higher
in the CANA group if compared with the placebo group: Sixty-one percent versus 6% for patients
with crFMF (p < 0.001), 35% versus 6% for MKD (p = 0.003), and 45% versus 8% for TRAPS (p = 0.006).
Considering also patients who required an increase in the CANA dose, a complete response was
achieved in 71% of patients with crFMF, in 57% of patients with MKD, and in 73% of those with
TRAPS. After 16 weeks, disease control was maintained in 46%, 23%, and 53% of patients with crFMF,
MKD, and TRAPS, respectively. Numbers of adverse events observed during CANA treatment were
332, 613, and 265 among patients with crFMF, MKD, and TRAPS, respectively. Namely, numbers of
adverse events related to infections were 79, 160, and 58 in the three disease groups. As for events
unrelated to infections, most frequent adverse events included abdominal pain, headache, arthralgia,
and injection-site reactions. This study led to market authorization of CANA for the three conditions.

8. Systemic Juvenile Idiopathic Arthritis

SJIA is an inflammatory disease associated with dysregulation of the innate immune system [7,9].
The disease is characterized by fever, lymphadenopathy, arthritis, rash, and serositis. Furthermore,
complications of SJIA include invalidating arthritis and MAS, a condition characterized by unremitting
high fever, pancytopenia, hepatosplenomegaly, hepatic dysfunction, encephalopathy, coagulation
abnormalities, and increased levels of ferritin. As IL-1 and IL-6 have been shown to play a primary
role in the pathogenesis of SJIA, anti-IL-1 treatments as well as anti-IL-6 drugs represent promising
therapeutic strategies for the control of this disease [7,9]. The use of IL-1 inhibitors, ANA and CANA,
in SJIA has been extensively evaluated, both in clinical trials and observational studies (Table 2). In a
study by Gattorno et al. [76], ANA (at the starting dosage of 1 mg/kg/day, for a maximum of 100 mg)
was administered to 22 patients aged 1 to 19 years. Within the first week of treatment, two distinct
patterns of response to ANA could be distinguished. One group of 10 patients achieved prompt
improvement of systemic and articular manifestations as well as improved inflammatory parameters,
maintaining complete disease control during a mean follow-up of 1.36 years (range of 0.3 to 2.59 years).
On the other hand, a second group of 11 patients experienced a variable response to ANA, with an
improvement soon after treatment began, but with a general tendency towards relapses, particularly at
the articular level. These two clusters appeared to be characterized by different clinical features, in
particular patients with complete response had a significantly lower number of active joints and an
increased absolute neutrophil count.
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Another multicentre randomized double-blind placebo-controlled trial compared the efficacy of
ANA (2 mg/kg s.c. daily, maximum 100 mg) versus placebo in 24 SJIA patients aged 8.5 ± 4.5 years [82].
After 1 month of treatment, response (defined as a 30% improvement of the pediatric American College
of Rheumatology (ACR) criteria for JIA, resolution of systemic symptoms, and a decrease of at least
50% of inflammatory parameters compared with baseline) was achieved in 8 out of 12 patients treated
with ANA and only in 1 patient receiving placebo (p = 0.003). Ten patients were switched from placebo
to ANA; of them, nine achieved response within month 2. Fourteen adverse events were recorded in
the ANA group and 13 in the placebo group. No serious adverse event was reported. Namely, in the
ANA group, adverse events, including injection-site pain (n = 8), post-injection erythema (n = 3), and
infections involving gastrointestinal and upper respiratory tract (n = 2), were recorded.

In a multicenter double-blind trial on 50 patients aged 3 to 17 years with polyarticular-course JIA
(11 of whom had systemic onset), randomized to ANA (1 mg/kg/day, for a maximum of 100 mg) or
placebo [80], the three most common reported adverse events were injection-site reactions (12% in each
group), upper respiratory infections (16% versus 20% in the ANA and placebo groups, respectively),
and headache (24% versus 4%). No case of adverse event-related discontinuation of the blinded phase
was observed. In the subsequent extension phase of ANA treatment, the most common adverse
events reported were arthralgia (23%), fever (21%), and abdominal pain (16%), with three patients (7%)
requiring discontinuation of ANA because of safety issues.

In another pilot study evaluating different therapeutic strategies for treatment of SJIA [81], 12 out of
30 patients received IL-1 inhibitors (ANA as initial treatment, eventually switched to CANA). Of them,
two patients needed to add methotrexate, whereas two needed to switch to an IL-6 inhibitor. Overall,
clinical disease inactivity was reached in 42% of patients treated with IL-1 inhibitors. There were four
serious adverse events: Two resulted in hospitalization for intravenous antimicrobial therapy (cellulitis
in a child taking CANA and glucocorticoids, and varicella in a child taking ANA), one hospitalization
for appendicitis and appendectomy in a child on methotrexate and glucocorticoid, and one for MAS in
a child on tocilizumab. As for CANA, its efficacy and safety in SJIA has been extensively evaluated in
a pooled analysis of data coming from four trials [78,83–85]. CANA (mostly administered at the dose
of 4 mg/kg every 4 weeks) was given to a total population of 233 children, 60 young adolescents and
31 older adolescents or young adults. Within day 15 of treatment, at least 50% of patients in each age
group had absence of fever as well as ≥ 70% improvement according to the adapted ACR pediatric
response criteria. Responses were stable and maintained or improved over the 85 days of follow-up.
Similarly, clinical and laboratory findings also markedly improved in all age groups. Regarding safety,
adverse events were reported in 86.7% to 88.3% of patients in the different age groups, with 11%
to 19% of patients who experienced adverse events leading to treatment discontinuation. In all age
groups, most common adverse events were infections (70–76%), gastrointestinal disorders (52–58%),
and musculoskeletal or connective tissue disorders (51–55%). Other adverse events included disorders
of the skin, subcutaneous tissue, and respiratory tract. Serious adverse events were reported in 29% to
42% of patients, and included JIA reactivation, MAS, gastroenteritis, and Cytomegalovirus infection.
Beside the above mentioned evidence from clinical trials, the use of ANA and CANA in SJIA is also
supported by growing evidence coming from observational studies [79,86–93].

9. Kawasaki Disease

KD is an acute vasculitis of unknown etiology, which is typically observed in the pediatric
age. If untreated, patients with KD are at significantly higher risk of developing coronary artery
abnormalities, thromboembolic occlusions, and myocardial infarction, with subsequent increased
risk of mortality [94]. Many shortcomings still exist in studies aimed at defining the etiology of KD,
though different levels of evidence support the hypothesis that it is a complex disease with a unique
pathogenesis [95]. Intravenous immunoglobulins (IVIG) in association with aspirin represent the main
treatment for KD and their administration within the first 10 days following fever onset has been
associated with a 5-fold reduction in the risk of coronary artery aneurysms [96].
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The extent of acute phase response and a younger age at onset may be related to patients’
responsiveness to IVIG [97]. In particular, 10% to 15% of patients develop resistance to this treatment:
The prediction of IVIG resistance is a crucial issue for managing these children, as recognizing
high-risk patients should allow the administration of an intensified initial treatment in combination
with IVIG, and prevent coronary injuries [98]. Limited and local experiences suggest the possible benefit
of IL-1 inhibition in children with KD [99–104]. A retrospective case series by Koné-Paut et al. [105]
evaluated the use of ANA (2 to 8 mg/kg) in 11 children with KD aged 4 months to 9 years refractory to
standard treatment. Specifically, the main reasons for starting ANA were persistent inflammation,
progression of coronary dilations, and severe myocarditis with cardiac failure. ANA proved to be
effective in controlling KD. Namely, all patients had fever resolution and a decrease of inflammatory
parameters. Furthermore, 10 out of 11 patients had a decrease in coronary artery dilations. The other
patient died suddenly due to massive pericardial effusion secondary to giant aneurysm rupture while
on anticoagulant treatment. To date, two trials with ANA in children with Kawasaki disease are
ongoing (NCT02179853 and NCT02390596).

10. Conclusions

Recent evidence from both observational studies and clinical trials have clarified the efficacy of
ANA and CANA in the main AIDs, also revealing a good safety profile with minor concerns regarding
tolerability. In particular, the major treatment-related side effects of ANA are skin reactions at the
injection-site. This high rate of injection-site reactions can become so irritating for pediatric patients that
they require treatment withdrawal. In this regard, convincing patients, especially children, to continue
therapy can be challenging. Reactions can be mitigated by the application of topical hydrocortisone or
anti-histamine cream, but it may not be enough [106]. On the other hand, the overall safety of CANA
has shown an excellent tolerability [107], as highlighted by very few discontinuation rates and few
injection-site reactions. However, a slightly increased rate of non-serious infections related to the
upper respiratory tract has been observed [26]. Although these two anti-IL1 agents represent the most
effective treatments available in AIDs and also a promising tool in refractory KD, the development of
novel pharmacological formulations that further reduce side effects in pediatric sceneries is expected.
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