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RESUMO

ROCHA, N.P.D. Nanocristais de dapsona para o tratamento de hanseniase:
preparacao e caracterizacao fisico-quimica. 2021. Tese (Mestrado) - Faculdade de
Ciéncias Farmacéuticas, Universidade de S&o Paulo, Sado Paulo, 2021.

A hanseniase é uma das doencas mais antigas da humanidade e, embora ndo seja
mais considerada um problema de saude publica globalmente, ainda é endémica em
varios paises. O Brasil € 0 segundo pais em novos casos, sendo responséavel por
12,8% do total detectado. A dapsona € um dos farmacos da poliquimioterapia (PQT),
mas seu uso esta comumente relacionado a ocorréncia de efeitos adversos graves,
resultando em abandono do tratamento. Segundo o Sistema de Classificacdo
Biofarmacéutica (SCB), esse farmaco pertence a classe Il, e sua baixa solubilidade
em agua pode limitar sua biodisponibilidade. Portanto, a reducdo do tamanho de
particula do farmaco para a producdo de nanocristais promove um aumento da
razdo entre a area superficial e o volume, o que permite um incremento da
solubilidade de saturacéo e da taxa de dissolucao. Além disso, a aplicacdo de uma
abordagem sistematica durante a fase de desenvolvimento é fundamental,
garantindo um melhor entendimento de um produto por meio da qualidade por
design (QbD). No presente estudo, a selecédo da concentracéo ideal de Povacoat®,
da velocidade de agitacao e do tempo de processo, até a reducdo das particulas foi
realizada pelo planejamento de experimentos (DoE). A formulagdo otimizada obtida
pela técnica de moagem por via imida em escala reduzida resultou em um tamanho
médio de 206,3 £ 6,7 nm, IP de 0,132 + 0,012 e potencial zeta de -9,8 + 0,3 mV, com
distribuicdo monomodal. A analise térmica (DSC) e a difracdo de raios X (DRX) da
formulacéo liofilizada revelaram a manutencdo da estrutura cristalina do farmaco
apos o processo de moagem, e a auséncia de interacao entre farmaco e excipientes.
A nanosuspensao apresentou baixa variabilidade de tamanho de particula ao longo
dos 4 meses de estudos de longa duracdo e 3 meses de estudos de estabilidade
acelerada. Os nanocristais de dapsona demostraram uma melhoria na solubilidade
de saturacdo de 3,78 vezes em &gua, comparado a matéria-prima. Estudos de
toxicidade realizados em larvas de galleria mellonella indicam baixa toxicidade a
uma dose de 20 mg/kg da formulacéo. Finalmente, uma tentativa inicial de aumentar
a escala, de laboratorial para piloto, resultou em nanoparticulas promissoras para

um produto comercial. Portanto, o presente estudo permitiu o desenvolvimento de



uma nanosuspensdo de dapsona, com potencial para melhorar a adesédo ao
tratamento para hanseniase.
Palavras-chave: nanocristais, nanosuspensao, hanseniase, dapsona, desenho de

experimentos.



ABSTRACT

ROCHA, N.P.D. Dapsone nanocrystals for leprosy treatment: preparation and
physicochemical characterization. 2021. MS. Thesis - School of Pharmaceutical
Sciences, University of Sdo Paulo, Sdo Paulo, 2021.

Leprosy is one of humanity's oldest diseases, and even though it is no longer
considered a public health problem globally, it is still endemic in several countries.
Brazil is the second country in new cases detected, being responsible for 12.8% of
the total. Dapsone is one of Multidrug treatment (MDT), but its use is commonly
related to the occurrence of serious adverse effects, resulting in treatment
abandonment. According to Biopharmaceutics Classification System, this drug
belongs to class Il, and its low solubility in water may limit bioavailability. Hence,
reducing particle size to produce drug nanocrystals promotes an increase of surface
area to volume ratio, which allows an increment of saturation solubility and
dissolution rate. In addition, the use of a systematic approach during the
development phase is paramount, guaranteeing a better understanding of a product
through quality by design appeal. In the present study, the selection of optimal
Povacoat™ concentration, stirring speed, and process time to particle reduction was
carried out by the design of experiment (DoE). The optimized formulation obtained by
small-scale wet bead milling technique resulted in an average size of 206.3 £ 6.7 nm,
Pdl of 0.132 + 0.012, and zeta potential of -9.8 + 0.3 mV and monomodal distribution.
Thermal analysis (DSC) and X-ray diffraction (XRD) of lyophilized formulation
revealed the maintenance of the drug substance crystal structure after the milling
process and the absence of interaction between drug and excipients. The
nanosuspension presented low particle size variability over the 4 months of long-term
and 3 months of accelerated stability studies. Dapsone nanocrystals showed an
improvement in saturation solubility of 3.78 in water compared to raw material.
Toxicity studies performed in galleria mellonella larvae indicates low toxicity at dose
of 20 mg/kg of formulation. Finally, an initial attempt to scale up from lab to pilot
resulted in promising nano-sized particles for a commercial product. Therefore, the
present study allowed the development of dapsone nanosuspension with the
potential to improve adherence to leprosy treatment.

Keywords: nanocrystals, nanosuspension, leprosy, dapsone, design of experiments.



PREFACE

This thesis is an original work by Nataly Paredes da Rocha completed
under the supervision of Prof. Dr. Nadia Araci Bou-Chacra at the Faculty of
Pharmaceutical Sciences. Most parts of the work were performed at the Dr. Bou-
Chacra lab facilities. Some experiments were also carried out at different lab facilities
at the University of Sdo Paulo, as Dr. Humberto Gomes Ferraz and Dr. Gabriel Lima
Barros de Araujo at the Faculty of Pharmaceutical Sciences - University of Séo
Paulo, Dr. Kelly Ishida at the Microbiology Department of Institute of Biomedical
Sciences, Dr. lolanda Midea Cuccovia at the Institute of Chemistry, and LCT -
Technological Characterization Laboratory at Polytechnic School, all of them at
University of Sao Paulo.

Chapter 1 of this thesis focuses on the challenges faced for leprosy
elimination in the world. The chapter compiles the findings of recent studies and
disease statistics while underscoring the importance of a treatment more safe and
effective. It was adapted from an article submitted as Nataly Paredes da Rocha,
Gabriel Lima de Barros Araujo, Eduardo José Barbosa, Nadia Araci Bou-Chacra,
with the title of Leprosy diagnosis and treatment: update and challenges in Brazilian
Journal of Pharmaceutical Sciences (impact factor:0.814).

Chapter 2 is composed by the adaptation of a submitted mini review in
adittion to the results of the development of dapsone nanocrystal applying a design
space approach and its chemical-physical characterization. The mini review article
untitled “Innovative drug delivery systems for Leprosy treatment” is in review in the
Indian Journal of Dermatology, Venereology and Leprology (impact factor:
2.545). The experimental article is resulting from this dissertation is being finalized
and will be submitted in Journal of Pharmaceutical Sciences (impact factor: 3.534).

Appendices presented the articles submitted during the master degree
period. Appendix A corresponds to the article referenced in chapter 1, while appendix
B refers to the article used to compose chapter 2. On the other hand, Appendix C
presents an article that will be submitted as Nataly Paredes da Rocha, Osvaldo Cirilo
da Silva, Eduardo José Barbosa, Gidel Soares, Roberto Oliveira, Raimar Lébenberg,
Lis Marie Monteiro, Nadia Araci Bou-Chacra, untitled “Statistical process control of
manufacturing tablets for antiretroviral therapy” in Brazilian Journal of

Pharmaceutical Sciences. In addition, the appendix D “Cancer treatment in the



lymphatic system: A prospective targeting employing nanostructured systems”
contain the abstract of the article published as Megumi Nishitani Yukuyama, Gabriel
Lima Barros de Araujo, Aline de Souza, Raimar Lobenberg, Eduardo José
Barbosa, Mirla Anali Bazan Henostroza, Nataly Paredes da Rocha, Isabela
Fernandes de Oliveira, Beatriz Rabelo Folchini, Camilla Midori Peroni, Jessica
Fagionato Masiero, Nadia Araci Bou-Chacra in International Journal of
Pharmaceutics.
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1. CHAPTER 1: Leprosy and the challenges for its elimination

1.1.Introduction

Leprosy is one of humanity's oldest diseases, an infectious-contagious and
chronic disease caused by Mycobacterium leprae, an obligate intracellular parasite
(SCHNEIDER; FREITAS, 2018). The bacillus has a tropism for macrophages
presents in the skin and for Schwann cells in nerves, which determines the main
areas affected by the disease (TIWARI et al., 2017). As well as, the damage caused
in peripheral nerves may provoke sensory and motor impairment with deformities and
disability, which is characteristic of the patient committed by leprosy (BRITTON;
LOCKWOOD, 2004). Leprosy is the second mycobacteria disease most common in
the world (CARDONA-PEMBERTHY et al., 2018).

In 2019, a total of 202,185 new cases were reported, according to WHO.
India, Brazil, and Indonesia are the first three countries in the number of new cases
reported, in this order, concentrating approximately 80% of them (Figure 1). Brazil is
responsible for 13.8% of total globally reported and for 93,1% of Americas countries
(WHO, 2020). The WHO guideline "Global Leprosy Strategy 2016—2020: accelerating
towards a leprosy-free world” aimed to eliminate leprosy and visible deformities
among children (WHO, 2016). The incidence of a disease in children reveals a
disease active foci and the endemic transmission force, guiding government
decisions on epidemiological surveillance (DE SOUZA et al., 2018; SCHNEIDER,;
FREITAS, 2018). In addition, the presence of disabilities during diagnosis indirectly
indicates delayed detection. Although both indexes have been reduced globally,
Brazil showed a 28% increase in the number of children with severe dysfunctions
compared to the previous year (WHO, 2019, 2020).
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Figure 1: Leprosy new cases: most prevalent countries in the world (2019) according to the
WHO.

Global Leprosy new cases -
most prevalent countries

56.6%

8.6%

13.7% Q

Total of new cases
detected in 2019:
202,185

Source: the author

1.2.Infection development

The transmission occurs by the aerosol spread of droplets, especially during
close and prolonged contact with untreated patients, to susceptible individuals
(MANE ABHAY B, 2014; CUNHA et al., 2015). The susceptibility to infection seems
to be low (about 20%), but gene mutations in myeloid protein zero (MPZ) and in
mannose-binding lectin 2 (MBL,) receptors may increase the infection risk in family
members of leprosy patients (BLOK et al., 2018; CARDONA-PEMBERTHY et al.,
2018). Moreover, the close contact and exposure time are aggravating factors for
contamination (CUNHA et al., 2015). Therefore, in order to mitigate the risk of
contagion, chemoprophylaxis and immunoprophylaxis treatments can be proposed
for patients’ households (PALIT; KAR, 2020).

The disease pathogenesis is not fully understood; meantime, recent studies have
progressed in elucidating different aspects of leprosy. For example, it is now known
that the extraordinarily complexity of the disease is determined by the immune

response modulation by the bacillus (DE SOUSA et al., 2017). For a long period, it
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was known that a paradigm between Th1 and Th2 responses determines the severity
and the disease manifestation (ANTONIO; QUARESMA, 2017). Thus, patients who
present strong Thl immune response, a high cell-mediated immunity, will narrow the
disease’s progression. In contrast, the Th2 response, predominantly humoral and
with high titles of antibodies, would impair the bacillus multiplication control,
worsening the disease (REIBEL; CAMBAU; AUBRY, 2015). Nevertheless, Th9,
Thl7, Th22, Treg, and different subsets of pro-inflammatory cytokines were recently
identified as additional modulators of leprosy (ANTONIO; QUARESMA, 2017; FABEL
et al., 2019). Additionally, metabolic alterations, overproduction of reactive oxygen
species (ROS) and B-cells are also involved in leprosy progression (MATTOS et al.,
2011; MADIGAN et al., 2017; FABEL et al., 2019). These numerous mechanisms

involved may explain the clinical spectrum of the disease.

1.3.Leprosy classification

Ridley and Jopling proposed in 1966 a classification based on immunity and
considering clinical, histological, and bacteriological aspects (RIDLEY, D S;
JOPLING, 1966). Tuberculoid leprosy (TT) patients have a strong pro-inflammatory
response, with Thl and Th17 responses aiming to control the infection; however, this
vigorous response may affect the body’s own cells, mimicking autoimmunity (GELUK,
2018). In the other spectrum extreme, Lepromatous leprosy (LL) patients have no
cell-mediated immunity, with Th2 polarization and down-regulation of Thl response,
lacking M. leprae-specific T cells and allowing pathogen reproduction (ANTONIO;
QUARESMA, 2017; GELUK, 2018). Between the two extremes are the majority of
the patients, classified as borderline: Borderline Tuberculoid (BT), Mid-borderline
(BB), and Borderline Lepromatous (BL), respectively, showing decrease in cell-
mediated immunity, and an increase in the bacillary load (RIDLEY, D S; JOPLING,
1966; GELUK, 2018; LEGUA, 2018). These patients are immunologically unstable,
with characteristics varying between TT and LL forms (ANTONIO; QUARESMA,
2017).

The WHO proposed a clinical classification for therapy purposes. The patients
started to be classified as Multibacillary (MB), presenting more than five skin patches
(including BB, BL, and LL) or Paucibacillary (PB), with 1 to 5 skin patches (including
TT and BT) (YAWALKAR, 2009; LEGUA, 2018). This method is practical and
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inexpensive, being essential in underdeveloped regions and with insufficient Public
Health infrastructure. However, this diagnostic method is effective for only 70% of
patients and tends to overestimate MB cases (MOURA et al., 2008; RODRIGUES
JUNIOR et al., 2016). This fact becomes a concern since the treatments are different
for the two clinical forms, and can result in overtreatment for PB patients and
incomplete for MB (PARDILLO et al., 2007).

Based on the difference in treatments, the assertive diagnosis is vital to decrease
leprosy transmission since untreated patients are able to disseminate the bacillus
(WALKER; LOCKWOOD, 2007; CUNHA et al., 2015). Additionally, as previously
mentioned, the early detection is crucial to prevent physical disabilities (RAO;
SUNEETHA, 2018).

1.4.The importance of assertive and early diagnosis

The clinical diagnosis, based on the number of skin lesions, was recommended
by WHO, but its limitations and the corresponding impact on the success of therapy
must be considered (LASTORIA; DE ABREU, 2014). Besides the challenges of
under and overtreatment, an incorrect classification can trigger drug resistance
(PARDILLO et al., 2007). When available, microbiological assessment of slit skin
smears (SSSs) and histopathology can be appropriate tools for correct diagnosis
(JIAN et al., 2020). The bacterial index is especially useful to confirm MB diagnosis,
since its low sensitivity could not be assertive for PB cases (LASTORIA; DE ABREU,
2014; MINISTERIO DA SAUDE, 2016). The SSSs, together with clinical examination,
is recommended in areas which present a high frequency of MB cases (PARDILLO et
al., 2007). The histopathology examination, performed in fragments of skin lesions or
nerves, may disagree with the clinical aspect, indicating the evolution of the disease
towards one of the extremes (LASTORIA; DE ABREU, 2014).

Furthermore, the early diagnosis is important to avoid the occurrence of
reactions, which may lead to disabilities, deformities and morbidity often associated
with leprosy (NERY et al., 2013). These reactions can be divided in type | and II,
according to immune response, and may happen before or after the treatment
(EICHELMANN et al., 2013). Initiating anti-inflammatory therapy early has potential to
prevent nerve damage (NERY et al., 2013).
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Although clinical and histopathological tests may be helpful to diagnosis
leprosy, they cannot, for example, confirm the PB suspected cases (BARBIERI et al.,
2019). Aiming at assertive and early diagnosis, recent research attempts to identify
specific molecular markers for M. leprae and develop a sensitive laboratory test
(LASTORIA; DE ABREU, 2014). Sorological and molecular diagnosis methods have
presented as promising choices for differential leprosy diagnosis (GARNIER et al.,
2001; RIBEIRO-ALVES; SARNO; 0Z0, 2011). Among them, the kit NDO-LID® may
be highlighted due to its low-cost and simplicity, which does not require a laboratory
setup (DEVIDES et al., 2018). And, the quantitative PCR (gPCR) assays may be
applicable regarding their higher specificity, sensitivity and faster turnaround time, as
long as the cost and laboratory equipment are not limiting factors (RIBEIRO-ALVES;
SARNO; 0Z0, 2011; SOTO; TORRES MUNOZ, 2015).

1.5. Leprosy treatment and its challenges

The treatment is important to cure the patient individually but also to contain
the disease transmission. For centuries, no drug substance was effective against
leprosy. Only in 1946 dapsone was used intramuscularly for leprosy treatment, and
orally in 1947 (YAWALKAR, 2009). Dapsone was used as monotherapy until the
reports of relapsed patients, in the 1960s, and the definitive proof of the selection of
dapsone-resistant Mycobacterium leprae was obtained in 1964, with the adapting
Shepard's mouse foot-pad technique, due to the impossibility of bacillus to grow in a
culture medium (PEARSON; REES; WATERS, 1975; JI, 1985; BRITTON;
LOCKWOOD, 2004). Since 1981, the WHO has recommended multidrug therapy
(MDT) regimens to minimize resistance to the single drugs themselves used as
monotherapy (CAMBAU et al., 1997). MDT consists of dapsone, rifampicin, and
clofazimine, with a different duration between clinical classifications (WORLD
HEALTH ORGANIZATION, 2018). The inclusion of clofazimine in PB treatment
occurred in 2018 to reduce the impact of misdiagnosis and is still questionable
(WORLD HEALTH ORGANIZATION, 2018; ALEMU BELACHEW; NAAFS, 2019).
The MDT posology is shown in Table 1.
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Table 1: Doses of MDT medications and treatment duration (for adults), recommended by
the WHO, according to clinical classification.

Drug substance (mg)

Classification Dapsone Rifampicin Clofazimine g# ;ﬁ;ﬁg
(daily) (monthly) (daily/ monthly)

Multibacillary 100 600 50/300 12

Paucibacillary 100 600 50/300 6

Source: Adapted from ALEMU BELACHEW; NAAFS, 2019.

Dapsone (DAP, Ci12H12N20,S) is a structural analog of para-aminobenzoic
acid (PABA) presenting bacteriostatic action (KAl et al.,, 1999; GOULART et al.,
2005). It acts as a competitive inhibitor of dihydropteroate synthase enzyme,
decreasing or blocking bacterial folic acid synthesis (GOULART et al., 2005). DAP
has multiple activities, namely antibacterial, anti-inflammatory, antiprotozoal, and
antifungal (FERNANDES et al., 2017). Therefore, DAP can also be indicated for the
treatment of several diseases, such as malaria, rheumatoid arthritis, granuloma
annulare, dermatitis herpetiformis, and other vesiculobullous diseases (FERNANDES
et al., 2017).

Rifampicin (RIF, Cs3HssN4O12) is a macrocyclic antibiotic with bactericidal
action (ANGIOLINI et al., 2017; ANGIOLINI; COHEN; DOUHAL, 2019). It is used
mainly against mycobacterial infections (e.g., tuberculosis and leprosy) and a wide
range of Gram-positive and Gram-negative bacteria (ANGIOLINI; COHEN; DOUHAL,
2019). RIF forms a stable drug-enzyme complex with RNA polymerase enzyme,
suppressing chain formation during the RNA synthesis, causing bacteria death
(ANGIOLINI et al., 2017; GURAGAIN; UPADHAYAY; BHATTARAI, 2017).

Clofazimine (CFZ, C»;H2,Cl;Ny) is a phenazine derivative, active in M. leprae
dapsone-resistant cases, working slowly on bacillus and destroying 99% of them in
approximately five months (CRUZ et al., 2017). CFZ is a repository drug, thus, it
continues to be stored in the body after administration and is slowly excreted
(WORLD HEALTH ORGANIZATION, 2003). This feature explains the monthly
additional administration of CFZ to ensure the optimal concentration maintenance in
cases of daily missed dose (WORLD HEALTH ORGANIZATION, 2003). Additionally,
CFZ has also anti-inflammatory activity, being used in leprosy reactions to manage
the corticosteroid doses (EICHELMANN et al., 2013; CRUZ et al., 2017). The CFZ

exact mechanism of action is not entirely understood, but it probably acts in different



28

targets, such as generation of reactive oxygen species, inhibition of respiratory chain,
and reduction of ATP for cellular processes (MIRNEJAD et al., 2018).

All MDT drugs are classified as Class Il drug substances, according to
Biopharmaceutics Classification System (BCS), and present low solubility in water
and high permeability, impairing its bioavailability (LINDERSTR@ZM-LANG; NAYLOR,
1962; AGRAWAL; PANCHAGNULA, 2005; BOLLA; NANGIA, 2012). Accordingly,
water solubility is the limiting factor for oral absorption, and may aggravate the
occurrence of adverse effects and resistance, finally resulting in treatment
abandonment.

Despite the solubility challenge, MDT still faces the emergence of bacterial
resistance in some patients. For DAP, 55% of monitored patients developed
resistance, whose mutations occurs in codon 55 and 53 from the folpl M. leprae
gene encode DHPS (KAI et al., 1999; DALAWI et al., 2017). Similarly, the rpoB gene,
which encodes the B subunit of the RNA polymerase, is responsible for the bacterial
mutation in RIF resistance cases (REIBEL; CAMBAU; AUBRY, 2015). The
percentage of RIF resistance cases differs, but it is less than 5% (DALAWI et al.,
2017; CAMBAU et al.,, 2018). Assuming the rifampicin resistance rate in non-
compliant patients of 89%, the RIF resistance may be mainly related to treatment
compliance (SISKAWATI et al., 2018). Unlikely, resistance is less critical for CFZ,
observed in only 0.2% of patients (DALAWI et al., 2017). The bacillus survival may
be attributed to several CFZ mechanisms of action (KAR; GUPTA, 2015).

In contrast, CFZ is commonly associated with adverse effects in MDT.
Reddish-brown skin discoloration, which is common when using iminophenazine dye,
is manifested in 75-100% of patients (KAR; GUPTA, 2015; CRUZ et al., 2017).
Ichthyosis and dryness are less prevalent, and acneiform eruptions, subacute
intestinal obstruction, and Bull's-eye retinopathy are rare (KAR; GUPTA, 2015).
Patients under DAP treatment can present skin hyperpigmentation, hemolytic
anemia, methemoglobinemia, hepatotoxicity, peripheral neuropathy, and rarely
agranulocytosis and toxic epidermal necrolysis (BHENGRA; KUMAR; SUNDAR
CHAUDHARY, 2016; GURAGAIN; UPADHAYAY; BHATTARAI, 2017). Severe
adverse effects DAP-related are Steven-Johnson syndrome, toxic epidermal
necrolysis, or dapsone hypersensitivity syndrome (BHENGRA; KUMAR; SUNDAR
CHAUDHARY, 2016). DAP metabolites may produce ROS through a dose-
dependent reaction, causing hemolysis (REILLY; WOSTER; SVENSSON, 1999). RIF
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may also present adverse effects, such as hepatotoxicity, thrombocytopenia, orange
discoloration (of sweat, saliva, urine, feces, and tears) (GOULART et al.,, 2005;
HOWARD et al.,, 2015). According to the various possible adverse effects, the
inclusion of CFZ in the treatment of PB patients to minimize misdiagnosis, may end
up resulting in treatment abandonment.

In summary, the present study aims to improve the leprosy treatment by
improving the bioavailability of the main MDT drug, dapsone, reducing the
occurrence of adverse effects and bacterial resistance. This measure enables the
therapy compliance enhancement, promoting the cure of patients and reducing the

occurrence of new cases.
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2. CHAPTER 2: Drug delivery systems in Leprosy treatment

Leprosy elimination is still a challenge mainly due to low adherence to
treatment. Among the causes can be highlighted the patients socioeconomic
condition, inadequate health care services, and issues from MDT drugs
(HEUKELBACH et al.,, 2011). The occurrence of resistance and adverse effects
related to MDT drugs directly impair therapy compliance (DEPS et al.,, 2007,
CAMBAU et al., 2018; DE ANDRADE et al., 2019). An extensive study from endemic
countries showed 8.0% of M. leprae strains presenting mutations, which results in
MDT resistance (CAMBAU et al., 2018). Regarding the relevance of drugs adverse
effects to patients, a Brazilian study revealed 37.9% manifesting at least one adverse
effect MDT-related (GOULART et al., 2005).

Besides, from a pharmaceutical development point of view, the low water
solubility of all MDT drugs limits their bioavailability (LINDERSTR@M-LANG;
NAYLOR, 1962; AGRAWAL; PANCHAGNULA, 2005; BOLLA; NANGIA, 2012). The
adverse effects may be aggravated by the administration of high doses to reach
therapeutic blood levels. In addition, drugs' poor water solubility may cause high
variability of drug concentration in the serum, increasing the likelihood of bacterial
resistance (DE SOUSA et al., 2012; SINGH et al., 2015; HUSSAIN et al., 2016).
Thus, to overcome these issues and solve the challenges of MDT adherence, new
formulations are being proposed for leprosy therapy.

In general, the formulations for oral administration proposed focused on two
main strategies: increasing the apparent drug water solubility or modifying the drug's
release (Table 2). Focusing on the MDT drug substance chosen for this study, three
dapsone (DAP) innovative formulations have been proposed in the last years to
increase its solubility: salt, cocrystal, and solid dispersion (CHAVES et al., 2015;
CHAPPA et al., 2018; LI et al.,, 2020). Among the improvements, it is possible to
highlight the enhancement of more than 7.5-fold of solid dispersion compared to free
DAP (CHAVES et al., 2015), leading to a hypothetical dose reduction. The modified
drug release approach was proposed for DAP using hydrogels, nanofibers, and
polymeric nanopatrticles, the last associated with CFZ (LI et al., 2017; CHAVES et al.,
2019; RANJBAR et al., 2019). In vivo results of polymeric nanoparticles proved that
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the sustained co-delivery of DAP/CFZ could reduce their doses improving the safety
(LI etal., 2017).

Table 2: Innovative formulations containing dapsone, proposed in the last years: summary of

in vitro evaluation and in vivo performance.

DAP In vitro evaluation
innovative (Drug release/ Solubility In vivo performance Reference
formulations assessment)
Drug release was nearly 1.9-fold
Solid compared to physical mixture i (CHAVES et
dispersion and 7.5-fold compared to pure al., 2015)
DAP (in first 10 min).
Polymeric Sustained release: after 24h, E}Zp}'ﬁi?g:ﬁeegg:\gef (LIetal.,
nanoparticles 82% of DAP and 68% of CFZ. the drugs 2017)
Best solubility achieved: 1.5 i (CHAPPA et
Cocrystal times, compared to pure DAP. al., 2018)
In the first hours, up to 5%, after
Hydrogel 4h 10% and sustained release - (%TAgoiz)et
(up to 20%) in the next 22h. "
After 400 min, 77.71%,
Nanofibers compared to 80.61% of DAP - (RANJBAR
: et al., 2019)
nanoemulsion.
Dissolution rate of salt nearly 2-
Salt and . (LI etal.,
Eutectics fold and eutectics 1.7-fold than - 2020)

pure DAP (in first 10 min).

The present study aims to obtain DAP nanocrystals, an innovative drug

delivery formulation, never before proposed for dapsone to the best of our

knowledge. Nanocrystals present no carrier material being stabilized using
surfactants or polymeric stabilizers. Additionally, the nanosuspensions are defined as
drug nanocrystals stabilized and dispersed in liquid media (JUNGHANNS; MULLER,
2008). Nanocrystals can address the low water solubility of hydrophobic drugs
substances, which are most of the compounds in the development pipelines at
present (MOHAMMAD et al., 2019; JACOB; NAIR; SHAH, 2020). Approximately 70%
of the developmental drugs are class Il, as well as dapsone (Figure 2), according to
Biopharmaceutical Classification System (BCS). Their poor water-solubility impacts
dissolution rate, limiting bioavailability and biodistribution (MOHAMMAD et al., 2019).
Besides the enhanced saturation solubility and dissolution, food-effects elimination,

safe dose escalation, and safety and efficacy enhancement inherent of nanoparticles,
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nanocrystals still offer the additional advantage of 100% drug loading due to the
absence of a matrix (RAGHAVA SRIVALLI; MISHRA, 2016).

Figure 2: Molecular structure of dapsone — main drug substance used to treat leprosy — and
its chemical properties.

H2N
Dapsone
NH. Molecular formula: C,,H,N,0,S
Molar mass: 249.3 g/mol
- Solubility in water: 0.16 mg/mol at 25°C
0% logD: 1.27, pH > 4.6

© pKa: 2.41

logP: 1.27

Source: adapted from Chemicalize.com and MARTINS; CALDERINI; PESSINE, 2012

Nanocrystals' increased saturation solubility, dissolution rate, and
mucoadhesiveness occur due to physicochemical changes related to particle size
reduction (MULLER; GOHLA; KECK, 2011). Furthermore, the Noyes Whitney
dissolution model equation explains the background of these effects as follows
(Equation 1) (NOYES; WHITNEY, 1897; PATRAVALE; DATE; KULKARNI, 2004).
The dissolution rates are proportional to the difference between the concentration of
the saturated solution (Cs) and that concentration of the solution present at the
moment (C). Besides, as the saturation solubility increases, the concentration
gradient between blood and gut lumen also increases, promoting higher absorption
(JUNGHANNS; MULLER, 2008).

Equation 1

ac

== k (C — Cs), where k is a constant

Nanocrystals were developed at the beginning of the 1990s, and at the end of
the same period, the first medicines were approved by regulatory agencies
(MULLER; GOHLA; KECK, 2011; MALAMATARI et al, 2018). Among all
nanocrystals products on the market, most are for oral administration, as it is a more

popular and convenient route for these formulations (MALAMATARI et al., 2018).
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These products are designed as liquid oral formulations (nanosuspensions) or solid
dosage forms (capsules and tablets). For the latter, a solidification step is necessary,
with freeze-drying (lyophilization) being commonly used. Thus, the dapsone
nanocrystal formulation of this study was planned for oral administration due to the

numerous well-known advantages of this route.

2.1.Preparation of drug nanocrystals

Methods for drug nanocrystals preparation may be divided basically into three
categories: bottom-up (precipitation or crystal growth), top-down (nanonization), or a
combination of them (JUNGHANNS; MULLER, 2008; MOHAMMAD et al., 2019). The
bottom-up approaches involve two fundamental principles, precipitation, and
evaporation (MOHAMMAD et al., 2019). In this method, the molecules in solution
aggregate forming nanoparticles. As a result, particle size control, solvent removal,
and low solubility drugs, even in organic solvents, are limiting factors for the industrial
use of bottom-up technologies.

On the other hand, the top-down methods are predominantly used in
pharmaceutical industries (MOHAMMAD et al.,, 2019). This approach starts from
large crystals in microscale to the nano-sized range through media milling or high-
pressure homogenization (MULLER; GOHLA; KECK, 2011; MOHAMMAD et al.,
2019). The particle reduction occurs due to inter-particle collision, generating
mechanical attrition and shear forces (KARAKUCUK; CELEBI, 2020). The wet milling
technique stands out for generating well-defined shape particles, for its eco-friendly
characteristic (water as solvent), and for the ease of scaling up (MALAMATARI et al.,
2018; MOHAMMAD et al.,, 2019). Furthermore, it is the method behind most
marketed products, such as Rapamune®, Ritalin LA®, Naprelan®, Emend® and
Invega Sustenna® (MALAMATARI et al., 2018).

A down-scaled wet bead milling was recently proposed by Romero et al.
(2016) (ROMERO; KECK; MULLER, 2016). In the present study, adapting from this
method, the milling chamber consisted of an 8 mL glass vial, 3 magnetic stirring bars
(5mm each) disposed of one over the other, and 2.0g of zirconium oxide beads (0.1
mm). This approach is cost-effective and exciting due to its simplicity, especially for

laboratory applications. Besides, the small scale simplified the stabilizer selection


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/zirconium-oxide
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step (ROMERO; KECK; MULLER, 2016). In general, stabilizer screening is the initial
step on nanocrystals development. The proper stabilizer avoids the drug particles
agglomeration due to attractive forces between them and maintains formulation
stability during the shelf-life (LESTARI; MULLER; MOSCHWITZER, 2019). The
stabilizer, which surrounds the drug solid core, is generally an amphiphilic surfactant
or a polymer. The surfactants are divided into ionic and non-ionic, playing their role
via electrostatic forces or steric stabilization. Additionally, the stabilization conferred
by the polymers is also based on a steric hindrance (TUOMELA; HIRVONEN;
PELTONEN, 2016).

Considering the ICH (International Conference on Harmonization, 2009)
guidelines, adopting a systematic approach in the development of a drug product is
encouraged (ICH Q8, 2009). The design of experiment (DoE) is an optimization
strategy, which allows evaluating numerous variables simultaneously, with a limited
number of experiments (LEWIS; MATHIEU; PHAN-TAN-LUU, 1998). Enhance the
understanding of a product, and its manufacturing process guarantees a quality by
design outlook, creating a solid basis for science- and risk-based submissions, and
consequently more flexible regulatory perspectives (ICH Q8, 2009).

The objective of the present study is to prepare dapsone nanocrystals using a
small-scale wet bead milling technique and its physicochemical characterization.
Toxicity on galleria mellonella larvae and nanosuspension scale-up attempts were
performed. The project scope is to develop a nanotechnology platform through a
design space approach with the potential to improve DAP saturation solubility and
dissolution rate. The new formulation presents potential to decrease adverse effects

occurrence, improving treatment adherence against leprosy worldwide.
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2.2.MATERIAL AND METHOD

2.2.1. Material

2.2.1.1. Raw material

Dapsone - kindly provided by Fundacdo para o Remédio Popular
“Chopin Tavares de Lima” (FURP)

Poloxamer 407 (BASF, Germany)

Poloxamer 188 (BASF, Germany)

Soluplus® - polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer (BASF, Germany)

Povacoat® - polyvinyl alcohol-Acrylic acid-Methyl methacrylate
copolymer (Daido Chemical, Japan)

Klucel® - hydroxypropyl cellulose (Ashland, USA)

Tween 80 - polysorbate 80 (Sigma-Aldrich™, USA)

TGPS - tocopherol polyethylene glycol succinate (BASF, Germany)
Kolliphor® EL - polyoxyl castor oil (BASF, Germany)

Kolliphor® RH40 - polyoxyl 40 Hydrogenated Castor Oil (BASF,
Germany)

Mannitol (Cinética, Brasil)

Ultrapure water Milli-Q™

2.2.1.2. Equipment

0.1mm zirconium beads (Retsch, Germany)

Climatic chamber (Climacell 222, MMMGroup, Planegg, Germany)
Christ Alpha 2-4 LSC (Martin Christ Gefriertrocknungsanlagen GmbH,
Germany)

Coating System MED-020 (Bal-tec, Liechtenstein)

Eppendorf Centrifuge 5424 R (Eppendorf, United States)

Evolution™ 201 UV-Visible spectrophotometer (Thermo Scientific™,
USA)

Glass vial (10 mL)

Granulometer Cilas 1900 (Cilas, France)


https://www.eppendorf.com/product-media/doc/pt_br/330723/Centrifugation_Operating-manual_Centrifuge-5424-R.pdf
https://www.thermofisher.com/order/catalog/product/840-210600
https://www.thermofisher.com/order/catalog/product/840-210600
https://www.thermofisher.com/order/catalog/product/840-210600
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e LabStar Neos® agitator Bead Mill (NETZSCH-Feinmahltechnik GmbH,
Germany)

e Magnetic stirring bars (5mm each one)

e Magnetic stirring plate (IKA®-WERKE, Germany)

e Miniflex 600 (Rigaku, Tokyo, Japan)

e Optical microscopy (Motic SMZ / 165 Series, Motic®, China)

e Scanning electron microscope Quanta 650 FEG
(Thermo Fisher Scientific Inc., USA)

e SevenExcellence Multiparameter Conductivity Meter (Mettler Toledo,
USA)

e Shaker Tecnal TE-4080 (Tecnal, Brazil)

e Zetasizer Nano ZS 90 (Malvern Instruments, UK)

2.2.2. Methods

2.2.2.1. Preparation of dapsone nanocrystals using small scale wet
bead milling

The dapsone nanocrystals were obtained using a small-scale top-down
approach by wet bead milling, according to Romero, Keck, and Mailler
(2016)(ROMERO; KECK; MULLER, 2016). The apparatus consists of 3 magnetic
stirring bars (5mm each) arranged on top of the other in a 10 mL glass vial, stirring by
a magnetic stirring plate (IKA®-WERKE, Germany). The formulation proposed
contains 4% (w/w) of dapsone (DAP), 1 to 3% (w/w) of aqueous surfactant solution
for the total weight of 8 g. Additionally, 20% of vial volume was filled with 2,0 g (w/w)
zirconium beads (size of 0.1 mm) (Retsch, Germany). The surfactant concentration,
stirring speed, and process time of formulation were studied in this work and,
therefore, were varied as described in the following sections.

Each tested surfactant was weighed and placed in initial stirring for 10 minutes
with approximately half of the planned water to guarantee its complete solubilization.
In sequence, the dapsone was weighed and added to the formulation along with the
remaining water to complete 8 g of nanosuspension. At this moment, the processing
time starts to count. The stirring was turned off at the end of studied time, and the

formulation was collected after decanting the zirconium beads.
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2.2.2.2. Preliminary and pre-optimization studies

During the preliminary screening, a total of 9 formulations were prepared
(using Poloxamer 407, Poloxamer 188, Soluplus®, Povacoat®, Klucel®, Tween 80,
TGPS, Kolliphor® EL, and Kolliphor® RH40) to select the stabilizer that allows the
particle size reduction while ensuring the nanosuspension stabilization. The
formulations were maintained under stirring (800 rpm) for 7 days. The particle size
and polydispersion index (Pdl) were analyzed every day.

Afterward, the second step of pre-formulation studies was determining the
range of process parameters. This determination was done using Povacoat® with the
concentration of 1%, 2%, and 3% (w/w), stirring speed of 800, 1000, and 1200 rpm,
during 3 to 7 days.

The formulations were stored at room temperature to avoid dapsone
precipitation. This phenomenon was observed in the concentrated DAP solution,
which had been stored in a refrigerator. Probably the temperature decay causes the
solubility reduction, altering the physical-chemical characteristics of this solution. The
promising formulations were kept on stability study for 15 days to monitor the particle
size using Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK). .

2.2.2.3. Experimental design for DAP nanocrystals production

process optimization

Aiming to obtain an optimized formulation is desirable the use of tools
throughout the production process. Thus, this study applied an intelligent approach
with design of experiment (DoE) to identify and quantify simultaneously,
systematically, and speedily the effect of critical process parameters in the final
formulation (SINGH et al., 2011; TALEKAR; HAWARE; DAVE, 2019). Factors with
potential influence on the nanosuspension were selected in preliminary studies:
surfactant concentration (Povacoat® (POVA); w/w), stirring speed (rpm), and process
time (days). After that, a three factor-three level Box—Behnken design (BBD) was
applied to maximize the experimental efficiency of the DAP nanocrystals production.

The three independent variables were studied with three levels for each one,

as described in Table 3. The lower, medium and higher values were also determined
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during the preliminary phase for each variable. All the other variables were kept
constant, such as drug substance concentration (4%), quantity of zirconium beads
(2.0 g), and 3 cylindrical stirring bars (3.0 x 5.0 mm). The experimental trials were
tested in 20 formulations, and the experimental plan of results was conducted with
Minitab® 18 (Minitab Inc., State College, PA, US) software.

Table 3: Independent and dependent variables with respective coded levels of the Box—
Behnken design.

Factors Coded levels
Independent variables Izolv)v Me(((j)i)um 'E'J'F?L;]
% of surfactant (w/w) 1.0 2.0 3.0
Process time (days) 3 5 7
stirring speed (rpm) 800 1000 1200
Dependent variable Constrains
Mean particle size Optimized (250 nm)
Polydispersity Index (Pdl) Pdl<0.4

2.2.2.4. Particle size hydrodynamic diameter and Polydispersity
Index (Pdl) by Dynamic Light Scattering (DLS)

Hydrodynamic diameter and polydispersity index (Pdl) of nanocrystals were
measured by Dynamic Light Scattering (DLS) at a 90° angle, employing Zetasizer
Nano ZS90 (Malvern Instruments, Malvern, UK). DLS is a well-established technique
for characterizing the particle size in a dispersed medium. It is used to measure the
translational diffusion coefficient of particles undergoing Brownian motion. Assuming
a spherical shape, the particle size is determined by the conversion of the diffusion

coefficient in hydrodynamic diameter using the Stokes-Einstein relation (Equation 2):

Equation 2

kT
"~ 3mnD




43

where k corresponds to the Boltzmann’s constant, T to the absolute
temperature, and n to the dispersant viscosity (KASZUBA et al., 2008; BOLUK;
DANUMAH, 2014).

Meanwhile, the term "polydispersity” (or "dispersity” as recommended by
IUPAC) describes the degree of non-uniformity based on the distribution of particle
sizes in a sample; therefore, Pdl describes the sample heterogeneity (IGE; BARIA,;
GATTANI, 2013). It is calculated by the equation 3:

Equation 3

2
pdl = (=)
Zavg
wherein o = particle size distribution and Z,,4 = average particle size.

Values less than 0.05 represent highly monodisperse standards. Values
greater than 0.7 indicate that the sample has an extensive particle size distribution,
which is probably not suitable for analysis by the DLS technique(DANAEI et al.,
2018). PdI values between 0.1 and 0.4 proved effective for guaranteeing physical
stability even with increasing particle surface area (KARAKUCUK; CELEBI, 2020).

First of all, the method development for determining the average of
hydrodynamic diameter (Z-ave) of particle size and Pdl were conducted, resulting in
samples dilution of 1:100 ratios. Thus, the measurement was performed with 20 pL of
each formulation for 2mL of total volume, being filled with dapsone saturated

solution.

2.2.2.5. Particle size measurement of raw material dapsone by Laser
diffraction (LD)

The initial particle size of the dapsone raw material was examinated by laser
diffractometry (LD), with the equipment Granulometer Cilas 1900 (Cilas, Orléans,
France). DAP saturated solution was previously filtered to be used as dispersing
medium. The obtained results were exhibited as volume-weighted diameters -
d(v;0.1), d(v;0.5), and d(v;0.9) - indicating the percentage of particles which are

below the given size (nm).
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2.2.2.6. Scanning electron microscopy (SEM)

The initial dapsone raw material inspection was performed through optical
microscopy (Motic SMZ / 165 Series, Motic®, Kowloon, China). The program
Imagem.j was used to generate the microscopic images.

In order to obtain the more detailed images that could demonstrate the
morphology of the particles and the size, scanning electron microscopy (SEM) was
chosen. The samples were covered with platinum using a Coating System MED-020
(Bal-tec, Liechtenstein). Moreover, the SEM was performed in a high-resolution
scanning electron microscope Quanta 650 FEG (Thermo Fisher Scientific Inc., USA),
with 10 kV of electron acceleration voltage. The DAP raw material and the

nanocrystal were analyzed with an increase of 500 to 160,000 times, respectively.

2.2.2.7. Zeta potential (ZP)

The zeta potential was determined by Zetasizer Nano ZS 90 (Malvern
Instruments, Malvern, UK). This equipment calculates the zeta potential through the
Helmholtz-Smoluchowski equation below (Equation 4), using the measures of
electrophoretic mobility, the relation between the patrticle's velocity, and the electric
field applied.

Equation 4

2e¢
Ug = g f (ka)
wherein n corresponds to the viscosity, € corresponds to the dielectric
permittivity (both concerning solvent at 25°C), UE to Electrophoretic Mobility, ¢ to
Zeta Potential, and f (ka) depends on the geometry of the particle (DESHIIKAN;
PAPADOPOULOS, 1998).

The samples collected from the formulations were diluted in a NaCl agueous
solution with conductivity adjustment (=50 uS/cm). The pH of formulations was also
measured using SevenExcellence Multiparameter Conductivity Meter (Mettler
Toledo, USA).
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2.2.2.8. Lyophilization of dapsone nanosuspension

The lyophilization of optimized dapsone nanosuspension was carried out to
enable characterization tests, such as Scanning Electron Microscopy (SEM),
thermal analysis (DSC), and X-ray diffraction (XRD). Aliquots of 1.5 mL of the
nanosuspension were transferred to 8 mL flasks and diluted in 5% (w/w) of
mannitol, a cryoprotectant agent. The lyophilization was performed using Christ
Alpha 2-4 LSC (Martin Christ Gefriertrocknungsanlagen GmbH, Germany).

Initially, the samples were frozen at -40°C. After that, the first drying was
performed at -40°C (shelf temperature) for 48 hours, under 0.140 mbar of
pressure. As a final step, the secondary drying was conducted at 10°C and 0.140

mbar of pressure during 4 hours (MELO et al., 2020).

2.2.2.9. Thermal Analysis - Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry (DSC) was conducted using Exstar DSC
7020 (Seiko Instruments, Tokyo, Japan) for dapsone raw material, povacoat® and
mannitol, physical mixture (dapsone, povacoat®, and mannitol), and lyophilized
dapsone nanocrystals. The equipment calibration was performed with metallic indium
- melting point: 156.6 °C and AH fus = 28.57 J g—1. The samples were heated from
25 °C to 250 °C, with a heating rate of 10 °C/min.

2.2.2.10. Powder X-Ray Diffraction (XRD) analysis

The characterization of the crystalline state was carried out by Powder X-Ray
Diffraction (XRD). The equipment Miniflex 600 (Rigaku, Tokyo, Japan) was used with
a Cu ka (A = 0.154 nm), radiated from 40 kV and 15 mA. The samples DAP raw
material, povacoat®, mannitol, physical mixture, and lyophilized DAP nanocrystals

were analyzed from 0° to 50° 26.
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2.2.2.11. Verification of a spectrophotometric method for DAP

guantification

Anjan and colleagues developed a quantification method for DAP in bulk, which
was the basis of this study (ANJAN DE, SUDDHASATTYA DEY, PRASANNA
KUMAR PRADHAN, FALGUNI CHAUDHARI, 2014). The UV-Vis spectrophotometric
method was chosen and verified aiming at the DAP quantification, using the
Evolution™ 201 UV-Visible spectrophotometer (Thermo Scientific™). The simplicity
and the precision of this technique was the main reason for the choice. The method
was verified regarding linearity, detection limit, quantification limit, precision,
accuracy, and specificity, according to international and national guidelines,
respectively ICH Q2 (R1) and RDC n°166/2017 (EMEA, 1995; MINISTERIO DA
SAUDE, 2017).

The stock solution was prepared by weighing 50 mg of DAP with further
dissolution in 50 mL of a mixture of solvents - methanol:water (60:40, v/v). The
solution was sonicated for 15 min for complete solubilization. The working solution
was prepared to start from 1 mL of previous stock solution diluted in a 10 mL
volumetric flask, producing a concentration of 100 pg/ml solution. Scanning was

performed in the range of 200-400 nm.

2.2.2.11.1. Linearity

The linearity analysis aims to determine the ability of an analytical procedure to
obtain results directly proportional to the concentration (EMEA, 1995). Statistical
methods should evaluate the desirable linear relationship, and this study was
conducted using Minitab18 software. Linearity of the method was obtained at 291 nm
from 7 different concentrations, in a range between 2ug/mL and 8ug/mL. The
different concentrations solutions were prepared by dilutions from the stock solution
(200 pg/ml).

2.2.2.11.2. Detection limit and quantification limit
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The detection limit (DL) is the lowest amount of the drug substance detected in
the sample by this method. In contrast, the quantification limit (QL) is the lowest
amount that can be quantitatively determined. In this study, these limits were
mathematically determined through the regression line.

The detection limit was calculated using equation 5:

Equation 5
3.3
DL ==~
Moreover, the quantification limit was calculated using equation 6:
Equation 6
oL 100
S

For these equations, o is the standard deviation of the response, and S is the
slope of the calibration curve.

2.2.2.11.3. Precision

Precision aims to verify the closeness between the results obtained from a
series of measurements. It may be considered at three levels: repeatability,
intermediate precision, and reproducibility. The last level was not performed because
its objective was not applicable in this study regarding the ICH and Anvisa guidelines
(EMEA, 1995; MINISTERIO DA SAUDE, 2017).

a) Repeatability

It is also called intra-assay precision and was performed with six

determinations of the test concentration (5,0 pg/mL).

b) Intermediate precision

It is also called inter-assay precision, performed with three repetitions of three
different concentrations (2,0; 5,0 and 8,0 pg/mL), resulting in nine repetitions on
different days.
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2.2.2.11.4. Specificity

Specificity refers to the ability to assess the drug substance unequivocally in
the presence of formulation components (EMEA, 1995). In this study, due to the
simplicity of formulation, a solution of POVA was prepared to analyze the method
specificity. Scanning was performed in the same range (200-400 nm).

2.2.2.11.5. Accuracy

As established in ICH Q2 (R1), the accuracy was not determined but inferred
from precision, linearity, and specificity (EMEA, 1995).

2.2.2.12. Determination of saturation solubility

A saturation solubility test was performed for dried nanocrystals powder,
dapsone raw material, and the physical mixture (dapsone, povacoat®, and mannitol
at the same nanocrystal proportion) using the shake-flask method, shaker Tecnal TE
4080 (Tecnal, Sao Paulo, Brazil). Considering the pKa value of DAP as 2.41, the
saturation solubility of DAP nanocrystals was determined in water, in hydrochloric
acid buffer (pH 1.2), and in acetate buffer (pH 4.5), prepared according to the
American Pharmacopeia and using SevenExcellence Multiparameter Conductivity
Meter (Mettler Toledo, USA)(UNITED STATES PHARMACOPEIA AND NATIONAL
FORMULARY, 2020). These different media were planned considering the presence
of ionized species under the DAP pka, acid media, and unionized species above the
pka.

Excess nanosuspension was added into 5-mL mediums and shook for 72h
aiming the equilibrium state at 37°C. The aliquots were firstly centrifuged at 12,000
rpm for 10 min, using Eppendorf Centrifuge 5424 R (Eppendorf, United States), and
filtered through a 0.22-pym microporous membrane (CHENG et al., 2020; MELO et
al., 2020). Finally, the content of DAP was determined using the spectrophotometric

method verified in this study at 291 nm.


https://www.eppendorf.com/product-media/doc/pt_br/330723/Centrifugation_Operating-manual_Centrifuge-5424-R.pdf
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2.2.2.13. Stability studies

The stability study for DAP nanosuspension was evaluated for 4 months at
30°C and 65% relative humidity (RH), considering relevant guidelines (FDA, 2003;
ICH Q8, 2009; BRASIL, 2019). Additionally, accelerated study stability was
conducted for 3 months at 40°C and 75% relative humidity, according to ANVISA and
FDA requirements for drug substances storage under ambient conditions (BRASIL,
2019). Both studies were conducted in a climatic chamber (Climacell 222,
MMMGroup, Planegg, Germany). The particle size, Pdl, and zeta potential

measurements were assessed at different times.

2.2.2.14. Toxicity on Galleria mellonella larvae

Galleria mellonella larvae were reared at the Laboratory of Antifungal
Chemotherapy (Department of Microbiology, USP), being incubated at 30 °C and fed
with pollen and beeswax. Adult larvae were selected at the end of the development
stage, with 2 to 2.5 cm of length and 150 to 200 mg of body weight (SPADARI et al.,
2019).

The toxicity of free DAP and its nanocrystal at different concentrations were
evaluated by injecting 10 pL of the solutions using a Hamilton® syringe. The
following doses were applied: 2000, 200, and 20 mg/kg of DAP nanocrystal; 200
mg/kg of free DAP, and 100 mg/kg of POVA in the larvae last pro-leg and 10 pL of
sterile distilled water in the control group (control for mechanical injection). The
groups were incubated at 37 °C in Petri dishes containing pollen and beeswax and
evaluated for survival and morbidity, daily for 5 days (BASTIANI, 2018; BARRETO et
al., 2020). Every 24 h, the number of surviving larvae and the health index were
evaluated by analyzing mobility, pupal formation, and melanization. The morbidity
curve was performed by summing these parameters, where the highest score (10)
represents the best health condition of the larva (LOH et al., 2013; BASTIANI, 2018).

2.2.2.15. Scale-up from lab to pilot scale
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An attempt was made to prove the effectiveness of scale up the formulation
obtained by small scale lab-approach (MALAMATARI et al., 2018). LabStar Neos®
agitator Bead Mill (NETZSCH-Feinmahltechnik GmbH, Germany) was employed to
this attempt due to its ability to be precisely transferrable to production scale. The
process parameters for small-scale and LabStar milling are described in Table 4. The

proportion of drug substance and POVA was maintained.

Table 4: Main parameters of wet bead milling process: comparison between small scale
approach and LabStar equipment.

Parameter Small scale Labstar
Water (ml) 8 3000
Milling speed (rpm) 1000 2600
Pump speed (rpm) Not applicable 85

ZrO2 Beads (mm) 0.1 0.2-0.3
Beads loading (%) 20 85
Temperature (°C) =25 =45
Milling time (h) 168 3.5

2.2.3. RESULTS AND DISCUSSION

2.2.3.1. Preparation of dapsone nanocrystals using small scale wet

bead milling

2.2.3.2. Preliminary and pre-optimization studies

On preliminary stabilizer screening, Poloxamer 407, Poloxamer 188, Soluplus®,
Povacoat®, Klucel®, Tween 80, TGPS, Kolliphor® EL, and Kolliphor® RH40 were
tested. The surfactants or polymers play a fundamental role in the nanocrystals
preparation due to a surface barrier formation and physicochemical stabilization of
the nanosuspension, avoiding particle aggregation (FANGUEIRO et al., 2012). The
average hydrodynamic diameter (Z-ave) size and Pdl of each formulation are
presented in Table 5. Promising formulations were stored at 25°C for 15 days, and

their stability was evaluated by the determination of particle size.
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Table 5: Particle size and Pdl of formulations prepared for stabilizer selection — values
expressed as mean * standard deviation. Time milling: 72, 96, 120, 168 h. (n = 3)

Stabilizer Tékr?)e Z-ave (nm) £ SD Pdl + SD Z;‘\{Sr(?gnc)i;yzD
Poloxamer 407 72 5841.7 £ 623.1 0.515+0.181
96 2249.0 £ 400.6 0.570 + 0.499
120 3143.3 £ 348.3 0.211 + 0.099 _
168 2851.7 + 265.4 0.543 + 0.159
Poloxamer 188 72 2750.3 + 257.4 0.275 £ 0.049
96 4581.3+1128.9 0.438 +0.188
120 2866.3 + 532.8 0.409 + 0.169 ]
168 2233.3 £ 1966.2 1.000 = 0.000
Soluplus® 72 2194.7 + 399.7 0.416 + 0.510
96 1978.0 + 628.3 1.000 = 0.000
120 1851.3+474.6 0.166 + 0.076 ]
168 1745.0 + 452.4 0.086 + 0.042
Povacoat® 72 615.4 + 16.7 0.224 + 0.085
96 410.0 £ 43.3 0.197 + 0.085
326.8+3.1
120 403.4 £ 26.1 0.120 £ 0.115
168 321.1+14.4 0.272 £ 0.183
Klucel® 72 950.1 + 15.8 0.187 + 0.020
96 610.7 £ 59.2 0.204 £ 0.190
120 498.6 + 65.0 0.217 + 0.106 OTL5 =505
168 565.0 + 52.3 0.299 + 0.301
Tween 80 72 271.4+9.4 0.303 £ 0.072
96 237.5+9.5 0.289 + 0.093
213.6+7.3
120 214.0+5.9 0.307 £ 0.088
168 205.6 £ 2.7 0.327 £ 0.040
TGPS 72 3025+ 29.1 0.466 + 0.119
96 298.7 £+ 20.2 0.451 + 0.049
120 288.5+10.7 0.395 + 0.039 .
168 275.8 +15.0 0.353 + 0.080
Kolliphor® EL 72 340.2+11.4 0.289 + 0.149
96 2945+16.4 0.258 + 0.082 2469+ 11.2
120 281.3+7.4 0.321 + 0.067
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o Time i Z-ave (nm) = SD
Stabilizer (h) Z-ave (nm) £ SD Pdl + SD after 15 days
168 257.6 +8.1 0.206 + 0.104
Kolliphor® 72 425.1 £10.3 0.361 + 0.057
RHA40 96 323.2+27.8 0.208 £ 0.130
283.7+12.2
120 358.2+19.1 0.204 £ 0.081
168 259.0+11.0 0.226 £ 0.071

H: hours, SD: standard deviation, Pdl: polydispersity index.

The formulations containing Poloxamer 407, Poloxamer 188, and Soluplus® did
not reach the nanoscale size until the maximum proposed process time (7 days).
Thus, these formulations were discarded. Formulation containing TGPS presented a
high attenuator on hydrodynamic diameter (HD) analysis, indicating a possible
sample dilution. Through visual analysis, it was possible to observe drug particles in
the supernatant (Figure 3). Therefore, for TGPS, the experimental conditions were
not suitable for forming a nanosuspension. In summary, the stabilizers that presented
satisfactory results were: Povacoat®, Klucel®, Tween 80, Kolliphor® EL, Kolliphor®
RHA40.

Figure 3: Formulation with TGPS: diluted appearance by visual evaluation.

L&

Source: the author

Figure 4 shows the pre-optimization results of selected stabilizers graphically.
Over time, it is possible to observe a decrease in the variation of particle size means,

except for Klucel ®.
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Figure 4: Boxplot of particle size measurements (Povacoat®, Klucel®, Tween 80, Kolliphor®

EL, Kolliphor® RH40), by Dynamic Light Scattering (DLS) over time of milling process.
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In Figure 5, the time series graph enables the evaluation of the long-term
tendency of particle size means and the comparison of performances between
stabilizers. The Pdl of preliminary surfactant screening is shown in Table 5. It was
expected that the stabilizer would gradually reduce the particle size over the process
time, ensuring the uniformity of particle size distribution. However, this did not occur
for Klucel® for example, as the Pdl value increased over time (Figure 6). This
occurrence may indicate that a prolonged milling time will not always be the most
suitable for the process. The stabilizer Tween 80 presented the highest variability in

Pdl and was discarded.
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Figure 5: Time Series graph to Z-Ave particle size for formulations with Povacoat®, Klucel®,
Tween 80, Kolliphor® EL and Kolliphor® RH40), by Dynamic Light Scattering (DLS) over time

of milling process.
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Considering that particles with Pdl between 0.1 and 0.25 presented narrow size

distribution since Pdl is the square of the standard deviation divided by mean particle

size, Povacoat® was chosen as the stabilizer for DAP nanosuspension (AGRAWAL;

PATEL, 2011). The ideal process time was deeply evaluated during formulation

optimization.
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Figure 6: Boxplot of Pdl measurements for selected surfactants (Povacoat®, Tween 80,
Kolliphor® EL, Kolliphor® RH40), by Dynamic Light Scattering (DLS) over time of milling
process.
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2.2.3.3. Experimental design for DAP nanocrystals production

process optimization

The factors and levels for the factorial experiment were selected from a set of
variables of the particle size reduction process. The relevant factors that directly
influenced the process were selected based on prior knowledge of the development
of the technique, namely concentration of POVA (% w/w), process time (days), and
stirring speed of the magnetic bar (rpm). For the present study, a Box-Behnken
statistical design (BBD) was carried out (including 6 central points) corresponding to
the factorial design of three factors with three levels (3°) to estimate the influence of

factors in Z-ave and polydispersity index (Pdl).
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Average hydrodynamic diameter by Dynamic Light
Scattering (DLS)

The results of experimental plan according to BBD were reported in Table 6.

Table 6: Mean patrticle size (Z-ave) and polydispersity index (Pdl) of dapsone nanocrystals
obtained from Box-Behnken experimental design.

F Order Level S})}; f(f,‘\‘f/f;)”t S('Pperﬁ‘; (g';;g) Z-ave + SD Pdl + SD
11 1 1 2 800 5 313.0+293 04410027
5 2 1 1 800 7 196.4 + 0.9 0.129 + 0.004
8 3 1 3 1200 7 1904+ 1.1 0.120 + 0.006
14 4 1 2 1000 7 177.4+ 17 0.150 + 0.014
19 5 0 2 1000 5 216.1+ 1.6 0.136 + 0.012
4 6 1 3 1200 3 265.9 + 8.8 0.150 + 0.051
20 7 0 2 1000 5 239.9+ 1.4 0.120 + 0.035
18 8 0 2 1000 5 2253+ 2.1 0.104 + 0.017
15 9 0 2 1000 5 228.2+1.9 0.144 + 0.007
13 10 -1 2 1000 3 265.3+ 1.0 0.144 + 0.024
6 11 0 2 1000 5 219.1+ 2.0 0.143 + 0.006
12 12 1 2 1200 5 189.4+0.7 0.127 + 0.010
10 13 -1 3 100 5 234.6 + 2.0 0.144 + 0.011
3 14 1 1 1200 3 2395+ 1.7 0.144 + 0.016
9 15 -1 1 1000 5 198.3+ 1.4 0.157 + 0.018
7 16 1 1 1200 7 171.9+2.2 0.166 + 0.011
2 17 1 3 800 3 416.6 + 9.6 0.209 + 0.030
17 18 0 2 1000 5 201.3+ 1.0 0.109 + 0.006
1 19 1 1 800 3 338.1+3.4 0.147 + 0.036
20 1 3 800 7 2533+ 2.1 0.156 + 0.004

F: formula; SD: standard deviation

When the regression coefficients p-values were < 0.05, the factor was considered

significant. In this model, three linear coefficients (POVA: concentration of Povacoat®,

STIR: stirring speed of the magnetic bar and TIME: process time), one quadratic

coefficient (STIR?), and one interactive coefficient (STIR x TIME) were significant and

described the interaction's pattern between factors (Table 7).
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Table 7: Analysis of variance (ANOVA) - significance of terms - for particle Z-ave of DAP
nanoparticles.

Source DF Adj SS Adj MS F-value P-value
Model 5 57580.6 11516.1 25.57 0.000
Linear 3 49294.0 16431.3 36.49 0.000
POVA 1 4697.3 4697.3 10.43 0.006
STIR 1 21194.8 21194.8 47.07 0.000
TIME 1 23401.9 23401.9 51.97 0.000
Square 1 5009.7 5009.7 11.13 0.005
STIR*STIR 1 5009.7 5009.7 11.13 0.005
Interaction between 2 1 3276.9 3276.9 7.28 0.017
factors
STIR*TIME 1 3276.9 3276.9 7.28 0.017
Error 14 6304.3 450.3
Lack-of-fit 9 5467.1 607.5 3.63 0.085
Pure error 5 837.2 167.4 * *
Total 19 63884.9
Summary of model R2 R2 (adj) R2 (pred)
95.54% 93.95% 87.71%

DF: degree of freedom; Adj. SS: Sum of the adjusted squares; Adj. MS: Adjusted quadratic
mean, F-value: F statistic; p-value: significance level; POVA: concentration of Povacoat®,
STIR: stirring speed of the magnetic bar, and TIME: process time.

The polynomial equation generated by this experimental model is given as
follows in equation 7:

Equation 7

Z—ave: 1717 +21,67P —2,327S —77,4T +0,000922S5 S + 0,0506S5 T

where Z-ave (average of hydrodynamic diameter) is the dependent variable; 1717
is the intercept; P (POVA concentration, w/w), S (Speed of stirring, rpm), and T (Time
of process, days) are the independent variables.

The polynomial equations were statistically evaluated through the analysis of
variance (ANOVA).

The analysis of F-value (25.57) and associated p-value (0.0001; o=0.05) indicates
the significance of the model. In addition, the lack of fit p-value of 0,085 was non-
significant and demonstrated the model’s accuracy (GAN; ABDUL MANAF; LATIFF,
2010; CHAVES et al., 2017; PENG et al., 2020). The well-correlated relationship
between the response and the independent factors was denoted by the high values
of R2 (95.54%) and R2? adj (93.95%) (PENG et al., 2020). The high R2 value obtained
also suggests a good fit to the mathematical model expressed by equation 7 (GAN;
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ABDUL MANAF; LATIFF, 2010). Finally, the R? pred (87.71%) was in reasonable
agreement with the R? adj (93.95%), suggesting a good prediction of results by the
model (SINGARE et al., 2010).

Moreover, the analysis of the coefficients of equation 7 showed the more
significant influence of the time process (-77.4), followed by POVA concentration
(+21.67) and stirring speed (-2.327) on particle size. The quadratic term stirring
influences little but positively the Z-ave and the interaction of stirring and time. The 3-
D response surface and contour plots represent graphically equation 7 and visualize

the relationship between experimental responses and levels (Figure 7).
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Figure 7: (a) Contour plots and (b) response surface showing the effect of the concentration
of Povacoat® (POVA), stirring speed (STIR), and process time (TIME) in hydrodynamic

diameter.
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The graph analysis enables the identification of optimal conditions for obtaining
the Z-ave of nanocrystals desired (~250 nm) depending on the process independent
variables. These graphs may confirm the quadratic behavior and interaction of the
equation 7. The optimal time estimated graphically to obtain nanocrystals with 200-
250 nm Z-ave is between 5 and 7 days. The estimation of stirring speed is more
difficult due to the quadratic and interaction effect. Furthermore, POVA concentration
of 1-3% appears to be adequate and varies according to the variation of the other
factors.

Even after the analysis of the mathematical model's accuracy, it is necessary to
verify its predictability. The verification of the optimized model was conducted aiming
at a nanocrystal formulation with 200nm. Thus, Figure 8 shows the graphs for DAP
formulation optimization and the desired experimental conditions. The observed Z-
ave result of the optimized formulation (O1) is close to the theoretical and is within
the established 95% confidence interval (Table 8). Practical results demonstrated the

validity of the mathematical model.

Figure 8: Z-ave optimization graphs of DAP nanocrystals containing the following variables:
2.0% of POVA, 1000 rpm of stirring speed and 5.766 days, prediction for 200.0 nm: O1.
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Table 8: Theoretical and observed Z-ave of DAP nanosuspension produced aiming the

verification of response surface statistical design.

Sur% Speed Time Z-ave + SD (nm) ZP + SD
F 95% CI Pdl £ SD
(wiw) (rpm) (days) T o ° (mVv)
(189.33; 0.132 = )
0O1 20 1000 577 200.0 206.3+6.7 210.67) 0.012 9.8+0.3
(167.51; 0.107+
02 20 1000 6.51 180.0 192.3+4.5 192.49) 0.015 99+04

F: formula; Sur: surfactant; SD: standard deviation; T: Theoretical; O: Observed; Cl: 95%

confidence interval

Therefore, the experimental conditions stablished in this development step —

POCA concentration: 2.0%, stirring speed: 1000 rpm, process time: 5.77 days - were

applied to prepare all the tested formulations. Besides the particle size desired, the

optimized formulation presented monomodal distribution and Pdl < 0.4, indicating a

monodisperse distribution of particles (Figure 9).

Figure 9: Particle size distribution of optimized DAP nanocrystals formulation.
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2.2.3.5. Polydispersity Index (Pdl) by Dynamic Light Scattering
(DLS)

An attempt was made to understand the relationship of Pdl and process variables
through surface response methodology. Considering the Pdl in Table 6, the ANOVA
was conducted, and the results are presented in Table 9. The p-values regression
coefficients of the model and the independent factors were all > 0.05; therefore,
these factors may not be considered statistically significant. In summary, using this
model, it is not possible to describe an interaction pattern between factors and Pdl
(Table 9).

Table 9: Analysis of variance (ANOVA) - significance of terms - for particle Pdl of DAP
nanoparticles.

Source DF Adj SS Adj MS F-Value P-Value
Model 9 0.043091 0.004788 0.93 0.536
Linear 3 0.014690 0.004897 0.96 0.451
POVA 1 0.000126 0.000126 0.02 0.879
STIR 1 0.014046 0.014046 2.74 0.129
TIME 1 0.000518 0.000518 0.10 0.757
Square 3 0.024834 0.008278 1.62 0.247
POVA*POVA 1 0.004338 0.004338 0.85 0.379
STIR*STIR 1 0.024158 0.024158 4.72 0.055
TIME*TIME 1 0.005189 0.005189 1.01 0.338
2-Way Interaction 3 0.003567 0.001189 0.23 0.872
POVA*STIR 1 0.002113 0.002113 0.41 0.535
POVA*TIME 1 0.000953 0.000953 0.19 0.675
STIR*TIME 1 0.000501 0.000501 0.10 0.761
Error 10 0.051229 0.005123
Lack-of-Fit 5 0.049679 0.009936 32.05 0.001
Pure Error 5 0.001550 0.000310
Total 19 0.094320

2.2.3.6. Particle size measurement of raw material dapsone by Laser
diffraction (LD)

Table 10 and Figure 10 present the granulometric distribution of DAP raw material
particle size and optimized nanocrystal formulation obtained by the small-scale wet

bead milling. The laser diffraction measurement presented an obscuration around 15.
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Table 10: Mean particle diameters of dapsone raw material (Dap) and optimized formulation
(F1-Dap) by laser diffraction (LD) (n=10).

d(v; 0.1) d(v; 0.5) .
Samples d(v; 0.9) (um MD (um
p () () (v; 0.9) (um) (um)
Dap 8.74+0.1 47.08+0.1 116.11+0.1 56.71+0.1
O1-Dap 0.06 +0.1 0.18+0.1 0.45+0.1 0.23+0.1

d(v;0.1), d(v;0.5), and d(v;0.9): volume-weighted diameters, MD: mean diameter.
Figure 10: Granulometric distribution of a) dapsone raw material b) optimized formulation of
dapsone nanocrystals (F1- Dap). n = 10
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2.2.3.7. Scanning electron microscopy (SEM)

The SEM microphotographs presented the morphology of dapsone raw
material (Figure 11a) and dapsone nanocrystals (Figure 11b). The microphotographs
showed a shape change from prismatic irregular to spherical after the milling
process. Besides, the images (Figure 11la and 12) confirm the particle size of raw

material obtained by LD and figure 11b the particle size of nanocrystals by DLS.

Figure 11: Microphotograph of (a) dapsone raw material and (b) dapsone nanocrystal.

Source: the author

Figure 12: Optical microscopy of dapsone raw material in saturated DAP solution.
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2.2.3.8. Zeta potential (ZP)

Zeta potential is used to predict the stability of nanosuspensions (KALEPU,
NEKKANTI, 2016). The ZP obtained during stability studies are presented in Figure
22. DAP was neutral at the experimental conditions (pH 7.6); thus, the drug
substance is not responsible for the negative charge observed. The other formulation
component, Povacoat®, is a polyvinyl alcohol copolymer and usually promotes higher
steric stability (Figure 13)(YUMINOKI et al., 2014, 2016).

Figure 13: Chemical structure of Povacoat®
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Source: YUMINOKI et al., 2014

The desirable ZP for steric stabilized systems are around -20 mV, near the
observed results for DAP nanocrystals (KALEPU; NEKKANTI, 2016). Furthermore,
the ZP were similar to previous studies using the same stabilizer, such as rifampicin
and orotic acid nanocrystals (DE CASSIA ZAGHI COMPRI et al., 2019; MELO et al.,
2020).

2.2.3.9. Lyophilization of dapsone nanosuspension and

resuspension

The lyophilized formulation resulted in an elegant cake appearance (Figure
14). The lyophilized material was reconstituted (rehydrated) quickly in the same
amount of water that was previously removed (MELO et al., 2020). After that, the
particle size and the polydispersity index (Pdl) were analyzed (Table 11). The results

indicated the reduced variation of these physical attributes.
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Figure 14: DAP nanosuspension lyophilized a) before and b) after lyophilization.

Source: the author

Table 11: Particle size (Z-ave) and polydispersion index (Pdl) of nanocrystals in formulation
before lyophilization (O1) and after resuspension (O1-R).

Formulation Z-ave (nm) + SD Pdl + SD
01 243.1+8.0 0.175 + 0.052
O1-R 239.0+5.6 0.157 £ 0.014

SD: standard deviation

2.2.3.10. Thermal Analysis - Differential Scanning Calorimetry (DSC)

In Figure 15 are the DSC curves of dapsone raw material (DAP), the excipients
povacoat® and mannitol (Pova+MN), physical mixture (PM), and dapsone

nanocrystals (NC).


https://www.sciencedirect.com/science/article/pii/S037851731200885X?via%3Dihub#fig0030
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Figure 15: DSC curves of DAP raw material (DAP), Povacoat® and mannitol (Pova+MN),
physical mixture (PM), and DAP nanocrystals (NC).
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The dapsone sample showed two endothermic peaks, as described in the
literature. The first peak, near 80 °C corresponds to the polymorphic transition from
the more stable form Ill to the form Il. Furthermore, the second one, at 180 °C,
represents the melting point of the drug substance (VIEIRA et al., 2016; LI et al.,
2020). For the mixture of excipients, the endothermic peak, from 160 °C to 165 °C,
results mainly from the melting point of mannitol, as discussed in the next section
(BRUNI et al., 2009; DE CASSIA ZAGHI COMPRI et al., 2019). The physical mixture
curve is the superposition of all formulation components, as expected, and proves
the compatibility among excipients. Similarly, the nanocrystal formulation showed a
decreased enthalpy. The reduction of particle size may cause the temperature

decrease of peaks, but even so, it is possible to identify them on nanocrystal DSC

curves (XIA et al., 2010).
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2.2.3.11. Powder X-Ray Diffraction (XRD) analysis

Powder X-ray diffraction was chosen to investigate the crystalline state of the
formulation before and after the nanosizing process. This characterization method is
considered a fingerprint to crystalline phases (LI et al., 2020). Figure 16 present the
XRD diffractogram of dapsone (DAP), povacoat® (POVA), mannitol (MN), physical
mixture (PM), and dapsone nanocrystals (NC).

The diffractogram of dapsone raw material presented narrow, intense, and
numerous peaks, confirming the crystallinity of the drug substance before the milling
process. Furthermore, specific intensities of DAP appeared, such as those observed
between 10° and 30° (GREBOGI et al., 2012). Meantime, the absence of peaks in the POVA
diffractogram showed a completely amorphous pattern, which confirms the DSC curve of
mannitol.

Physical mixture maintained the crystalline pattern observed for DAP, as well as
DAP nanocrystals. Therefore, it is possible to conclude that the nanosizing process
did not change the crystallinity of the drug substance. However, it may have
generated diffractogram peaks with lower intensity. This characteristic may have
been caused by the “particle size broadening” phenomenon, applicable for crystalline
materials with less than 1 ym (ZHANG et al., 2013). In addition, POVA presence or
even the surface area increase may also contribute to the lower intensity peaks
observed (KARAKUCUK; CELEBI, 2020).
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Figure 16: X-ray diffractogram of dapsone (DAP), Povacoat® (POVA), mannitol (MN), physical

mixture (PM), and dapsone nanocrystals (NC).
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2.2.3.12. Verification of a spectrophotometric method for DAP

guantification

The scanning was performed in the range 200-400nm, and the wavelengths
corresponding to maximum absorbance were noted at 258 nm and 291 nm,
according to figure 17. The working solution pH is 7.5, and considering DAP pKa
(2.41), the molecules were neutral during the analysis. This study's wavelengths

revealed for neutral DAP are consistent with those described in the literature

(MOURA et al., 2020).

Figure 17: Absorption spectrum in the UV region for dapsone 10ug/ml in methanol:water.
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2.2.3.12.1. Linearity

Linearity was investigated at 291nm, using the stock solution, at different
concentrations ranging from 2ug/mL to 8 pg/mL (in triplicate). The regression line

obtained using the method of least squares is presented in figure 18. The regression
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model details, such as equation, coefficient of determination (R2), standard deviation
(S), p-value, are described in Table 12.

The evaluation of the R2 value (99.1%) indicates a good fit for the data in this
model. The Anova p-value (0.0001) is less than the significance level (0.05), showing
a statistically significant association between absorbance and concentration.
Furthermore, the lack-of-fit <0.05 demonstrates that the error is not associated with
the model. Moreover, the correlation coefficient (r=0.995) close to unit (r=1) means a
good correlation for the model's linearity. Another factor that corroborates the linearity
of the model is the regression coefficient (slope) being different from 0. In order to
evaluate if the slope (0.1010) is statistically different from zero, t-value (17.09) should
be compared to the critical value. The critical value, for 5 degrees of freedom (7 - 2),
and considering 5% as significance level, is 2.015. Then, as the t-value (17.09)
showed to be higher than the critical value (2.015), the Ho hypothesis is rejected, and
it is possible to confirm that the regression coefficient is statistically different from 0.

Figure 18: Regression line of the DAP standard solution - range of 2 to 8 pg/ml, at 291 nm.
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Table 12: Summary of model verification.
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Parameter

Result

Range (pg/ml)
Regression equation
Coefficient of determination (R?)

Correlation coefficient (r)

Standard deviation (o, or S in the graph)

Anova p-value
Lack-of-fit

t-value

2.0-8.0

Abs = 0.2009 + 0.1010 Conc
99.1%

0.995

0.0200087

0.0001

0.0001

17.09

Abs: absorbance; Conc: concentration of DAP;

The residual plot, in figure 19, may help to determine the model's adequacy.

The residual versus fit plot showed randomly distributed data, confirming the

absence of a pattern during the analysis.

The probability plot demonstrated an

approximately straight line for the residuals without outliers.

Figure 19: Residual plot of regression model for DAP standard solution - range of 2 to 8

pg/ml, at 291 nm
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2.2.3.12.2. Detection limit and quantification limit

The detection limit (DL) and the quantification limit (QL) were mathematically
determined based on the regression line parameters (Table 12). The DL is
0.654ug/ml, and the QL is 1.981ug/ml. Therefore, the spectrophotometric method
was suitable since the lowest concentration in the calibration curve is higher than

these limits.

2.2.3.12.3. Precision

a) Repeatability and Intermediate precision

Precision may be calculated through relative standard deviation (RSD) and was
expressed in table 13. The acceptance criteria was RSD < 5.0%, according to FDA
guidelines (FDA, 2020). All the RSD meets the acceptance criteria; therefore, the

repeatability and intermediate precision present satisfactory results.

Table 13: Results obtained for method repeatability and intermediate precision.

Intermediate precision

Concentration (ug/mL) Repeatability (RSD) (RSD)
2.0 - 3.23
5.0 1.16 0.10
8.0 - 0.05

2.2.3.12.4. Specificity

Figure 20 reveals the absorbance of POVA solution in the range of 200-400
nm. As demonstrated, the method presents low specificity due to the absorbance of
POVA in the same DAP wavelength. Nevertheless, the ICH Q2 guideline predicts the
possibility of method lack of specificity and suggests the application of analytical
procedures. In this study, to eliminate the interference of POVA in the result, the

same concentration of stabilizer was used as the blank solution.
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Figure 20: Absorption spectrum in the UV region for POVA in methanol:water.

F=«
|

Source: the author

2.2.3.13. Saturation solubility test

Saturated solubility of the drug substance (DS), physical mixture (PM), as well
as lyophilized nanocrystal (NC) was determined in different buffers (hydrochloric acid
- pH 1.2 and acetate buffer - pH 4.5) and water (pH 6.5). The determination of
saturation solubility is essential to prove the advantages of nanocrystals compared to
micronized drug substances, but also to predict their in vivo performance (KALEPU,;
NEKKANTI, 2016). The results obtained are expressed in figure 21. The solubility
obtained for DAP in water (0.193 mg/ml) was similar to the literature reference at
25°C (MARTINS; CALDERINI; PESSINE, 2012). The time spent in sample
preparation, such as centrifugation and filtration, caused a decrease in temperature,
resulting in solubility closer to the values at 25°C, including at the different buffers
used (CHAVES et al., 2015).
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Figure 21: Saturation solubility obtained by shake flask method in different media for
dapsone raw material (DS), physical mixture (PM), and dapsone nanocrystals (NC).
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The highest values of saturation solubility were obtained at pH 1.2 due to the
dapsone pka (2.41). Solubility results reflect what was expected during the solubility
study planning, whereas the prevalence of ionized species at low pH increases the
solubility. Therefore, the solubility enhancement is inversely proportional to the pH
increase.

Dapsone nanocrystals presented an improvement of 1.28 in pH 1.2, 3.32 in
pH 4.5, and 3.78 in water, compared to dapsone raw material. The majority presence
of charged species can explain the lowest difference in acid pH. At other pHs, the
difference between the media is minimal due to the non-ionized characteristics of the
particles.

A change in the crystalline state of the drug substance may result in a
saturation solubility increase, but in this study, as demonstrated by DSC and XRD,
this characteristic remains unchanged (MAULUDIN; MULLER; KECK, 2009). On the
other hand, the physical mixture result showed that the stabilizer must also have
potentiated the increase of solubility. Thus, the saturation solubility improvement may

result from the sum of the stabilizer choice and the development of nanocrystals.
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2.2.3.14. Stability studies

Figure 22 presents the Z-ave, Pdl, ZP, and standard deviations during the
long-term and accelerated stability studies. Particle size presented monomodal
distribution and PdI lower than 0.2 for both conditions studied. Additionally, for the
long-term study, the difference of means significance was evaluated using ANOVA.
The p-values of Z-ave, Pdl, and ZP were respectively 0.071, 0.241, and 0.0001.
Therefore, the difference between Z-ave and Pdl from overtime was not statistically
significant. The accelerated stability results varied a little over 90 days, but it was not
possible to conduct a statistical analysis due to the low number of results.

On the other hand, for ZP the mean values showed a statistically significant
difference. Nevertheless, POVA confers steric stability to formulation due to its
increased molecular weight (type F = 40,000) and has less influence on the ZP
values (CHEN et al., 2002; YUMINOKI et al., 2014). In summary, POVA s
considered effective in providing stability to dapsone nanosuspension. It successfully
prevents the occurrence of aggregation and the Ostwald ripening phenomenon under

different storage conditions in the studied times.
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Figure 22: Mean patrticle size (Z-ave), polydispersity index (Pdl), and zeta potential (ZP) of
dapsone nanosuspension for 4 months of storage at 30°C/ 65% RH and 3 months at 40°C/
75% RH. (n=3)
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2.2.3.15. Toxicity on Galleria mellonella larvae

Aiming to assess the toxicity of free DAP and its nanocrystal formulation, 10
puL of the solutions were injected to obtain the following doses: 2000, 200, and 20
mg/kg of DAP nanocrystals; 200 mg/kg of free DAP and 100 mg/kg of POVA (Figure
23). The application of DAP nanocrystal at the highest dose (2000 mg/kg) was highly
toxic, with 100% mortality of larvae 24 hours after injection. When reduced by 10
times (200 mg/kg), the nanocrystal presented its toxicity similar to the group

containing only POVA at the same concentration, indicating that the toxicity is related
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to the surfactant. At the lowest dose (20 mg/kg), 20% mortality of larvae was
observed after five days of evaluation. After the evaluation period, free DAP at 200
mg/kg was not considered toxic, with 100% larvae survival.

Although the chosen surfactant may have contributed to the toxicity, the
intrinsic characteristics of the nanocrystals must be considered. Even though it
seems that DAP nanocrystals could be more toxic than the free drug, this may
actually prove that the increase in solubility observed for the formulation is reflected
in the larval toxicity, as observed in previous studies (LOU et al., 2009; GAO et al.,
2011).

Figure 23: Survival (A) and morbidity (B) curves for evaluating the toxicity of free DAP,
POVA, DAP nanocrystals tested at different doses in Galleria mellonella larvae.
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2.2.3.16. Scale-up from lab to pilot scale

Aiming to evaluate the feasibility of the top-down method to scale up, Labstar
equipment was chosen (Figure 24), according to a previous study (GHOSH et al.,
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2012). The resulting particles showed a monodisperse distribution, Z-ave smaller
than 400 nm and Pdl near 0.200 (Table 14). The values can be considered
satisfactory as coming from an initial test, but they differ from the obtained values on
the small-scale approach (about 200 nm). Particle size reduction is a complex
process, which involves multiple essential factors, such as process parameters and
formulation proportions. Thus, additional experiments are essential to obtain the
same particle size from the lab-scale formulation.

On the other hand, the processing time was reduced almost 50-fold in the pilot
scale, suggesting that a decrease in particle size does not always accompany the
process time increase. Therefore, it is possible to produce DAP nanocrystal in just a
few minutes, crucial for industrial production. Accordingly, the experiment proves the
scalability of the small-scale wet bead milling to pilot scale, even if improvements are

desirable.

Figure 24: LabStar Neos® agitator Bead Mill (NETZSCH-Feinmahltechnik GmbH) used to
evaluate the scalability of small-scale wet bead milling for pilot scale.

Source: the author



Table 14: Mean particle size (Z-ave) and polydispersity index (Pdl) obtained for pilot scale,

according to milling process time.

Prt?r‘;?s Z-ave + SD Pdl + SD
30" 394.6 + 27.0 0.244 + 0.307
60’ 336.9 + 23.0 0.177 + 0.032
90" 328.7 + 15.0 0.196 + 0.086
120 314.6 + 16.9 0.251 + 0.059
150" 349.1+12.1 0.157 + 0.080
180" 346.6 + 4.0 0.245 + 0.016
210 331.5 + 10.4 0.164 + 0.058

SD: standard deviation

2.3.CONCLUSION

The selection of stabilizers indicates Povacoat® as the suitable one.

The statistical approach through response surface methodology enables the
evaluation of parameters which influence the response Z-ave: POVA concentration,
stirring speed and process time.

The optimized formulation containing 4.0% of DAP and 2.0% of POVA
presented particle size of 206.3 = 6.7 and Pdl of 0.132 + 0.012.

The mean particle of optimized formulation was confirmed using three different
techniques, reinforcing the reduction of particle size of 246-fold comparing to
dapsone raw material.

The lyophilized formulation presented satisfactory mean particle size after
reconstitution, showing the successful application of this method.

The DSC and DRX analysis indicate the crystalline pattern of dapsone
nanocrystals.

Saturation solubility of nanocrystals presents a 3.78 increase in water

compared to DAP raw material.
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The long term stability of 4 months and accelerated of 3 months of DAP
nanosuspension revealed formulation low variability in these timing intervals.

The in vivo test on galleria mellonella larvae indicates low toxicity of 20 mg/kg
of formulation dose.

The attempt of scale up from lab to pilot scale showed promising results to
obtain a commercial product.

Nanocrystals are a promising platform to developed innovative products with
potential to improve the safety and efficacy of dapsone. The optimized formulation
may decrease adverse effects occurrence, improving treatment adherence against

leprosy.
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APPENDIX A: Leprosy diagnosis and treatment: challenges and recent

advances
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Abstract

Leprosy has been known since 2000 BC, although it was not until 1981 that the
WHO recommended an effective multidrug therapy (MDT) treatment capable of
healing the patient and preventing the spread of the bacillus. Nevertheless, 208,641
new cases were reported from 161 Member States in 2018, with India leading the
ranking (57.7%), followed by Brazil (13.7%) and Indonesia (8.2%). Leprosy
elimination faces several challenges related to assertive diagnosis and poor patient
compliance. Misdiagnosis may lead to insufficient therapy or overtreatment,
endangering its completion by the patient. Early diagnosis is essential to prevent
disabilities, commonly associated with leprosy stigma, and early diagnosis of
household contacts. Modern methods with higher specificity, sensitivity nevertheless
affordable have been proposed aiming to standardize the diagnosis. The MDT
consists of dapsone, rifampicin, and clofazimine with different duration according to
disease classification. MDT drugs face bioavailability constraints due to their low
water solubility (Class Il drugs, according to BCS). Innovative therapeutic strategies,
as nanoparticle formulations, presented a modified drug release pattern, enabling
dose adjustment. This strategy may minimize treatment-related adverse effects and
reduce drug resistance, overcoming significant hurdles to treatment adherence.
Therefore, this review is an effort to present the main challenges and recent
advances on leprosy diagnosis and treatment, aiming to guarantee the early and
reliable detection of the disease while underscoring the importance of innovative

strategies for leprosy eradication.

Keywords: Leprosy, Clinical diagnosis, Multidrug therapy, Nanoparticle formulation,

Treatment adherence
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1. Introduction

Leprosy is an ancient infectious-contagious and chronic disease caused by
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intracellular bacterium Mycobacterium leprae, which has high infectivity and low
pathogenicity [1]. This mycobacterium has a tropism for Schwann cells in nerves and
macrophages in the skin, defining the main areas affected by them: nasal mucosa,
peripheral nervous system, and dermis and epidermis [2]. The damage to peripheral
nerves can cause sensory and motor impairment with deformities and disability [3]. It
is transmitted by the aerosol spread of droplets from the nose and mouth, especially
during close and prolonged contact with untreated patients [4,5].

In 2018, a total of 208,641 new cases were reported from 161 Member States,
according to the World Health Organization (WHO). India, Brazil, and Indonesia were
the first three countries in the number of new cases, responsible respectively for
57.7% (120,334), 13.7% (28,660), and 8.2% (17,017) of total globally reported cases.
These three countries alone account for almost 80% of the new cases annually.
Among countries of the Americas, Brazil presents the highest percentage, 92.5% in
2018, followed by Paraguay with 1.1% [6]. Alarming data have recently been reported
showing the emergence and transmission of resistant strains of M. leprae in a unique
and hyper-endemic population from the Brazilian Amazon [7].

Focusing on leprosy control, the WHO launched in April 2016 the guideline
"Global Leprosy Strategy 2016-2020: accelerating towards a leprosy-free world”,
with one of the objectives of eliminating leprosy and visible deformities among
children [8]. In 2018, India registered a decrease of nearly 10% of new leprosy cases
among children, Brazil remains almost the same number, and Indonesia presented
an increase of 6%, compared to 2017. In the same period, the new cases among
children decreased by 6% globally [6]. The incidence of leprosy in children reveals
the active foci of disease transmission, with early exposure to the bacillus.
Furthermore, clinical diagnosis is difficult in this age group due to leprosy stigma for
parents, and problems in promoting essential public health in some territories [9].
This rate of infected children measures the presence of the bacilli and the new
endemic transmission force, informing the government about decisions regarding
epidemiological surveillance [1].

Since 1997, the diagnosis recommended by WHO is mainly clinically based,
dividing patients into two groups: multibacillary (MB) or paucibacillary (PB), according
to the number of skin patches [10]. However, clinical diagnosis is questionable and
depends on the medical experience and disease stage [11,12]. A misdiagnosis may

cause under or overtreatment [13]. Thereby, to overcome this challenge, a
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standardized laboratory diagnosis is a promising alternative.

The leprosy treatment is based on the multidrug prescription of dapsone,
rifampicin, and clofazimine, according to leprosy classification [14]. Although this
therapeutic regimen promotes healing, it still faces significant challenges, such as
limited bioavailability of the drug substances, which may lead to variation in dose
[15-18]. The severe adverse effects of the dose regimen lead to poor adherence to
treatment may causing drug resistance and disease relapse [19-21]. To address
those problems, innovative and inexpensive therapeutic strategies are urgently
needed. This article is an effort to comprehensively review the challenges and recent
advances of leprosy diagnosis and multidrug treatment aiming to improve patient

therapy adherence while underscoring the importance of early and correct diagnosis.

2. Infection development

Leprosy is more alarming than it appears to be since it is the second
mycobacteria disease most common in the world [22]. Mycobacterium leprae is an
obligate intracellular parasite and acid-fast Gram-positive bacillus [3]. A second
species of Mycobacterium was described as causing leprosy, M. lepromatosis. It may
be responsible for the variations on clinical and geographic aspects of the disease,
even it presents a common ancestor with M. leprae [23]. The impossibility of M.
leprae to grow in a culture medium and lack of animal models challenges the study of
its transmission and pathogenicity [3,24].

Leprosy transmission occurs by the uptake of nasal discharge on respiratory
mucosa, the main ports of entry and exit to the disease [4]. It occurs through the
contact of susceptible individuals with untreated patients [4,25]. Even that the
population susceptibility to infection seems to be low (about 20%), a gene mutation in
myeloid protein zero (MPZ) and in mannose-binding lectin 2 (MBL;) receptors may
increase the risk of M. leprae infection in family members of leprosy patients [22,25].
MPZ was expressed on myelinated Schwann cells, and MBL, plays a role in the
activation of calcium-dependent lectin pathway, which acts in the first line of defense
to face infections [22]. The gene mutations promote protein structural alterations,
which may be crucial for the bacterial invasion of the host cell [22]. Besides, the
exposure time and close contact is an aggravating factor for contamination [4].
Therefore, the household of patients present an elevated risk of contagion and can

be suggested a combination of chemoprophylaxis and immunoprophylaxis [26].
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Beyond these prevention methods, it seems to be increasingly important to detect
subclinical leprosy cases through a diagnostic test [25].

An essential aspect of leprosy is the usually long incubation period between the
infection and clinical manifestation of the disease, taking up to 30 years [3]. This
extended period of incubation may hide a higher prevalence than we already know.
Besides, this may result in the misrepresenting of the success of new public health
policies since the results will be observed only a decade later [27].

The disease pathogenesis is not fully understood; meantime, recent works have
progressed in elucidating different aspects of leprosy. Concerning metabolic
alterations, the M. leprae infection shows to upregulate lipid metabolism, causing cell
lipid accumulation in the form of lipid droplets [28]. They are sites of lipid mediators
formation [28]. Some of these lipid mediators may induce down-regulation of innate
and adaptive responses, which imbalance pro-inflammatory mediators, thus affecting
leprosy pathogenesis [29]. When lipid droplet formation is inhibited, a pro-
inflammatory profile is favored [30]. The inhibition described was observed in two
different mechanisms, causing failure in Th1 response [31]. The first was the down-
modulation of IL-10 production, a potent anti-inflammatory mediator [28]. In
sequence, it causes the prostaglandin E; under-production by infected Schwann cells
and macrophages [28]. Both mechanisms hinder infection control [31].

Nerve function impairment is the primary outcome of pathological processes in
M. leprae infection [32]. Madigan and colleagues elucidated that the nerve damage
and demyelination are initiated by infected macrophages that patrol axons and not by
M. leprae itself. The M. leprae-specific PGL-1 (phenolic glycolipid) stimulates
macrophages to overproduce reactive oxygen species (ROS), causing early damage
to nerves regardless of their myelination [33]. This fact explains the common initial
manifestation of leprosy that starts by affecting thermal sensations, mediated by
nonmyelinated fibers.

The early innate immune-mediated nerve injury would progress through distinct
mechanisms, and the patient immune response generated by them would determine
the leprosy severity [33]. The disease is extraordinarily complex due to the
modulation of immune response by the bacillus. During an extended period, it was
known that a paradigm between Th1 and Th2 interaction determines the severity and
manifestation that the disease would express [34]. The patients present a strong Th1

immune response, a high cell-mediated immunity, narrowing the disease progression
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[35]. On the other hand, the Th2 response is predominantly humoral with high titles of
antibodies and low cell-mediated immunity, impairing the control of bacilli
multiplication, and causing disease aggravation [35]. However, recently it was
identified that Th9, Th17, Th22, Treg, and different subsets of pro-inflammatory
cytokines are also determinants to modulate leprosy [34,36]. Additionally, the role of
B-cell in leprosy pathogenesis is being increasingly studied, and differently than was
expected, they might influence the most severe form of the disease (lepromatous) as
well as the mildest (tuberculoid) [36,37]. The B-cells may also be related to leprosy
granulomas formation on the tuberculoid patients, according to immunohistochemical
study on leprosy lesions [36]. Therefore, the infection evolution depends on the

immune modulation caused by M. leprae, leading to a clinical spectrum [38].

3. Leprosy classification

Ridley and Jopling proposed in 1966 a classification based on immunity and
considering clinical, histological, and bacteriological data [39]. Patients with a strong
pro-inflammatory response, named Tuberculoid leprosy (TT), will present T helper-1
(Th1) and Th17 responses to control the infection; however, this vigorous T-cell
response may destroy the body’s own cells, mimicking autoimmunity [32]. This
inflammatory response produces TNF-a and IFN-y, inducing nitric oxide synthase,
and free radicals generation by macrophages aiming bacillus elimination [34].
Moreover, in the other extreme, the no cell-mediated immunity manifests in
Lepromatous leprosy (LL), with Th2 polarization, lacking M. leprae-specific T cells
with high specific antibodies and increased levels of regulatory T cells [32,34]. On
this anti-inflammatory behavior, the Th2 lymphocytes response induce the production
of IL-4, IL-10, and TGF-B, which promote the bacillus survival through the
macrophages inactivation; and down-regulate the Th1 response. Recently Th9,
Th17, Th22, Treg responses were described, but their specific contribution in each
disease form is not entirely understood [34]. This failure on the immune system
allows the pathogen reproduction combined with minimal signals, furthering
transmission.

In between these two extremes, representing the majority of the patients, are the
patients classified as borderline: Borderline Tuberculoid (BT), Mid-borderline (BB),
and Borderline Lepromatous (BL), respectively, presenting decreasing levels of cell-

mediated immunity, and consequently increasing the bacillary load [32,39,40]. They
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are immunologically unstable and present characteristics that oscillate between TT
and LL form [34].

For therapy purposes, the WHO proposed a clinical classification in which
patients are classified as Multibacillary (MB) (with more than five skin patches;
including BB, BL, and LL) or Paucibacillary (PB) (1 to 5 skin patches; including TT
and BT) [14,40,41]. This method is practical and inexpensive, primarily in regions
with insufficient hospital infrastructure. However, this clinical diagnosis method only
works on 70% of patients [42]. It was described that clinical diagnosis tends to
overestimate MB cases, since than one-third of the MB patients clinically classified
were classified as PB by the Ridley and Jopling classification [43]. These data
reinforce the need for adequate diagnosis, to avoid overtreatment in PB patients,
whereas misdiagnosed MB patient would not complete it [13].

Figure 1 illustrates the relationship between Ridley and Jopling leprosy
classification and the WHO clinical classification added to the patient's expected

immune response.

Paucibacillary Multibacillary

Th1and Th17 ) A Th2
response [ | | response

Pro-inflammatory TT BT BB BL LL No cell-mediated
response immunity

Bacillary load

Cell-mediated immunity

Figure 25. Leprosy classification X patient's immune response. According to Ridley
and Joplin (1966), spectrum classification is a scale from Tuberculoid to Lepromatous
with borderline designations located between them, considering the bacillary load.
The bacillary load scale is opposite to cell-mediated immunity. For the Tuberculoid
form, the Th1 and Th17 response prevail, a vigorous immune response, and for
Lepromatous, the Th2 response is unresponsive to M. leprae. This classification was
later replaced by the clinical examination to facilitate diagnosis, dividing patients into

MB and PB, according to the number of skin lesions.

TT, Tuberculoid leprosy; BT, Borderline Tuberculoid; BB, Mid-borderline; BL,

Borderline Lepromatous; LL, Lepromatous leprosy.
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The assertive diagnosis is vital to decrease transmission since contaminated and
untreated patients continue to disseminate the bacillus [4,44]. Additionally, early
detection is essential to prevent physical disabilities [45]. The determination of a
reliable laboratory diagnostic method proves to be necessary to subjugate the

challenge of assertive and early diagnosis for leprosy patients.

4. Assertive and early diagnosis: the initial challenge

4.1.The clinical, microbiological and histopathological diagnosis method

The clinical diagnosis suggested by the WHO, based on counting the number
of skin lesions, was encouraged mainly in regions where the microscopy analysis of
skin smear was unavailable [46]. However, it is essential to consider the limitations of
this method and the consequent impact on patient treatment. Pardillo and colleagues
estimated a high percentage (31%—-58%) of patients classified as PB while had PB
leprosy according to Ridley and Jopling classification [13]. Besides the hurdle of
under and overtreatment already discussed, the misclassification may trigger the
drug resistance [13]. In Thailand, a higher rate of relapses on MB patients was
observed, wrongly classified clinically as PB and undertreated [47].

In some doubtful cases, microbiological assessment of slit skin smears (SSSs)
and histopathology should be considered [48]. The bacterial index reflects the
quantitative bacillary load relevant to the Ridley and Jopling classification and may be
useful to confirm MB diagnosis. On the other hand, due to its low sensitivity could not
be assertive for PB cases, resulting even in a false negative [49,50]. The SSSs may
be recommended, especially in areas with a high frequency of MB cases, in addition
to clinical examination [13]. The histopathology may be performed in fragments of
skin lesions or nerves and may disagree with the clinical aspect, indicating the
evolution of the disease towards one of the two extremes [50].

Another objective from the guideline "Global Leprosy Strategy 2016—2020:
accelerating towards a leprosy-free world” is to decrease the rate of newly diagnosed
leprosy patients with visible deformities to less than 1 per million [8]. This target can
be achieved through the early diagnosis and the management of complications due
to leprosy reactions [8]. During the course of the disease and even after completing
the treatment, 30-50% of borderline patients may present a sudden increase in pro-
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inflammatory response [51]. This event results in termed Type | reactions,
characterized by acute inflammation in skin lesions — infiltrations, edemas, or color
change — or in nerves — neuritis — or both [44,52]. Type | reactions are associated
with immune system changes, such as caused by antileprosy medications,
pregnancy, or stress [53]. This acute reaction is mediated by a cellular response with
serum cytokines levels (such as interferon-gamma and tumor necrosis factor-alpha)
increased, and CD4+ T cells activated [53,54]. They are treated through inflammation
control, using the medication as thalidomide, prednisone, or clofazimine [44,53].

In contrast, 20% of lepromatous patients, but not exclusively them, may
undergo a Type Il response mediated by immune complexes, termed erythema
nodosum leprosum (ENL) [51]. The immune complex deposition is associated with
systemic toxicity, through systemic vasculitis and panniculitis, which may result in
several manifestations such as painful subcutaneous nodules, fever, malaise,
orchitis, uveitis, neuritis and at times, frank glomerulonephritis [44,52,53]. Type |l
reactions are associated with humoral immune mechanisms, with an elevated level of
tumor necrosis factor-alpha, neutrophilic infiltration increased, and complement
deposition in the skin [53,54]. ENL was treated with immunosuppressants, such as
prednisolone (high doses), thalidomide, and, with less effectiveness, clofazimine,
pentoxifylline, colchicine, and chloroquine [44]. Disabilities associated with leprosy
complications affect communities' economy and are the main reason for the leprosy

stigma [55].

4.2.Serological methods towards standardized diagnosis

Recent diagnostic research attempts to identify specific molecular markers for
M. leprae and develop a sensitive laboratory test to assist in the diagnosis of
asymptomatic patients and progression prediction [50]. Early and adequate treatment
plays a crucial role in containing disease transmission [50]. Although clinical and
histopathological tests are helpful in the diagnosis of leprosy, they cannot confirm the
PB suspected cases[56]. For this reason, the serological tests have presented as a
promising alternative to diagnosis [52].

The immunodominant antigen of M. leprae more assessed is PGL-1, first
described in Brennan & Barrow in 1980 [50,57]. The anti-PGL-1 antibodies indicate

the bacillary load and can be helpful in leprosy classification. These antibodies may
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also assist in the early identification of the risk of Type 1 reactions occur due to the
high levels found in reaction episodes [50]. Anti-PGL-1 may identify the subclinical
infection cases, so it can be used to detect susceptibility in close contacts [26,50].
Given the various advantages of using this method, there are significant
disadvantages as its limited use in contacts living in endemic areas, as there is no
significant difference concerning non-domestic contacts [50]. In addition to its limited
use for diagnosing PB patients, this assay is not commercially available [48,52].

Natural disaccharide-octyl (NDO) is a synthetic mimetic of PGL-1, and
conjugated with human serum albumin (BSA and HAS) may be an exciting
alternative do standardized diagnosis. The single fusion protein Leprosy IDRI
Diagnostic (LID)-1 also can be used as a carrier for NDO [48]. The quantification of
antibodies against NDO-BSA, LID-1, and NDO-LID by ELISA are possibilities for a
standard diagnostic test, with the latter showing more satisfactory results for MB and
PB cases in different studies [48,52]. Moreover, the ready-to-use kit NDO-LID® is a
low-cost and simplified test; unlike ELISA, it does not require a laboratory setup,
being a promising alternative for early and differential leprosy diagnosis [52].

Historically, the inability of M. leprae to grow in vitro was the main hurdle to
new diagnosis method development [58]. Since the bacillus genome was sequenced,
it was possible to investigate molecular diagnosis methods [58,59]. In the last two
decades, polymerase chain reaction (PCR) methods, through the amplification of M.
leprae different gene targets, are especially crucial for the differential diagnosis for
patients presenting negative bacillary load or non-conclusive histopathology [56,58].
Several genes such as 36-kDa antigen, 18-kDa antigen, 65-kDa antigen, the Ag 85B,
16S rRNA, and the repetitive sequences (RLEP) were studied [58]. This method may
allow confirming PB cases, subclinical infection in household contacts, treatment
monitoring, and determine the cure or MDT drugs resistance [50]. More recently,
since 2011, quantitative PCR (qPCR) assays, using real-time quantitative
fluorescence detection, have replaced the conventional PCR technique in several
laboratories due to its higher specificity and sensitivity and faster turnaround time
[58]. Nevertheless, it requires a well-equipped laboratory with high associated costs
[60].

The use of the clinical diagnosis method alone presents several limitations,
and, in some cases, the microbiological assessment and histopathology may not be

sufficient. Thus, to achieve a differential diagnosis, subclinical case detection, and
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early reactions prediction, it is necessary to use more modern and sensitive
techniques as serological and molecular methods. The anti-PGL-1 detection and the
NDO-LID® kit may be useful for regions with a less developed laboratory structure,
ordinarily absent in endemic areas. On the other hand, the qPCR assays show to be
more specificity and sensitivity, which would be desirable for the principal diagnosis

challenges. However, qPCR assays are costly, limiting its use.

5. Leprosy treatment and efforts to overcome its challenges

5.1.Overview of current treatment
Since 1981, the WHO has recommended multidrug therapy (MDT) regimens to
minimize resistance to the single drugs themselves used as monotherapy [61]. MDT
consists of dapsone, rifampicin, and clofazimine, with a different duration between
clinical classifications [62]. The inclusion of clofazimine in PB treatment occurred in
2018 by the WHO, and it is still the subject of considerable discussion among
clinicians [63]. This measure was precisely taken to reduce the impact of

misdiagnosis [62]. MDT posology is shown in Table 1.

Table 1. Doses of MDT medications and treatment duration (for adults),

recommended by the WHO, according to clinical classification.

Drug substance (mg)

o Duration
Classification Dapsone Rifampicin Clofazimine
(months)
(daily) (monthly) (daily/ monthly)
Multibacillary 100 600 50/300 12
Paucibacillary 100 600 50/300 6

Source: Adapted from [63]

The three drugs that compose MDT treatment present complementary

therapeutic targets, as represented in Figure 2.
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Figure 2. Drugs used against M. leprae and respective therapeutic targets. M. leprae
attacks Schwann cells, which causes damage to myelin in the peripheral nervous
system. This damage results in thermal and touch sensory sensitivity impairment.
Early innate response from infected macrophages might cause demyelination and
axonal damage. The mechanism might be due to reactive nitrogen species
production. Rifampicin is a substrate to RNA polymerase, blocking bacterial protein
synthesis. Dapsone is analog of para-aminobenzoic acid, acting as a substrate to
dihydropteroate synthase, resulting in folic acid production inhibition and DNA
synthesis. The mechanism of clofazimine is still unknown. This drug might act directly
on the DNA by ROS production or binding to guanine bases. CFZ also might act as a
competitive substrate of NADH, impairing ATP production. Molecular structures
obtained from Chemicalize.com.

Dapsone (DAP, C12H12N20,S) is a structural analog of para-aminobenzoic acid
(PABA) presenting bacteriostatic action [64,65]. It acts as a competitive inhibitor of
dihydropteroate synthase enzyme (DHPS), decreasing or blocking bacterial folic acid
synthesis [64]. DAP also has anti-inflammatory, antibacterial, antiprotozoal, and
antifungal activities [66]. DAP can be indicated for the treatment of malaria,
rheumatoid arthritis, granuloma annulare, dermatitis herpetiformis, and other
vesiculobullous diseases [66].

Rifampicin (RIF, C43Hs5sN4O12) is a semi-synthetic derivative of rifamycin B and
shows bactericidal action [67]. It is a macrocyclic antibiotic used mainly against
mycobacterial infections (e.g., tuberculosis and leprosy) and a wide range of Gram-
positive and Gram-negative bacteria [68]. RIF acts forming a stable drug-enzyme
complex with RNA polymerase enzyme, suppressing chain formation during the
bacteria’s RNA synthesis, leading to cell death [67,69]. This drug plays a crucial role
in leprosy treatment because it renders the majority of bacilli non-viable within a few
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days of treatment, even though it may fail in some cases [70]. This failure is
commonly associated with drug resistance or recurrence [70]. The elimination of
these bacilli is expected through the combination of clofazimine/dapsone in a few
months [71].

Clofazimine (CFZ, C27H22CloN4) is a phenazine derivative, active in M. leprae
dapsone-resistant cases, working slowly on bacillus and destroying 99% of them in
approximately five months [70]. CFZ is a repository drug, thus continuing to be stored
in the body after administration and slowly excreted [71]. This feature explains the
additional administration of CFZ monthly dose to ensure optimal concentration
maintenance in case of a daily missed dose [71]. Additionally, CFZ has critical anti-
inflammatory activity, being used in leprosy reactions to manage the corticosteroid
doses [563,70]. The CFZ exact mechanism of action is not entirely understood, but it
probably acts in different targets [72]. Mirnejad and colleagues summarize some of
them. CFZ starts acting in the outer membrane, through the inhibition of respiratory
bacillus chain and ion transporters. The CFZ self-oxidizes instead of NADH, causing
the reduction of ATP for cellular processes. Additionally, CFZ may bind to bacterial
DNA guanine selectively, and its redox potential may lead to reactive oxygen species
generation [72].

These three MDT drugs are classified as Class Il drug substances, according
to Biopharmaceutics Classification System (BCS), presenting low solubility in water
and high permeability, impairing its bioavailability [15—-17]. This feature is the limiting
factor for oral drug absorption and may aggravate the occurrence of adverse effects,
increases resistance development, finally resulting in treatment abandonment.

Despite the solubility challenge, the MDT still faces the emergence of
resistance in some patients. For DAP, 55% of monitored patients developed
resistance in research in Malaysia [73]. Point mutations in codon 55 and 53 from the
folp1 M. leprae gene encode DHPS are responsible for that [65]. It is currently
possible to test the drug susceptibility in a rapid DNA-based PCR direct sequencing
method [74], which represents a significant advance to avoid relapses in leprosy
treatment. Similarly, the rpoB gene, which encodes the [ subunit of the RNA
polymerase, is responsible for the bacterial mutation in RIF resistance cases [35].
Furthermore, the percentage of rifampicin resistance reported differs, but it is less
than 5% [73,75]. Assuming that the rifampicin resistance rate in the non-compliant
patient was 89%, treatment compliance seems to be related to and the occurrence of
RIF resistance [76]. Unlike the previous two drugs, resistance is less critical for CFZ,
being observed in only 0.2% of patients [73]. Bacillus survival may be due to the
several mechanisms of action attributed to CFZ [77].

In contrast, adverse effects are predominantly common for CFZ. A reddish-
brown skin discoloration, which is common when using iminophenazine dye, is
manifested in 75-100% of patients [70,77]. Even after completing the treatment, the
altered skin may take over three years to return to its healthy appearance. Ichthyosis
and dryness are less prevalent, and erythroderma, acneiform eruptions, monilial
cheilosis, subacute intestinal obstruction, corneal xerosis, and Bull's-eye retinopathy
are rare [77]. Patients under DAP treatment can present skin hyperpigmentation,
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hemolytic anemia, methemoglobinemia, hepatotoxicity, peripheral neuropathy, and
rarely agranulocytosis and toxic epidermal necrolysis [69,78]. DAP-related adverse
severe effects are Steven-Johnson syndrome, toxic epidermal necrolysis, or dapsone
hypersensitivity syndrome [78]. DAP may induce a dose-dependent reaction, in which
its metabolites produce ROS that will cause hemolysis [79]. Like the other drug
formulations, adverse effects may be observed for RIF, limiting its use and provoking
abandoning treatment before its completion [64]. Hepatotoxicity, thrombocytopenia,
orange discoloration (of sweat, saliva, urine, feces, and tears), rash, adrenal
insufficiency, and pseudo-influenza syndrome are more commonly related [64,80].
Rarely related are shocks, respiratory insufficiency, and renal failure [64]. Despite the
occurrence of serious adverse effects such as those described, the addition of CFZ
to the PB treatment to reverse a possible misdiagnosis may be questionable and
may act oppositely, causing the treatment dropout by the patient.

5.2.Innovative pharmaceutical strategies

Adequate therapy ensures interruption of bacillus transmission, and treatment
completion reduces motor and neurological impairment. However, treatment dropout
is typical for leprosy due to severe and frequent adverse effects and drug resistance
occurrence [61,64]. The most significant hurdle in the pharmaceutical area is to
improve leprosy treatment without investing a considerable amount of resources,
making the access unfeasible.

An attractive and less costly strategy to overcome the treatment challenges is
the repurposing of drugs. Thalidomide is one of the best cases of successful
repurposing project. It was initially used as a sedative, followed by a withdrawal from
the market due to the severe teratogenic effects caused, and subsequently in 1998
was approved to treat ENL, an aggravating reaction of leprosy [81]. Thalidomide
severe adverse effects related, even worse than those that can occur with MDT
drugs, may difficult its uses. Moreover, unfortunately, since the thalidomide, no drug
repositioning study has been underscored for the leprosy treatment.

Accordingly, the therapeutic efficacy improvement of MDT drugs already used
may contribute to treatment compliance. Nanostructured systems have been
developed aiming at a modified drug release profile, as in the case of RIF solid lipid
nanoparticle (RIF-SLN) and polymeric nanoparticles of CFZ and DAP [82,83]. These
nanoparticles provided a controlled release for both drugs (82% for DAP and 68% for
CFZ, after 24h, compared to nearly 100% for both free drugs, after 4h) and no sign of
cytotoxicity in vitro for intravenous administration route [83]. RIF-SLN showed an
extended and triphasic release behavior, achieving 70% after nine days, compared to
more than 90% of free RIF in 24h. SLN presented no toxicity in rats for the oral
administration route, and the product plasma levels were 8.16 times higher than free
RIF, reinforcing its efficacy [82].

The sustained release promoted by these nanostructured systems may reduce
the adverse effects of MDT drugs and overcome the resistance occurrence [84,85].
In general, SLNs present an additional advantage compared to polymeric
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nanoparticles, since its lipid matrix is composed of physiologically tolerated lipid
components, decreasing the potential toxicity of adjuvants [86]. The drugs sustained
drug circulation time may even result in lower doses and frequency of administration
[85], which would further minimize the adverse effects and resistance associated with
them. All the mentioned benefits, such as reduction of dose and interval between
them, adverse effects, and resistance, can increase patient adherence to treatment
and allow the decreased transmission of the bacillus.

6. Final considerations

Despite being an ancient disease, leprosy eradication is still a challenge for
some countries, mainly due to the difficulties related to correct diagnosis and
treatment conclusion. Proper diagnosis allows for adequate treatment, avoiding
insufficient therapy, overtreatment, and bacillus resistance. The clinical diagnosis,
currently recommended, is subjective and prone to mistakes. The microbiological and
histological may not be sufficient to differentiate the disease forms. Therefore, the
development of standardized and affordable laboratory tests, such as serological
ones, may enable the correct diagnosis and classification of patients. As for the
therapy, MDT has been used for decades; however, their limited bioavailability, the
occurrence of serious adverse effects, and bacterial resistance remain to be
addressed. Accordingly, nano-based drug delivery systems may offer promising
alternatives to conventional therapy. This strategy aimed to overcome poor-water
solubility of drug substances, through the sustained release of MDT drugs (dapsone,
rifampicin, and clofazimine). The plasma concentration enhancement may reduce the
dose administered to the patient and the interval between them, possibly minimizing
their severe adverse effects and decreasing bacillus resistance. The achievement of
these goals might improve patient compliance, minimizing the bacillus spread by
untreated patients, bringing global leprosy elimination closer.
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Introduction

Leprosy is one of the oldest human epidemic diseases and is still endemic in
some world regions.>? The last WHO report, from 2018, counted 208,641 new cases
globally, with India, Brazil, and Indonesia concentrating 166,011, approximately 80%
of the cases.? Dapsone (DAP), rifampicin (RIF), and clofazimine (CFZ) compose the
Multidrug Therapy (MDT), which on implementation in the 1980s was responsible for
the reduction of leprosy new cases.>> According to the diagnosis and classification of
the disease, the treatment duration varies from 6 to 12 months.°

Low adherence to therapy is one of the main hurdles to leprosy elimination
since the disease requires prolonged treatment.” A complex interaction of factors
such as socioeconomic condition, inadequate health care services, and MDT drugs is
associated with poor adherence.” Among the factors associated with MDT drugs are
the resistance and adverse effects occurrence.?™® The first extensive study from the
endemic countries revealed that 8.0% of M. leprae strains presented mutations,
resulting in MDT resistance.® In contrast, a comprehensive study of drugs adverse
effects has not been conducted yet. However, a retrospective study conducted in a
Brazilian state revealed 37.9% of patients manifesting at least one adverse effect
MDT-related."

An alternative treatment to WHO-MDT consists of rifampicin, ofloxacin (OFL),
and minocycline (MINO), known as ROM. This MDT substitute is based on the
bactericidal/bacteriostatic activity of both drugs, OFL and MINO.** Although the
resistance rate of ofloxacin (1.3%) is relevant, ROM-drugs usually present mild
adverse effects.®

In common, most drugs used for the treatment of leprosy presents low water
solubility, which limits their bioavailability.**™® Accordingly, the administration of high
doses required for reaching therapeutic blood levels aggravates adverse effects.
Additionally, drugs poor water solubility may trigger high variability in the serum drug
concentration, increasing the likelihood of bacterial resistance.’”™° Also, RIF and
CFZ bioavailability may be limited, respectively, by stomach degradation and
recrystallization depending on pH.**?*?! Unlike the other drugs, MINO presents high
water solubility, being the intestinal permeability its limitation.*?

Aiming to address these problems, new formulations have been proposed for
leprosy therapy. This article is an effort to highlight the most recent advances in drug

delivery systems to overcome the hurdles related to low MDT adherence.
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Innovative pharmaceutical strategies towards enhancement of therapeutic
efficacy

Recent advances in drug delivery systems may overcome solubility
impairment, common in pharmaceutical development.?® The oral formulations
proposed for MDT drugs focused on two main strategies: increasing the apparent
drug water solubility or modifying the drug release.

Figure 1 summarizes the improvements and the expected results of MDT
innovative formulations. In vitro evaluation, in vivo, and in silico performances of
these preparations are provided in Table S1 (supplemental material), if available,
showing their potential therapeutic efficacy. As the following steps, well-established
clinical tests will play a key role in ensuring their relevance for patients. Aiming to
reach the market, a collaborative effort between government and private companies

is essential.

- Drug water solubility enhancement
For DAP, innovative formulations obtained through the synthesis of chemical
derivatives of DAP (salt and cocrystal) and solid dispersion were proposed aiming at

24726 For example, the solid dispersion provided a

water solubility enhancement.
solubility of more than 7.5-fold compared to free DAP.?* This improvement may lead
to dose reduction.

The RIF solubility improvement was achieved through its nanocrystals, solid
dispersion, vesicle systems (liposphere, niosome, and liposome), and complex
preparations.’?”* RIF nanocrystals enable a formulation containing a 2-fold
increase of drug concentration. This innovative preparation leads to an administration
of half of the dose.?” Apart from dose reduction, nanocrystals allow an increase in
intestine cells permeation due to their characteristic of adherence enhancement.?’
RIF absorption may be reduced in half by food, which may also be mitigated by
nanocrystals.?"*

CFZ innovative preparations include synthetic chemical derivatives of CFZ
(salt and complex) and nanotechnology-based delivery (nanoparticle and
nanoporous silica particle).**® Amongst them, nanoporous silica particles increased

the drug solubility in water and the permeability of intestinal cells, respectively, by
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20-fold and 5-fold, both compared to free-drug.>’ These factors can lead to a
significant reduction in the dose for the therapeutic efficacy.

The formulations proposed to overcome OFL solubility limitations are cocrystal
and cyclodextrin complex.®**° Most of them were developed as topical preparations
due to their frequent use on ophthalmic diseases. MINO does not present aqueous
solubility issues.?’ Instead, strategies for this drug are based on release

modifications, aiming to improve its permeability.

- Modified drug release

Modified release strategy aims to modulate drug release from the dosage
form. For instance, the enteric release is designed to deliver the drug in the intestine,
protecting it from gastric pH. The extended release controls the drug delivery
immediately following oral administration.?®*° The enteric release is especially
relevant for RIF and CFZ due to their chemical instability in acidic conditions.*"*?

DAP modified-release was proposed using different strategies such as
polymeric nanoparticles, hydrogels, and nanofibers.*** In vivo results of polymeric
nanoparticles proved that the sustained co-delivery of DAP and CFZ could reduce
their doses.*® For RIF, strategies included nanoparticles (solid lipid, polymeric, and
lecithin), complex, and hydrogel beads.!”'®%4" A formulation presenting a profile
with an initial burst followed by the sustained release is desirable. It was found in
over 65% (4 of 6) (Table S1) of proposed RIF studies.*®* Also, studies have shown
favorable in vivo or in silico results. Among these, the increase in peak plasma

concentration (Cmax) is up to seven times higher than the free drug, *"*®

using the
solid lipid nanoparticle strategy.’’ Further, RIF plasma concentration was sustained
above the MIC for five days, compared to two days of free drug (Table S1). These
notable performances can reduce the dose and the occurrence of adverse effects.!’
Nano-based drug delivery systems have been approved by regulatory
agencies and prescribed in the last decades, reinforcing their efficacy and safety.>%>*
For instance, liposomal amphotericin B (AmBisome®) has been used to treat
leishmaniasis successfully.®> Nevertheless, the particle size and shape can impact
the nanoparticle distribution.>® For example, nanorods may accumulate in organs
related to the immune response and blood clearance, namely lymph nodes, spleen,

liver, and bone marrow.>* Consequently, risk assessment and quantification methods
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have been increasingly explored aiming to predict nanomedicine effects for
patients.>*>°

CFZ, in turn, can recrystallize outside of a pH range from 2 to 4, which
compromises absorption.>® Polymeric nanoparticles, alginate, pepsin, and
mesoporous silica are examples of carriers developed to modify the release of
CFz.3"4235%8 polymeric nanoparticles presented sustained release and lower cellular
toxicity in Caco-2 and HT29-MTX cells, compared to the free drug. Accordingly, these
studies showed the success of the strategy to avoid CFZ recrystallization.*?

Strategies for OFL consisted of cellulose conjugate, nanofibers, polymeric
complex, and nanoparticles.®*®® In vivo studies using nanofibers showed that the
formulation might act as an OFL reservoir, increasing its residence time in the
gastrointestinal tract. Besides, an in vitro study showed significant mucoadhesion
using a strip of rats gastric mucosal membrane and improved efficacy against
microorganisms, such as E. coli, E. faecalis, S. aureus, and P. aeruginosa.
Therefore, these studies represent advances to provide formulations with a better
oral absorption profile in leprosy treatment.®

Formulations containing MINO were mainly developed for topical application,

focused on periodontal diseases. However, the modified release approach might be
considered to overcome its permeability issue. Hydrogel, nanoparticles, solid lipid

nanoparticles, and polymeric nanoparticles were proposed to achieve this goal.®*®’

Final considerations

Leprosy elimination involves a series of treatment-related challenges, leading to
poor patient adherence. The MDT drugs are distributed free of charge; however, their
low water solubility, severe adverse effects, and resistance occurrence still represent
obstacles to completing treatment. Aiming to overcome these hurdles, innovative
drug delivery systems were proposed in the last years with two main targets: water
solubility improvement and sustained drug release. The solubility enhancement may
reduce the administered dose to the patient, which may suppress adverse effects
occurrence. A modified drug release approach may increase the interval between
doses, causing a decline in bacterial resistance and adverse effect occurrence. Both

might improve the patient adherence to treatment, diminishing bacillus spread by



115

untreated patients. A reinvention of leprosy treatment may promote patient healing
and interrupt the transmission, two essential goals towards a leprosy free-world.
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Table S1: Innovative pharmaceutical preparations for solubility/ drug release improvement of leprosy drugs (dapsone, rifampicin, clofazimine, ofloxacin, and

minocycline).
DS Innovative formulations In vitro evaluation (Drug release/ Solubility assessment) In vivo/ in silico/ in vitro performance Ref.
- . Drug release was nearly 1.9-fold compared to physical mixture and 7.5-
DAP Solid dispersion (SD) fold compared to pure DAP (in first 10 min). 24
DACPand Polymeric nanoparticles Sustained release: after 24h, 82% of DAP and 68% of CFZ. NP was more effective than the same dose of the drugs. 43
DAP Cocrystal Best solubility achieved: 1.5 times, compared to pure DAP. - 26
In the first hours, up to 5%, after 4h 10% and sustained release (up to
DAP Hydrogel 20%) in the next 22h. 44
DAP Nanofibers After 400 min, 77.71%, compared to 80.61% of DAP nanoemulsion. - 45
DAP Salt and Eutectics Dissolution rate of salt nearly .2-f<.)Id and gutectlcs 1.7-fold than pure DAP ) 25
(in first 10 min).
In vivo studies: Cmax in plasma, SLN: 15.12 pg/ml,
R . Drug release was 70.12% after 9 days while free RIF was more than 90% Free RIF: 2.27 pug/ml. Relative bioavailability was
RIF Solid lipid nanoparticles (SLN) in 24h. improved 8.16 times (compared to free RIF), with 1
sustained levels for 5 days.
) Constant and sustained drug level throughout 24 h, with highest amount of
RIF P | h | - 4
articulate hydrogel beads drug released of 71.49%. 9
0, 0, i
RIF Solid dispersion Drug release was 82.3%, compared to 32.7% of RIF powder (at 60 min, ) 28
pH 6.8).
In vivo-in silico assessment: AUC and Cmax increased by

3.72 and 5.22 fold compared to the RIF suspension.
RIF Solid lipid nanoparticle (SLN) 85% within approximately 6 min at both pHs performed (1.2 and 6.8). GastroPlus™ predicted maximum compartmental 18

absorption from proximal and distal portions of the

intestine.
. ) s ' Drug release was more than 3-fold up compared to free drug, at higher
RIF Chitosan/gelatin/lecithin nanoparticles concentration of lecithin (2.0 ), in pH 7.2. 48
Drug release was 99 + 3% at 15 min, compared to two commercial
RIF Carboxymethylcellulose complex medicines of less than 80% and approximately 90%. 33
Antimycobacterial activity enhanced compared to pure
. . .

RIF Phespholipid lipaspheres The best formulation presented solubility of 350.9 + 23 pg/mL compared to drug. 29

105.1 + 12 pg/mL of pure drug.

Peak plasma concentration (Cmax) was 109.92 + 25
pg/mL compared to 54.31 + 18 pg/mL of pure drug.
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DS

RIF

RIF

RIF

RIF

RIF

RIF

RIF

CFz

CFz

CFz

CFz

CFz

CFz

Innovative formulations

DIMEB complex

Solid lipid nanoparticles (SLN)

Niosome

Co-polymeric nanoparticles (NP)

Niosome

Liposomes

Nanocrystals

Alginate-mediated carrier

Complex formation

Nanoporous silica particles

Enzyme-mediated carrier

Polymeric nanoparticle

Mesoporous silica particles (MPS)

In vitro evaluation (Drug release/ Solubility assessment)

Improved solubility, at pH 7.4, achieving the equilibrium in approximately
9h.

Biphasic profile: initial burst followed by sustained pattern (up to 90% drug
in 120 h).

Between 61.69% and 75.90%, compared to 32.43% of pure RIF (after the
first 2h).

Solubility improved 65-fold compared to pure drug. Controlled release
achieving up to 70 h, compared to 6h of pure drug.

Achieving 80% of drug release compared to 40% of pure drug, over 12h.

Drug release achieved 95% released after only 5 h, compared to nearly
nearly 70% of free drug.

Nanocrystals showed up to 1.74-fold on solubility compared to commercial
product.

The release rate decreases upon increasing alginate concentrations.

Increased approximately 0.53-fold of the maximum solubility compared to
CB[7].

Solubility was increased by 20-fold in simulated gastric fluid.

Only CFZ binded to pepsin remains in solution in the intestinal
environment (pH~5.4)
Sustained pattern, about 30% at the end of the experiment (buffer solution
- pH 6.8 for 8 h, at 37°C).

At pH 4.1, maximum of 29% for ho-MSP (more hydrophobic) and 46% for
hi-MSP.
At pH 6.8: rapid release from hi-MSP, with 2 times higher initial release,
compared to ho-MSP. However, both released nearly 10%.

In vivo/ in silico/ in vitro performance Ref.

The AUC was 406.92 + 18 pg h/L compared to 147.72 +
15 pg h/L of pure drug.

- 20

- 58

The analysis of MIC50 between complex and free drug did
not show significant statistical difference.

Permeation studies (using Caco-2 intestinal cells) showed

more than 5-fold increased intestinal permeation in 37
comparison to the free drug (below the detection limit).

- 56
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DS

CFz

CFz

OFL

OFL

OFL

OFL

OFL

OFL

OFL

MINO

MINO

MINO

MINO

Innovative formulations

Nanoparticle (NP)
Salt
Cocrystal salt
Inclusion complex
Nanopatrticle cellulose conjugates

Nanofibers
Polymeric complex
Nanopatrticle (NP)

PEGylated nanoparticle (NP)
Hydrogel
Nanopatrticle
Solid lipid nanoparticle (SLN)

Polymeric nanoparticles

In vitro evaluation (Drug release/ Solubility assessment)

The NP, mainly in presence of fat, was faster dissolved compared to drug
substance or to Lamprene®.

Improvement of 5-fold on solubility compared to the free drug.

After 1h, the amount of dissolved from cocrystal was more than 3-fold,
compared to pure drug.

Solubility increased 3.7-fold compared to pure drug.

Nanoparticles showed sustained release proved in a pharmacokinetic
study.
Initial rapid release (> 50% of drug released within 4 h), followed by a slow
and sustained release phase.

Release of 45 — 57% in 50h.

Maximum drug release of 76% observed after 18 h (ph 2.2).

The best nanopatrticles obtained released 96% of OFL in 36h. Free drug
was released 100% in less than 4h.
Initial burst release with subsequent release control, achieving 100% only
after more than 48h.
Drug release achieved nearly 90% only after more than 10h. Free drug
achieve the same percentage within 1h.

In vitro release was kept continuous during 7 days.

The NP presented an initial burst during 24h and a linear release over 30
days, compared to more than 98% within two days of free drug.

In vivo/ in silico/ in vitro performance

AUC was 1.6-2.3 times higher than controls rabbits.

Enhanced in vitro antimicrobial activity, and in vivo
mucoadhesion and gastro-retention in rats.
Formulations demonstrated activity against M.
tuberculosis in in vitro microbiological studies.

Proven antibacterial activity against E. coli.

Better bactericidal activity compared to free drug. And
inhibition of Bacillus subtilis resistance.

Antimicrobial activity was comparable to the free drug.

SLN was twice as efficient as free drug, in animal tests.

Ref.

36

35

39

40

59

60

61

62

63

64

65

66

67

DS: Drug Substance; Ref: References; DAP: Dapsone; RIF: Rifampicin; CFZ: Clofazimine; OFL: Ofloxacin; MINO: Minocycline; h: hours.
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5. APPENDIX C: Statistical process control of manufacturing tablets for
antiretroviral therapy
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ABSTRACT

In this study, the process of lamivudine (3TC) and zidovudine (AZT) (150 + 300 mg)
tablets was evaluated using statistical process control (SPC) tools. This medicine is
manufactured by Fundagdo para o Remédio Popular “Chopin Tavares de Lima”
(FURP) laboratory, and it is distributed free of charge to patients infected with HIV by
the Ministry of Health DST/AIDS national program. Data of 529 batches manufactured
from 2012 to 2015 were collected. The critical quality attributes (CQAs), weight
variation, uniformity of dosage units, and dissolution were evaluated. The process
stability was assessed using control charts, and the capability indices Cp, Cpk, Pp, and
Ppk were evaluated. 3TC dissolution data from 2013 revealed a non-centered process
and lack of consistency compared to the other years, showing Cpk and Ppk lower than
1.0 and the chance of failure of 2,483 in 1,000,000 tablets. Dissolution data from 2015
showed the process improvement, revealed by Cpk and Ppk equal to 2.19 and 1.99,
respectively. Overall, the control charts and capability indices showed the variability of
the process and special causes. Additionally, it was possible to point out the
opportunities for process changes, which are fundamental for understanding and

supporting a continuous improvement environment.

Keywords: capability indices; control charts; HIV treatment; manufacturing process;

quality tools.
INTRODUCTION

Despite the Brazilian government's efforts to control acquired immunodeficiency
syndrome (AIDS), the number of infected patients has increased. Between 1980 and
June 2019, 966,058 cases were reported in the country. Althoughthe new HIV
infections index has been decreasing in the previous five years - national detection
rate of 0.18 cases per 1,000 population in 2018 ™ - globally, this index has remained
stable at the same period - nearly 0.23 per 1,000 uninfected population .

Fighting HIV requires the combination of at least three antiretrovirals, being two
from different classes. The most common antiretroviral therapy is the combination of
zidovudine (AZT), a reverse transcriptase inhibitor, and lamivudine (3TC), a nucleic
acid synthesis inhibitor. AZT and 3TC are prodrugs and must be metabolized to their

triphosphates metabolites for pharmacologic activity .
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Lamivudine and zidovudine (150 + 300 mg) immediate-release tablets are
manufactured using direct compression method by Fundacgéo para o Remédio Popular
“Chopin Tavares de Lima” (FURP) in Brazil. The medicines are distributed free of
charge through the Health Ministry DST/AIDS program . One of the features of this
therapy is the significant intersubject variability of treatment .. AZT has been
associated with hematologic toxicity, including neutropenia and severe anemia, being
these effects concentration-dependent. Additionally, the highest prescribed dose
should be administered in patients with an average weight above 40 kg, aiming to
minimize these adverse effects ®. Thus, the product quality consistency is critical to
minimize unacceptable in vivo variability and, consequently, therapeutic drug failure.

The current Good Manufacturing Practices (cGMP) from the FDA requires
statistical process control (SPC) quality tools to measure and analyze the process
variability. They are also recommended by other pharmaceutical regulatory guidelines,
such as the ICH Pharmaceutical Quality System Q10 guideline ["®. The manufacturers
must gain enough process knowledge by detecting sources, variability amplitude, and
their impact on product quality attributes. This is a paradigm shift in process evaluation
towards a rational scientific-based approach, in contrast with the standard practice,

which covers a mere comparison of the data collected with the CQA’s specification
[9,10]

Among the statistical tools, the control charts and the capability indices (i.e., Cp,
Cpk, Pp, and Ppk) allow evaluating the process consistency. It is considered stable if
only common causes of variation are present, revealed by the control charts (CC) ***2
in which the values are distributed in random order. In contrast, when special causes of
variation are present (non-random distribution), the process is considered
unpredictable. The process capability indices measure the ability to manufacture
products that meet specifications. These indices are a ratio of variability and the CQA
specification, and it can be applied to estimate the probability of producing out-of-
specification (OOS) products. The capability indices Cp and Cpk calculation requires
normally distributed data and a stable (stochastic) variation. These tools can be
introduced at any time in the product's lifecycle, following a quality by design (QbD)
approach, and may  support continued process verification and
annual product quality review 3,
The present study aimed to provide insights into the 3TC + AZT tablet

manufacturing process variability by retrospective data analysis of 529 batches
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manufactured by FURP between 2012 and 2015. For this purpose, the following CQAs

were evaluated: weight variation, uniformity of dosage units, and dissolution.

MATERIALS AND METHODS

Materials:

FURP kindly provided the retrospective data of 529 batches of 3TC + AZT tablets
manufactured between 2012 and 2015. Weight variation, uniformity of dosage units,
and dissolution were the CQAs selected. Table 1 shows the number of batches by

year.

Methods:

FURP performed the manufacturing process, and all CQAs quality control testing and

the methods are summarized below:

3TC and AZT tablets (150 + 300 mg) manufacturing process

The direct compression process was used to manufacture the tablets. The drug
substances and excipients were previously sieved, transferred to a 200.0 kg capacity
V-blender (Treu® S&o Paulo), with later blend homogenization by 15 minutes at 13 rpm
cycles. Magnesium stearate was also sieved and added to the other components of the
formulation in V-blender and mixed for an additional five minutes. The powder blend
was manually transferred to the gravity feeder, and the compression was performed in
a 25-station rotary tableting machine, model N25 (Neuberger® S&o Paulo). The speed
was 35,000 tablets/hour. After the end of the compression, the cores were transferred
to a coating pan machine (150.0 kg) (Lawes Cota 150°S&o Paulo). An aqueous
suspension sprayed the cores for film coating. The parameters used on coating step
were: spray gun nozzle of 1.2 mm diameter, a gun-to-bed distance of 25 cm, atomizing
air pressure of 36 psi, 8 rpm pan coating rotation speed, 65°C inlet air temperature, 45

to 48°C tablet bed temperature, and coating time between 45 and 60 minutes.

Critical Quality Attributes (CQAS)
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- Weight variation. The weight variation of 3TC + AZT tablets was performed according
to the Brazilian Pharmacopoeia 5ed. chapter 5 (general methods) ™. Briefly, a total of
20 tablets per batch were weighted using a digital balance (Mettler Toledo® Model
AL204). The criteria are met when no more than two tablets differ from the mean by
5%, and no unit differs in weight more than +10% of the mean.

- Uniformity of dosage units. The uniformity of dosage units of 3TC + AZT tablets was
accessed according to the Brazilian Pharmacopoeia 5ed. chapter 5 (general methods)
(41, Briefly, for each batch, ten tablets were weighed individually (Mettler Toledo® Model
AL204). The results were expressed as the amount of drug per tablet. The acceptance
value (AV) was calculated using the equation: AV = (M — X) + ks, where M reference
batch, X is mean batch for batch assay, k is the acceptability constant, and s is the
standard deviation. The specifications were (90-110%) ™. The HPLC method
parameters for 3TC + AZT quantification were: HPLC LC-20AT, Shimadzu®, column
Phenomenex C18 250 x 4.6 mm, 0.1 M ammonium acetate buffer, methanol and acetic
acid (65:35:0.1) mobile phase, 270 nm wavelength.

- Dissolution. Dissolution tests of the 3TC + AZT tablets were performed according to
the Brazilian Pharmacopoeia 5ed. ™. Briefly, the conditions were: USP apparatus 2,
50 rpm, 900 mL, and 37.0 + 0.5 'C purified water, using DTS, Ethik Technology®
dissolution system. After 60 minutes, 5 mL aliquots of the dissolution medium were
withdrawn and diluted with the mobile phase. The quantification was performed as
described in the uniformity of dosage units method. The values were expressed as a
percentage of the declared content drug. The first stage's tolerance limit is not less
than 80% (Q + 5%) of 3TC and AZT.

Statistical analysis

The process stability and process capability of the CQAs of the 3TC + AZT tablets
were performed using, respectively, control charts and capability indices **,
Histogram evaluation and Anderson-Darling tests were performed to evaluate the
normal data distribution. The process stability was evaluated using individual
observations with moving range charts, the tool stage in temporal sequence,
considering one year as a subgroup. This chart is created using the difference of

consecutive batches. The process capability was evaluated by the capability charts and
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the capability indices: Cp (process capability), Cpk (process capability adjusted for non-
centered distribution), Pp (potential or global capability of the process), and Ppk
(potential process capability adjusted for non-centered distribution) ™. The within and
global standard deviations were compared to verify the process capability, the sources
of variation, and the variation within subgroups ™¢*#*%. Statistical analysis of data was
performed using Minitab 18 software (Minitab, State College, PA).

RESULT AND DISCUSSION
Weight variation evaluation:
Assumption of data normality

The histogram evaluated the normality of the data. The data distribution in Figure 1
revealed a symmetrical, bell-shaped, and unimodal curve (Gaussian curve). These
features and the mean (666.48 mg) close to the median (666.50 mg) suggest the data
normality. Moreover, the standard deviation can be evaluated to assume a normal
distribution. The 68-95-99.7 empiric rule is another method the access data normality.
This study revealed 69.26% of data within the limits of one standard deviation (o),
95.46% within two o, and 99.73% within three o .

The weight variation data by year is described in Table 2. The analysis for
each year revealed that the values were close to the target (666.5 mg).

In addition to the histogram (fig. 1), the normal distribution of the weight

20211 The results of

variation data was assessed using the Anderson-Darling (AD) test
the AD test were presented in Figure 2 and Table 3. The p-values were below the
significance level (a = 0.05) for all years. It implies the rejection of the null hypothesis
(HO: the data follow a normal distribution). Consequently, the alternative hypothesis H1
(H1: the data does not follow a normal distribution) was accepted. Therefore, this test
suggests that the weight variation data does not follow a normal distribution ?.

The AD test compares the sum of squares differences between the empirical
data and the hypothetical distribution. AD uses the data without grouping, which means
that the test is sensitive to inconsistencies at the distribution tails rather than near the
median. So, it accentuates the discrepancies in the tails ?*?4, Thus, the batches'
weight tablet values in the tails significantly influence the assumption of normality (fig.

2). The data normality was assumed despite the AD test result due to histogram
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evaluation, mean and median comparison, and standard deviation 68-95-99.7 empiric
rule (fig. 1).

Process stability evaluation

The control chart of weight variation (fig. 3) was performed using the tool stages, which
allows the data evaluation in a historical ordered way (by year). Lower and upper
control limits (657.82 and 675.16 mg, respectively) were calculated considering three
standard deviation intervals (fig. 3). The Brazilian Pharmacopoeia 5ed. ™ sets up the
variation limits of + 5% for coated tablets weighing more than 300 mg, which means
values between 633 and 700 mg. However, in the present study, they were 650 and
683 mg (variation + 2.5%), respectively. The tight specification is an internal
manufacturer procedure implemented to ensure product effectiveness, safety, and
quality.

Six batches were detected out of the control limits (OCL) (individuals values
chart), known as special causes. Four in 2012, one in 2013, and one in 2014. No OCL
was observed in 2015. Five of the six batches were found below the lower control limit
(LCL). However, these batches met the internal specification limits. In the moving
range chart, the OCL showed high variability between successive batches, mastly in
2012. No OCL was detected in 2013 and 2014, and only one event was detected in
2015 (fig. 3). However, it is essential to point out that the six detected OCL comprises
only 1% of the 529 batches manufactured in the four-year period, which shows the
weight variation's practical stability.

A possible explanation for the observed OCL can be related to operator
performance and manufacturing issues, including equipment and pharmaceutical
inputs. The tablet machine used is hand-feeding equipment, making this step a
potential source of variability. Moreover, the observed variability might justify the
implementation of more advanced technology, for example, a forced feeder machine.
Additionally, the detected variability may be due to powder flow characteristics, the
components' cohesiveness, and the particles' irregular shape. Thus, forced feeding
using suitable blade-containing equipment is recommended. In this case, a 45-angle
blade can be selected for powders with reduced density for moving the powder
downwards. This configuration can improve the matrix's filling for formulations with low

powder flow, resulting in standard deviation minimization up to 75% 3,
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Process capability evaluation

The process capability indices describe the ability of the process of manufacturing
products within the specification limits. These indices are accurate when the data
follows a normal distribution. The indices Cp and Pp do not consider whether the mean
is close to the target. Cpk and Ppk are defined as the rate between the unilateral
process capability index and the specification limit (upper or lower) closest to the
average. Overall, Cp measures the potential capability of the process, while Cpk
measures effective capability. The capability indices Cpk and Ppk are calculated with
different standard deviations, respectively o (within) and s (overall). The o is used to
calculate the control limits and calculate Cp and Cpk, also called short-term process
performance indices or potential capability *®. The s is used to calculate Pp and Ppk,
which are indices of long-term process performance or global capability.

When the values of Cp and Cpk are similar, the process is centralized, which
means that the process average is close to the target and under statistical control (only
common causes of variability are present). The process is considered capable of
manufacturing within specification limits when Cpk > 1.0, being an ideal Cpk = 2.0.
When it is between 1.34 and 1.99, the process is considered suitable; values between
1.0 and 1.33 show that the process requires corrective action, and values less than 1.0
denote a not capable process. If it is equal to 1.0, then 99.73% of the values lie within

the specification limits 24

. Thus, 0.27% of the units manufactured may be out of
specification (example: in 1000.000 units manufactured, 2,700 units OOS). Figure 4
shows the process capability evaluation for the four years with values of Pp and Ppk of
1.88 (s = 2.92) and Cp and Cpk of 1.89 and 1.92, respectively (c = 2.86). This result
revealed process centralization and its consistency under the statistical control for this
CQA. The process failure probability, in the four years, was two tablets in 100,000,000
manufactured units.

The capability indices were also calculated by year, as shown in Table 4. Cpk
ranged from 1.79 to 2.03, and Ppk from 1.75 to 2.11. Standard deviations ¢ were in the
range of 2.65 to 3.04, and 2.51 to 3.12 for s. However, only 2015 showed Cp = Cpk
and Pp = Ppk and Cpk = Ppk, showing the process's consistency. Botelho, R.S. et al.
1% revealed Cp and Cpk of 1.00 and 0.98, respectively, for the weight variation data of
three consecutive batches of furosemide (40 mg) tablets. These values showed a high
probability of process failure (2,751 PPM). In this study, the probability of obtaining

results outside the specification limits was substantially lower (0.02 PPM).
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When the indices were calculated with overall data (no year stage), Cp and Cpk
indices were equal, 1.89, and Cpk was almost equal to Ppk (1.89 and 1.88,
respectively). This result showed a centralized and under statistical control process.
Thus, the analysis by year can expose the opportunities for process improvement.
These opportunities are the centralization of the process, special causes investigation,
and even technology modernization.

Uniformity of dosage units evaluation:
Assumption of data normality

Histogram and Anderson-Darling test were evaluated as previously described in weight
variation analysis (fig. S1 and Table S1). Histograms with unimodal distribution and
bell-shaped symmetry were observed for both drug substances. The mean and median
values were similar, with the maximum difference for 3TC of 0.39 mg, in 2015 (Table
S2). The mean and median difference of AZT data was only 0.14 mg in 2012. Reduced
values for AZT standard deviations (SD) were detected from 2012 to 2014. In 2015, SD
was similar to the two previous years, respectively, 1.94 and 1.96.

In addition to the histogram, the data were evaluated for their distribution using
the Anderson-Darling test (fig. S2 and Table S1). The p-values for both drug
substances were lower than the level of significance (a = 0.05). These results indicated
that the data do not follow a normal distribution. However, it is possible to observe that
the extreme values (from tails) for AZT are closer to the adjusted distribution line (fig.

S2). Figures S1, S2, and Tables S1, S2 can be found in the supplemental material.
Process stability evaluation

Figure 5 shows the control charts for individual observations. The 3TC UCL and LCL
were 94.27 and 104.12%. For AZT, the UCL and LCL were 95.49 and 103.58%,
respectively. For this CQA, the specification limits are 90 and 110% 4,

Ten batches above the UCL (102.94%) and six below the LCL (96.24%) were
found (fig. 5). In 2012, nine OCL were found, being six above the UCL and three below
the LCL. Five batches out of the control limits (OCL) were observed in 2013, two above

the UCL and three below the LCL. In 2014, only two batches were observed below the
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LCL. In 2015, no OCL was observed. However, all of them are within the specification
limits. Figure 5 also shows a lower variability in 2013 when compared with other years.

The special causes mentioned above could be easily detected using these
control charts. Consequently, this tool can be used to support a search for the source
of variation and apply corrective actions. Control charts can help in the prevention of
non-conforming units when a variability increase trend is found. Thus, this tool can
support process variability elimination or its reduction as much as possible %,

Besides, Figure 5 shows the moving range (MR). The highest UCL was
detected in 2015, respectively, 6.0 and 5.0% for 3TC and AZT. The most substantial
variability in the MR was detected in 2014; batch 419 showed higher values for both
drugs, 3TC and AZT, 6.3 and 7.3%, respectively. Twenty-three OCL of 3TC make up
only 4.3% of the 526 batches, and for AZT, twelve OCL are only 2.2% of the total.

Process capability evaluation

Table 5 shows the process capability indices for uniformity of dosage units. Since 3TC
indices are not very close, they revealed the need for process centralization. The minor
difference between Cp and Cpk was 0.05 in 2014, and a significant difference was
observed in 2013 (0.44). On the other hand, the best values for process consistency
were observed in 2015, when the difference between Cpk and Ppk was only 0.29. The
worst value was found in 2013, with a difference of 1.38. The Cpk and Ppk divergences
indicated that the process was not operated predictably over time. Considering the
worst index (Ppk: 1.58), the probability of process failure was 116 tablets in
100,000,000 units manufactured in 2015 for 3TC.

The Cp and Cpk, Pp, and Ppk of AZT (Table 5) also revealed the need for
process centralization when the process is observed by year. The lowest difference
between Cp and Cpk was 0.08 in 2014, while the highest difference was in 2013 (0.61).
Considering the lower Ppk (1.62), the probability of failure of the process was 68
tablets in 100,000,000 units manufactured in 2015. Although in 2015, the 3TC Ppk was
close to AZT, the probability of failure in the uniformity of the dosage units for
lamivudine is 1.7 times greater than zidovudine. Likewise, the Cp and Cpk indices from
the uniformity of dosage units of furosemide tablets (40 mg) and captopril (25 mg) also
revealed a non-centralized process. Cp and Cpk were 1.43 and 1.27 and 1.69 and

1.83, respectively 1924,
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The 3TC + AZT tablets are 67.5% of drug substances (22.5% of 3TC and 45%
of AZT). Therefore, differences in the powder densities and patrticle size distribution of
drug substances may cause segregation of the powder blend from the feeding to the
compression chamber. This potential failure must be investigated and avoided by
controlling the particle size distribution in the blend, flow time evaluation, and
morphological analysis of the particles. Crowley (2018) used multivariate models to
evaluate the negative impact of non-uniform moisture on compaction performance.
Besides, the variability between four batches of microcrystalline cellulose prepared
from different wood pulp was analyzed, revealing a considerable influence of the

excipient’s origin on the compaction ability .

Dissolution evaluation:

Assumption of data normality

Histogram and Anderson-Darling tests were evaluated to access data normality as
earlier described (fig. S3, S4, and Table S3 of the supplemental material). Histogram
showed curves with unimodal data distribution and bell-shaped symmetry for both drug
substances and cores and coated tablets (fig. S3 and fig. S4). 3TC and AZT dissolution
data showed close means and medians for all years (Table S4). A reduction trend in
the standard deviation of 3TC was detected in 2014. Minor values were found in 2015
for both drug substances (2.74 for 3TC and 2.38 for AZT).

Data normality was also evaluated using the Anderson-Darling test (fig. S5 and Table
S3). The values for both drug substances were lower than the level of significance (o =
0.05). These results show that the data do not follow a normal distribution. Similarly,
the core tablets did not show normal data distribution (fig. S6). However, as in earlier
evaluations, the data was assumed normally distributed. Figures S3, S4, S5, and

Tables S3 and S4 can be found in the supplemental material.

Process stability evaluation

Figure 6a shows the control chart of 3TC. In 2012, five batches presented values below
the LCL. No batches were detected above UCL as expected due the to uniformity of
dosage units results. In 2013, higher variability was found compared to other years,

with results tending to be lower than the mean, signaled by the LCL below the lower
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specification limit (LSL). For 2014, two batches were below the LCL and none in 2015.
Similar behavior was observed for the 3TC cores (fig. S7).

Figure 6b shows the control chart from 3TC in 2013, with a monthly stage. This
chart shows the batches in detail for coated tablets. Between February and November
2013, eighty-eight batches were manufactured. The first fifteen batches showed the
highest process variability. From batches sixteen to sixty-two, 3TC dissolution was
close to the target. It means a centralized process with reduced variability. The
variability has increased from sixty-three to seventy-four batches, and from batches
seventy-five to eighty-eight, the variability decreased.

For the same drug, two batches were found below the LCL in 2014. In 2015, no
OCL was found. The LCL and UCL of coated tablets were, respectively, 87.0% and
103.5% (2012), 78.1 and 105.9% (2013), 87.3 and 103.6% (2014) and 88.8 and
103.8% (2015). For the cores, these values were very close (LCL= 89.29% and UCL=
102.3%) (fig. S7). These values, except the UCL in 2013, are within the limit of
specification 4.

Figure 7 shows the control chart of AZT for coated tablets. In 2012, a more
significant number of lots presented OCL results in comparison to other years: four
below the LCL and one above the UCL. Even so, this quantity was considerably low
regarding the entire batches produced in the period (n=249). Interestingly, in the same
period, the cores showed only one result below LCL and one above the UCL (fig. S8).
It is necessary to reinforce that even though some results have shown values out of the
control limits, all meet the specification.

Figures 6a, 6b, 7, S7, and S8 show the moving range charts. The highest UCL
was found in 2013 for 3TC and AZT. The moving range values above the UCL showed
high variability between successive batches.

Process capability evaluation

Table 4 summarizes the dissolution (3TC and AZT) capability process for the period
2012-2015. The process capability of 3TC shows that the process is not centralized for
coated tablets or cores (Table 6 and S5). Ppk and Cpk, were: 1.63 and 1.96 (2012);
1.00 and 0.94 (2013); 1.45 and 1.91 (2014) and 1.99 and 2.19 (2015) for coated
tablets. These indices showed a minimum difference of 0.06 in 2013. The differences
between Cpk and Ppk indicated that the process was not operated predictably during

the evaluated period. The lowest 3TC Cpk index for coated (0.94) revealed the
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probability of failure of 1,339 tablets in 1,000,000 units manufactured in 2013. This
probability of failure suggests urgent improvement of process centralization and special
causes elimination.

According to Tables 6, S5, and Figures 8 and S9, the process capability of AZT
shows that the process is also not centered. For coated tablets, the Ppk and Cpk
indices were: 2.02 and 2.50 (2012); 1.86 and 1.86 (2013); 1.92 and 2.28 (2014); and
2.36 and 2.62 (2015). These indices were equal in 2013 (1.86) and had a maximum
difference of 0.48 in 2012. The differences between Cpk and Ppk indicated that the
process was not operated consistently. Considering the lowest index (Ppk = 1.86), the
probability of failure of the process was 1 in 100,000,000 units manufactured in 2013.

The overall Cpk values for coated tablets were 1.50 for 3TC and 1.98 for AZT,
denoting AZT's better performance. Even for the evaluation by year, the AZT Cpk
values are higher than 3TC, confirming the difference between the drug substances.
Significant variability for both drugs on coated tablets was observed in 2013, with the
total variation (s) of 4.02 and 2.90 for 3TC and AZR, respectively. The within subgroup
variation (o) was also elevated in 2013 (4.28 for 3TC and 2.90 for AZT). In parallel, the
lowest variation was observed in 2015 for both drug substances.

As the statistical analysis of the dissolution of the coated tablets and the 3TC
and AZT cores (150 + 300 mg) showed virtually no difference in results (Tables 6 and
S5), the higher variability of 3TC from dissolution might be related to the uniformity of
dosage units results. However, this CQA showed a lower variability in the year 2013
(Table 5, fig. 5). The capability indexes of uniformity of dosage showed high Cp and
Cpk, Pp, and Ppk, all above 1.58. This performance reinforced that the uniformity of
dosage units did not influence 3TC and AZT dissolution variability in 2013.

Regarding the cores' coating, a slight difference between the results before and
after the coating process was expected. This behavior may be explained by the
function of the dry film used in the coating process. The excipient Opadry Il was
hypromellose-based, and its function is to mask the unpleasant taste of 3TC and AZT
%6271 Therefore, in this case, the coating did not influence the dissolution of the coated
tablets.

The excipients croscarmellose sodium, microcrystalline cellulose, silicon
dioxide, hypromellose, and magnesium stearate represent only 32.5% of the total tablet
mass. Considering the higher amount of drug substances in the formulation,

differences in 3TC or AZT particles' physical characteristics such as size, shape,
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density, and polymorphism may contribute to drug dissolution failures and increase the

process variability 23,

CONCLUSION

This study allowed understanding the 3TC + AZT tablet manufacturing process
variability by retrospective data analysis of 529 batches considering the following
CQAs: weight variation, uniformity of dosage units, and dissolution. The analysis of
weight variation highlighted a better understanding of the process performance over
time. For this CQA, the process stability was revealed, presenting low process failure
probability. Nevertheless, some opportunities for improvement can be pointed out.
Corrective actions such as the training of operators can be applied immediately.
Besides, implementing a forced feeder machine may improve matrix filling during direct
compression minimizing its variability.

For uniformity of dosage units, 3TC and AZT's capability indices revealed the
need for process centralization. Special causes were progressively eliminated over the
years and were not detected in 2015. If process refinements are still desired, it is
recommended to investigate the impact of powder density, particle morphology, and
origin of excipients on the uniformity of dosage units. Besides, controlling the particle
size during the blend and the flow time through a forced feeder machine
implementation may centralize the process.

The dissolution process capability allowed discriminating the performance of the
two drug substances. This difference permits drive the efforts towards 3TC
improvements. Moreover, the dissolution results showed no significant difference
before and after the coating process. Also, the large amount of drug substances in the
tablet and their physical characteristics may be further investigated to mitigate the
process variation.

Lamivudine and zidovudine AIDS treatment requires product quality consistency
to minimize intersubject variability and, consequently, therapeutic drug failure. Control
charts and capability indices allowed variation detection, understanding, and assessing
their sources on product attributes. Therefore, this approach revealed opportunities for

process improvement, aiming to reduce risks to the patients.
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6. APPENDIX D: Cancer treatment in the lymphatic system: A prospective
targeting employing nanostructured systems
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ABSTRACT

Cancer related to lymphangiogenesis has gained a great deal of attention in
recent decades ever since specific markers of this intriguing system were
discovered. Unlike the blood system, the lymphatic system has unique features
that can advance cancer in future metastasis, or, conversely, can provide an
opportunity to prevent or treat this disease that affects people worldwide. The
aim of this review is to show the recent research of cancer treatment associated
with the lymphatic system, considered one of the main gateways for
disseminating metastatic cells to distant organs. Nanostructured systems based
on theranostics and immunotherapies can offer several options for this complex
disease. Precision targeting and accumulation of nhanomaterials into the tumor
sites and their elimination, or targeting the specific immune defense cells to
promote optimal regression of cancer cells are highlighted in this paper.
Moreover, therapies based on nanostructured systems through lymphatic
systems may reduce the side effects and toxicity, avoid first pass hepatic
metabolism, and improve patient recovery. We emphasize the general
understanding of the association between the immune and lymphatic systems,
their interaction with tumor cells, the mechanisms involved and the recent

developments in several nanotechnology treatments related to this disease.



