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RESUMO

A via topica traz muitas vantagens sobre o tratamento oral por ndo sofrer efeito de primeira
passagem, menos ou nenhuma interacio medicamentosa e, normalmente, ndo requer
monitoramento laboratorial durante o tratamento. Com uma melhoria na eficicia da
administracao de medicamentos tépicos, a investigacdo de novas formulagdes farmacéuticas é
essencial para aumentar a adesdo do paciente, facilitando o regime terapéutico. Neste contexto,
o objetivo deste trabalho foi estudar um sistema de administracdo de medicamentos capaz de
modular a liberagdo de farmacos topicos usando um polimero que responde a estimulos com
caseina e avaliar a adi¢ao de nanoparticulas poliméricas a modulagao reoldgica do hidrogel e
ao aumento da administracdo de farmacos. Formulamos combinacdes de P407 e caseina em
propor¢des varidveis, com a presenca das duas moléculas sendo confirmada pelo FTIR.
Estudamos o efeito das mudangas na propor¢ao de caseina, na viscosidade, na bioaderéncia e
nas propriedades mecanicas, pois isso seria um determinante importante da capacidade da
formulacao de se manter no lugar apds a aplicagdo. A viscosidade a 37°C da formulagio cresceu
com o aumento da propor¢do de caseina: 18% (p/v) de P407 com 5 e 10% de caseina foram
1,27 e 2,84 vezes mais viscosos respectivamente do que P407 somente. A adicdao de 10% de
caseina em P407 a 25% resultou em aumento de viscosidade de 1,22 vezes. O efeito da adicao
de caseina sobre a bio adesao e propriedades mecanicas favoreceu a formulagdo de um produto
tépico final mais adesivo, que visa a capacidade de espalhabilidade e contato prolongado no
local. O uso da caseina retardou a liberacdo da droga do cloridrato de bupivicaina (anfifilico) e
sulforodamina B (hidrofilico) em PBS a 37°C. Todas as formula¢des foram testadas em ratos
para 6 h de contato com a pele e nenhuma delas apresentou sinais de irritacdo ou inflamacao,
demonstrando seu potencial para ser testada e utilizada em humanos. As nanoparticulas de PCL
mostraram alta eficiéncia de encapsulamento (98,81%) do cloridrato de terbinafina, um bom
indice de polidispersidade e ndo interferiu na atividade metabdlica dos queratindcitos. Elas
foram adicionadas ao hidrogel de caseina P407 em diferentes ordens e concentragdes. A adicao
de nanoparticulas ao hidrogel influenciou significativamente a temperatura de gelificacao, as
propriedades viscoelasticas e forneceu géis estdveis nos dois métodos de preparacido. Além
disso, a ordem de adicdo levou a diferentes comportamentos reolégicos para a mesma
concentracdo de nanoparticulas. Tanto hidrogeis acrescidos pela adicdo de proteinas
disponiveis quanto nanoparticulas poliméricas, t€ém potencial como sistemas de liberagdo
controlada de medicamentos. As propriedades desejadas para um produto tépico, reologia e

liberacdo de ativos, podem estar na mistura inovadora de componentes ja conhecidos e suas



formas. Essas melhorias podem ter um impacto na adesdo do paciente, particularmente com
terapias topicas que podem durar meses e exigir muitas aplicacdes por dia. No entanto, parece
que ainda ha plenty of room at the bottom para permitir o desenvolvimento continuo dos

sistemas de entrega de medicamentos para as décadas vindouras.

Palavras-chave: Sistemas de administracdo de medicamentos, Poloxamer 407, Caseina,
liberacio modificada, formulacdes tdopicas, nanoparticulas, policaprolactona, hidrogel,

reologia, mistura.



ABSTRACT

Topical route brings many advantages over oral treatment, since there is no first-pass effect,
less or no drug interactions and usually does not require laboratory monitoring during treatment.
As an improvement in topical drug delivery effectiveness, the investigation of new
pharmaceutical formulation is mandatory for increasing patient compliance, by easing the
therapeutic regime. In this context, the aim of this proposal is to study a drug delivery system
capable to modulate topical drug release using a stimuli-responsive polymer with casein and
evaluating the the addition of polymeric nanoparticles to the hydrogel rheological modulation
and drug delivery enhance. We formulated combinations of P407 and casein in varying
proportions, with the presence of the two molecules being confirmed by FTIR. We studied the
effect of changes in the proportion of casein, on viscosity, bio adhesiveness and mechanical
properties, as this would be an important determinant of the ability of the formulation to stay
in place after application. The viscosity at 37°C of the formulation increased with increasing
proportion of casein: 18% (w/v) P407 with 5 and 10% casein were 1.27 and 2.84 times more
viscous respectively than P407 alone. At 25% P407, addition of 10% casein increased viscosity
1.22-fold. The effect of casein addition on bio adhesion and mechanical properties was
favorable to a final more adhesive topical formulation which aims spreadability, prolonged
contact at site. The use of casein slowed down the drug release of bupivicaine hydrochloride
(amphiphilic) and sulforhodamine B (hydrophilic) in PBS at 37°C. All the formulations were
tested in rats for 6 h skin contact and none of them showed signs of irritation nor inflammation,
demonstrating its potential to be tested and used in humans. Polycaprolactone nanoparticles
showed a high encapsulation efficiency (98,81%) of terbinafine hydrochloride, a good
polydispersity index and did not interfere in the metabolic activity of keratinocytes. They were
added to the P407-casein hydrogel in different orders and concentrations. The nanoparticle's
addition to the hydrogel significantly influenced gelation temperature, the viscoelastic
properties and provided stable gels at the two preparation methods. Moreover, the nanoparticle
addition order leads to different rheological behavior for the same nanoparticle concentration.
Hydrogels driven by the addition of readily available proteins and polymeric nanoparticles have
potential as translatable controlled drug release systems. The desired properties for a topical
product, rheology and drug release, may be in the innovative mixture of already known
components and their forms. These improvements may have an impact on patient compliance,

particularly with topical therapies that may last for months and require many applications per



day. However, it appears that there is still "plenty of room at the bottom" to allow continued

development of drug delivery systems for decades to come.

Keywords: Drug Delivery Systems, Poloxamer 407, Casein, modified release, topical

formulations, nanoparticles, polycaprolactone, hydrogel, rheology, mixture.
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1. INTRODUCAO

O presente trabalho encontra-se dividido em capitulos redigidos sob forma de
artigos, a saber:

e CAPITULOI: Artigo de revisdo — Bio-polymeric delivery systems for modified-
release

e CAPITULO II: Artigo de revisdo - Nanotechnology as a Tool to Overcome
Macromolecules Delivery Issues

e CAPITULO III: Artigo de resultado - Enhancement of the Mechanical and Drug-
Releasing Properties of Poloxamer 407 Hydrogels with Casein

e CAPITULO IV: Artigo de resultado - Terbinafine nanohybrid: proposing a
hydrogel carrying nanoparticles for topical release

Desta forma, determinadas informagdes que constam em um capitulo poderdo se
repetir nos demais, assim como na disussao e na conclusdo. Alguns dados contidos nos artigos
de revisdao vao além do explicitado pelo titulo e resumo, jd que sdo completos e robustos,
tratando de temas relevantes para esta tese.
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2. JUSTIFICATIVA

Um produto dermatolégico tépico visa o fornecimento ativo as varias camadas da
pele, a fim de tratar as perturbacdes cutaneas, sendo ela o principal alvo do medicamento. Essa
via tem vdrias vantagens no tratamento dessas perturbagdes, uma vez que permite 0 acesso
direto ao local, evita o metabolismo hepatico de primeira passagem, ndo € invasiva e reduz a
toxicidade sistémica (Havlickova e Friedrich, 2008; Yang et al., 2017). O desenvolvimento de
um sistema apropriado de entrega topica de medicamentos depende principalmente da barreira
especifica que o medicamento tem de atravessar (Yang et al., 2017) (Fig.1). Os componentes
presentes na formulagdo podem permear por caminho intercelular (entre as células), caminho
transcelular (através da célula) e caminho trans apendetal (através dos foliculos e glandulas

sudoriparas).

Intercelular Transapendal

Transcelular

}_ Stratum corneum

™ Epiderme

Figura 1 - Transporte de ativos através da pele. a) O stratum corneum (SC) € a
camada mais externa da pele e a principal barreira para o transporte. As moléculas podem
permear através das vias intercelular, transcelular e transapendal. b) A permeacdo através do
SC ¢ limitada principalmente pelos lipidios (argamassa), que preenchem os espagos entre os
cornedcitos (tijolos). ¢) Os lipidios que preenchem os espacos entre os cornedcitos estao

dispostos em uma estrutura de bilis, com caudas hidrofébicas no interior e grupos de cabecas
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polares no exterior. Os lipidios sdo principalmente colesterol (amarelo), dcidos graxos livres

(azul), e ceramidas (verde). Adaptado de (Romanhole et al., 2020).

Em termos de formulagdo, alguns atributos sdo desejdveis para manter um contato
proximo e prolongado entre o farmaco e a pele afetada, ajudando na adesao do paciente e, por
consequéncia, a eficdcia clinica. Formulacdes adesivas, eldsticas, oclusivas e durdveis sdao
procuradas quando uma terapia tOpica € necessdria. As formas de dosagem tépica para
aplicacdo na pele precisam ter propriedades mecénicas 6timas como: viscosidade aceitdvel
(facil remocao do recipiente), bioaderéncia (assegurar a reten¢do no local de aplicagdo), entrega

e absor¢do adequadas do farmaco (Jones et al., 1997; Hurler et al., 2012; Alves et al., 2018).

Visando terapia topica com melhor administracio de medicamentos, adesdo do
paciente e eficdcia clinica, a busca de um sistema de administracdo de medicamentos com

liberacao modulada e propriedades mecanicas adequadas ao tratamento desejado € necessdria.
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3. OBJETIVOS
3.1. OBJETIVO GERAL

Estudar do comportamento fisico-quimico, mecéanico e de liberacdo de ativo de

hidrogeis modificados por polimeros naturais € nanoestruturas.

3.2. OBJETIVOS ESPECIFICOS

e Formular hidrogéis de poloxamer 407 + caseina em diferentes concentragoes.

e Estudar comportamentento reolégico e mecanico dos hidrogéis de poloxamer 407
+ caseina em diferentes concentragdes.

e Estudar biocompatibilidade dos hidrogéis de poloxamer 407 com caseina em
diferentes concentragdes.

e  (Caracterizar hidrogéis de poloxamer 407 com caseina em diferentes concentracdes.

e  Produzir nanoparticulas de policaprolactona com terbinafina.

e (Caracterizar morfoldgica e fisico-quimicamenteas nanoparticulas de PCL com
terbinafina.

e Estudar citotoxicidade das nanoparticulas de PCL com terbinafina

e Estudar a efici€ncia de encapsulacao das nanoparticulas de PCL com terbinafina

e Estudar a liberagdo de terbinafina das nanoparticulas de PCL.

e Estudar a libera¢do das nanoparticulas de PCL com terbinafina a partir do hidrogel
de 18% P407 e 10% caseina.

e Estudar o comportamento reoldgico do hidrogel de 18% P407 e 10% caseina com

nanoparticulas de PCL.
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4. EXECUCAO

Capitulo I — Bio-polymeric delivery systems for modified-release

Louise Lacalendola Tundisi; Rogério Aparecido Bataglioli; Marisa Masumi Beppu;

Priscila Gava Mazzola
Submetido ao Journal of Controlled Release

ABSTRACT

The new generation of drug delivery systems has been designed to address
challenges on drug efficiency, administration cycles, and unspecific targeting. Biopolymers
have played an essential role in developing advanced therapies, granted to their macromolecular
diversity, biocompatibility, bioresorbability, and tunable processing of polymeric materials.
This article reviews the recent advances on (bio)polymeric drug delivery systems, emphasizing
materials, dosage form, and trigger release mechanisms. The interplay between the
macromolecular features (including molecular weight, cross-linking density, grafting) and the
release mechanism is investigated in detail. Polymer swelling and erosion, and their role in drug
release, are also analyzed for different material shapes and release media. Advances on new
triggered release mechanisms, focusing on pH- and temperature-responsive materials, are also
discussed. Finally, this review presents future perspectives on the drug delivery arena,
highlighting the challenges and opportunities to use polymer-based materials to design targeted

treatments.

Keywords: Drug Delivery Systems, Modified Release; Polymers; Biopolymers
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1. Introduction

In order to maintain therapeutic levels of a drug for extended periods without
administering several doses a day, drug release-controlled systems are necessary. Polymers as
a material for modified drug release have undergone a near 45-years-long development [1, 2].
Not only synthetic but also natural polymers became a crucial part of the design of drug delivery
devices. Due to their structural and functional versatility, polymers provide a great contribution
to drug delivery systems, increasing the effectiveness of the drug, reducing therapy side effects,
enhancing patient’ compliance by minimizing repeated administrations, maintaining constant
levels of the drug in the plasma, and also being able to protect the drug from degradation and
clearance [3, 4]. Several mechanisms are used to control the release of the therapeutic agent,
including changes in the pharmaceutical form of the drug delivery system (DDS), in the
production method (modulation of the surface, cross-linking, layer-by-layer), in the polymeric
system responsiveness to stimuli (smart-responsive polymer, already established), or all the
above [5,6]. Besides pharmaceutical, other areas also take advantage of the tunable release
properties of polymer-based materials to target specific applications in cosmetic, agricultural

industries, and household products.

This review focuses on the recent advances of polymer-based materials for tuning
system’s drug release. We begin with an overview of the features of the polymeric materials
and the main requirements for DDS design. The following section presents an overview of the
main aspects of DDS design, including materials, shape, and release mechanisms, detailing
several examples and recent advances involving synthetic and natural polymers and their
combinations. The final section presents the outcome of the current technologies and highlights
the future perspectives and challenges for the development of DDS with controlled release

properties.

2. Bio(polymeric) material characteristics

When one thinks about polymeric DDS, an immediate thought comes to mind: what
is the fate of this polymer? It is more convenient to have a polymer that does not need to be
recovered after drug release. According to the Chengdu, China 2018 [7] conference, the
biomaterial is defined as “a material designed to take a form that can direct the course of any

therapeutic or diagnostic procedure through interactions with living systems.” A biomaterial



28

would give this advantage as it can be either biodegraded or be directly excreted by the body

after erosion.

Degradation is a chemical process, bond cleavage, while erosion is a physical
process conditioned on dissolution and diffusion, depleting the material [2]. Biodegradable
materials are unstable in living environments, having chemical functionalities like amide bonds,
esters, and anhydride, being eliminated by natural metabolic pathways. Erosion can occur either
faster on the surface or in bulk. For example, if the drug needs to be protected from water until
all the polymer is gone, a surface erosion would be more beneficial, and a polymer that would

have an erosion faster than water permeation is needed.

More than the body being able to dispose of the polymer, we have to think about
biocompatibility as a whole. Biomaterials should also present the ability to perform the desired
functions for medical therapy [7] to induce an appropriate host response in a specific
application, and to interact with living systems without having any risk of injury, toxicity, or
rejection by the immune system and undesirable or inappropriate local or systemic effects.
When designing biocompatible materials, one must consider several factors, including
inflammation, toxicity, interference on the regular physiological daily basis of the patient (i.e.,

lenses cannot impair patients’ vision), among other aspects.

This bio (polymeric) material can be either of synthetic or natural origin, but they
need to be biocompatible to be considered for DDS. Synthetic polymers tend to be more
consistent from batch to batch, more predictable in their DDS, and easier to work. Natural
polymers may vary in their molecular weight, and subsequently, their polydispersity among
batches, affecting the drug release profile and reproductivity and can be mildly immunogenic.
Alternatively, recombinant protein-based materials are an interesting alternative to reach the
desired biocompatibility, while keeping low polydispersity and modularity for drug delivery
applications [8].

Polymeric materials have structural versatility, which allows properties to be
adapted to specific uses. In this context, by altering the chemical groups present in the
macromolecular architecture of the chains and modifying bulk or surface properties, one may
tailor specific interactions between the polymer and the biological environment [9]. These
modulations can result in polymers with unique properties to formulate intelligent systems that
can be applied to control drug release by changing how the material interacts with the

environment. For example, when limited water permeation is desired, designing a polymer with
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hydrophobic monomer units may limit the hydrolysis rate. It is important to acknowledge that
the same polymer can be shaped into different formats (microparticles, nanoparticles, lenses,
inserts, hydrogels, among others) and can be administered using various routes, from localized
to systemic administration. Go into all the possible pharmaceutical formulations is beyond the
scope of this review, which will focus on the essential principles for the selection and design of

polymeric drug delivery systems.

3. Drug delivery systems

Designing an ideal DDS is reliant on the choice of the biomaterial. As described by
[10], this choice addresses challenges related to both the polymer matrix and the drug diffusion
itself. Starting with material, it is possible to design the perfect amount of crystalline phase, the
porous size, or the degree of swelling. However, from a diffusion point of view, the
physicochemical properties of the compound to be released are a crucial factor to reach the
ideal release rate. The drug release process in polymeric systems takes place through one, or a
combination, of the following mechanisms (not including triggered release): (i) drug diffusion
through the polymer matrix (through a previously cross-linked mesh, pores, or by a swelled
polymer layer), (i1) erosion of the polymer matrix (surface or bulk erosion) and (ii1) degradation
of the polymer matrix [11, 12]. The diffusion usually involves the polymer matrix swelling,

which promotes its transition glassy to the rubbery state, facilitating the drug transport.

The mechanism governing drug transport through the swelled polymer matrix
depends on both the rate of solvent penetrating and the drug leaving the matrix. As the water
penetrates the polymer, the swelled region becomes rubbery, increasing polymer chains'
mobility and creating a moving boundary between the swelled and the glassy regions inside the
polymer matrix. Systems that present a fast water penetration rate relative to the drug release
rate swells without immediately releasing the drug. These systems are described as diffusion
controlled. Cases in which the drug diffuses out of a polymer region as soon as it swells,
meaning the water penetration rate limits the drug release process, are called chain relaxation
controlled systems [13]. Release mechanisms are determined by fitting the drug release data to
deterministic models, such as Higuchi [14] and Ritger and Peppas [15] models, and assessing
the parameters retrieved from them. For example, the traditional Ritger-Peppas, or power-law
model, classifies the release mechanism according to the value of the diffusional exponent into

diffusion-controlled (n = 0.5), both diffusion- and chain relaxation-controlled (0.5 < n < 1),
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chain relaxation-controlled (n=1), and super case II (n>1). Other models such as Peppas and
Sahlin model [16] and the phenomenological Berens and Hopfenberg model [17] also enable

decoupling of each mechanism's contribution to the drug delivery process.

All these mechanisms, as cited above, depend on the polymer and the drug. We
would add a third situation that calls for attention, which will be in imminent contact between
the polymer and the release medium. This interaction relies on the administration route, which
in turn defines if the DDS will be in contact with the skin, the gastric fluid, mucosa, eye tear,
epidermis, eardrum, among others. Different routes present different retention times, pH
conditions, temperatures, and other relevant factors. For example, if a DDS is applied to the
skin, it will not have a swollen mechanism for drug release, and pH would be lower than the

physiological.

The polymer systems discussed here were based on the experience of the authors

and some of the most used materials for DDS.

3.1. Materials

3.1.1. Alginate (ALG)

Alginate is a widely abundant anionic polysaccharide obtained from brown
seaweed by alkaline extraction [18], with suitable properties for biomedical applications,
including biocompatibility, low toxicity, mucoadhesion, and ease hydrogel-formation [19].
From a macromolecular standpoint, alginate comprises a family of linear copolymers of -D-
mannuronic acid (M) and a-L-guluronic acid (G) residues distributed over the polymer chain
as blocks containing only-G, only-M, or a mixture of both monomers (Figure 1). Several
factors, including the M/G ratio, the sequence, and the molecular weight, affect the overall

properties of the alginate, including its gelation and mechanical performance [20].
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Figure 1. Schematic representation of (a) guluronic C- block, (b) mannuronic M-

block, and (c) alternating G-M block present in alginate macromolecule.

Due to similarity to extracellular matrix components [21], alginate biomaterials are
widely explored as hydrogels for biomedical applications, from cell scaffolding to the delivery
of therapeutic agents. Ionic cross-linking is the most traditional method to form alginate
hydrogels. In this method, ionic species, such as divalent cations (usually, Ca2+), are mixed
with the polymer aqueous solution, leading to gel formation due to the coordination of G
monomers with different polymeric chains according to an egg-box cross-linking model [22].
Although simple, this method enables little control on the gelation rate and gel homogeneity.
The release of the divalent cations is another drawback, leading to gel dissolution and poor
stability under physiological conditions [23]. Alternative gelation methods have been designed
to create alginate-based hydrogels in combination with other polymers. Literature reports
alginate hydrogels with several covalent cross-linkers, including bi-functionalized
poly(ethylene glycol)-diamines (PEG), which allows the control of the elastic modulus and the
gel swelling rate based on the weight fraction of PEG [24, 25]. Thermal-induced gelation of
alginate and poly(N-isopropylacrylamide) mixtures [26] and cell-induced shear-thinning
hydrogels via arginine-glycine-aspartate (RGD)-modified alginate and cell receptors cross-

linking [27] have also emerged as alternatives for alginate hydrogel formation.

Alginate biomaterials have been explored in several formats (beads, microspheres,
microcapsules, and tablets) to deliver therapeutic agents, including small molecules, proteins,
and genes. One of the most exciting applications of hydrogels involves the in-situ hydrogel

formation for ocular and oral drug delivery as a strategy to overcome the poor availability or
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superior degradation of drugs delivered in solution. The drug release mechanism in alginate
hydrogels varies depending on the alginate bioconjugation [28] the interactions between the
polymer and drug molecules [29] and the release media [30]. For example, Maiti and co-
workers describe the fast, diffusion-controlled release of the anti-inflammatory flurbiprofen
from nano-pored-sized alginate hydrogel beads formed by Ca2+ ionic cross-linking [31]. The
authors also reported the prolonged drug release profile from calcium-alginate beads partially
oxidized with covalent agent adipic acid dihydrazide, limiting the polymer matrix swelling.
Sriamornska and co-workers highlighted the role of swelling and erosion on the rate and
mechanisms that control the drug release from alginate tablets [30]. Under acidic pH, the
authors describe the non-Fickian, or both diffusion- and erosion-controlled, release mechanism
of the antibiotic metronidazole from alginate tablets, according to the Korsmeyer-Peppas data
fitting model. Neutral pH conditions (phosphate buffer, pH 6.8), on the other hand, favor the
time-independent, zero-order release associated with the more extensive swelling of the
polymer matrix under neutral conditions. Alternative methods have been developed to improve
alginate hydrogels' mechanical and resistance properties by depositing a macromolecular
protective shell over the gel hydrogel particle. This method involves the complexation of
polycationic molecules, such as chitosan, over the alginate core hydrogel, which may be later
ionically [32] or covalently [33] cross-linked, to limit hydrogel degradation and to promote the

sustained release of drug molecules loaded into the polymer shell.

3.1.2. Bacterial nanocellulose (BNC)

Bacterial nanocellulose (BNC) is a natural polymer excreted as exopolysaccharide
(as a pure component of bacteria’s biofilm) mainly by Gluconacetobacter xylinus, among other
bacteria in the genera Gluconacetobacter, Agrobacterium Rhizobium, Pseudomonas, Sarcina,
and Acetobacter. BNC is a sustainable and renewable biopolymer that has characteristics that
differentiate it from traditional materials. This polymer is also known for its biocompatibility,
biodegradability, low toxicity, and its morphology, as the cellulose chains in disordered
(amorphous) regions contribute to the flexibility and plasticity, whereas the ordered

(crystalline) regions contribute to the stiffness and elasticity of the material [34].

BNC has a similar chemical structure as plant cellulose, stabilized by intra- and
interfibrillar hydrogen bonds. This polymer is synthesized in a pure form, and it does not require

intensive processing to remove unwanted impurities or contaminants such as lignin, pectin, and



33

hemicellulose, unlike plant celluloses. During BNC biosynthesis, glucose chains are produced
inside the bacterial body and extracted through small pores present in the cell envelope. By
combining the glucose chains, microfibers are formed and aggregated as ribbons (nanofibers).
These ribbons subsequently generate a network-like structure with cellulose fibers (CF), which
have a diameter of 20-100 nm and different nanofiber networks, giving them a large surface
area per unit mass. This property, combined with the hydrophilic nature of BNC, makes this
polymer highly capable of absorbing water extending the network facilitating the diffusion
through the matrix. Moreover, CF formation occurs at the interface to the air, and it can be

molded into three-dimensional structures [34].

The scope of BNC applications can be further expanded through its association with
bioactive molecules due to the BNC 3D structure. For example, incorporating antimicrobial
agents into BNC membranes has been shown to produce an active packaging system [35]. As
a DDS, BNC can be used in many formulations of nanoparticles, hydrogels, tablets, to name a
few [36]. For example, BNC is used to control the release of bromelain, a protease that has anti-
inflammatory and antimicrobial activity. Aiming for wound-healing application, BNC has

mucoadhesive properties and presents a 9-fold increase in bromelain antimicrobial activity [37].

Nanostructured BNC patches were developed targeting treatment for aphthous
stomatitis. BNC patches with (i) diclofenac (DCF, anti-inflammatory) and (ii) combining DCF
with hyaluronic acid (DCF/HA, tissue regeneration claim, and physical barrier) were prepared.
BCN/DCF/HA was planned for a dual effect, adhesion and anti-inflammatory, DDS. When the
drug release is compared, BNC/DCF patch showed a slower release rate than BNC/DCF/HA,
about 2-fold in 8h. These patches in contact with simulated salivary fluid presented diffusion

and swelling, controlling the drug release mechanism [38].

3.1.3. Casein

Casein, a protein from bovine milk, is highly stable, non-toxic, and biodegradable.
Casein is a natural polymeric surfactant and its micelles, formed in a hydrated state, are heat-
stable [39]. These micelles are spontaneously formed and are held together mostly by
hydrophobic interactions, and calcium-phosphate nanoclusters bound to phosphorylated serine
residues of the casein side chains. They are nearly spherical, with a hydrophobic core and a

hydrophilic kappa casein “hairy” layer. This layer stabilizes the micelle through intermicellar
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electrostatic and steric repulsion [40](Figure 2). Casein has a strong UV absorbance, around
200-300 nm, and could serve as a shield against radiation, protecting sensitive therapeutics with
no need for antioxidants. In addition, casein shows an open tertiary structure, making it easily
accessible for proteolytic cleavage, making this protein an excellent smart-responsive

biopolymer for stomach drug delivery [41]
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Figure 2. Schematic representation of casein structure and micelle formation.
Casein micelle is composed of four phosphoproteins: asl-casein, as2-casein, f-casein, and k-

casein, at a molar ratio of about 4:1:4:1.3. CaP: Calcium Phosphate.

Casein micelles (CM) are natural nano-delivery systems. Having DDS based on
natural food proteins bear a lot of potential for being biocompatible and biodegradable [40, 42].
CM application as a drug delivery carrier can either use natural casein or re-assembling casein
in micelles [41, 42]. Natural CM can incorporate hydrophobic molecules by pH variation. When
pH rises, CM expands due to electrostatic repulsion between protein monomers, making the
core more accessible to hydrophobic molecules to interact. This change in the micelle structure
is reversible by lowering the pH, and as the structure becomes smaller and narrower, drug

molecules are entrapped [41].

CM was used to carry curcumin to cancer cells. A complex casein-curcumin was
formed by hydrophobic interaction and showed the same cytotoxicity as curcumin by itself
[40]. Also, Elzogby and his group developed a dual-targeted CM for hepatocellular carcinoma
carrying two phytochemicals for cancer therapy. They combined multi-target therapy with the
synergy of the two active compounds [43]. Casein hydrogels are formed by the cross-linking
method, and they can change their mechanical and drug release properties, affecting the diffuse
rate of the compound incorporated in this hydrogel. When combined with other polymers,

casein may promote the formation of hydrogels with superior adhesive properties through
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physicochemical interactions, including hydrogen bonds, hydrophobic interactions, metal

complexation, and electrostatic effects, promoting slower drug release rates [44, 45].

3.1.4. Chitosan (CHI)

Chitosan is a random linear copolymer composed of B-(1-4)-linked D-glucosamine
and N-acetyl-D-glucosamine residues (Figure 3). This polysaccharide is derived from chitin,
the second most abundant biopolymer [46], present in the exoskeleton of crustaceans and
insects. Chitosan is usually obtained by the deacetylation of chitin from crab and shrimp shells,
leading to the formation of primary amine groups (pKa ~ 6.3) that confer solubility to chitosan

under acidic conditions [47].

In addition to biocompatible [48] and antimicrobial properties [49-51], chitosan
present features that are of biotechnological interest for the preparation of anticoagulant devices
[52], incorporation in bone and dressing implants [53], and preparation of devices for the

controlled release of drugs [54].
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Figure 3. Schematic representation of chitosan macromolecular structure
composed of N-acetyl-B-d-glucosamine and D-glucosamine residues. DA represents the degree

of acetylation of chitosan, which is usually below 0.4.

Over the last decades, chitosan-based materials have been prepared over different
geometries, including membranes, films, tablets, capsules, nanoparticles, microspheres,
sponges, fibers, and composites. Due to its cationic character, exclusive among
polysaccharides, and the reactivity of amino and hydroxyl groups, chitosan has also been
explored in the formation of hydrogels based on physical and chemical cross-linking methods.
The network gel may be formed by various physical interactions, including the multivalent
interaction of chitosan with small anionic molecules (such as tripolyphosphate), the formation

of polyelectrolyte complexes with polyanions, and secondary bonding formation with non-ionic
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molecules, and hydrophobic associations (those present in thermo-responsive hydrogels).
Agnihotri and co-workers mention two requirements to the formation of physical networks: (i)
stronger inter-chain interactions to form semi-permanent nodes, and (ii) the formation of a
polymeric matrix that enables the presence of water molecules inside the network [11].
Chemically cross-linked methods are explored as an alternative to overcome limitations on the
control of the physical properties and in-vivo performance of physically-cross-linked chitosan
hydrogels. Alternative methods have been used to form hydrogels, including small cross-linker
agents, secondary polymerization enzyme-, and light-induced ligands to form irreversible
bonds between intra- and inter-molecular chitosan chain segments. This method enables a tight
control on the cross-linking density through the reaction parameters, ultimately leading to the

formation of chitosan hydrogels' predictable properties.

Chitosan nanoparticles have been widely used as drug delivery carriers. The
nanoparticles can be produced using various techniques, such as atomization and drying [55],
coacervation/ precipitation [56], and ionotropic gelation [57-60]. Due to its relatively mild
conditions from the physicochemical point of view, the ionotropic gelation technique sets it
apart from the others for chitosan drug encapsulation. In this technique, the formation of
nanoparticles occurs by dripping the chitosan solution into the solution of a cross-linking agent
(such as tripolyphosphate), or vice versa, in which the process of cross-linking the polymer
chains results in the formation of nanoparticles [61-63]. Studies also report chitosan potential
for the production of micro and nanoparticles and encapsulation of various antitumor drugs,

including doxorubicin [64, 65] 5-fluorouracil [66] and paclitaxel [67], among others.

The release mechanism in chitosan-based materials also depends upon aspects
related to the polymeric matrix (including molecular weight, cross-linking density, particle size,
and morphology), the therapeutic molecule (charge, solubility, and molecular weight), and the
release medium. Several studies report the release by the diffusion of the drug through the
swelled polymer matrix, also describing the occurrence of the anomalous mechanism (both
diffusion- and polymer chain relaxation-controlled) for drug delivery [68-72]. For example,
Delmar and Bianco-Peled report the prolonged release of the Nile red and curcumin from cross-
linked chitosan hydrogels embedded with microemulsions containing these hydrophobic
molecules, indicating the predominance of anomalous release mechanism for hydrogels cross-
linked at pH 4.0, and the swelling controlled mechanism at pH 5.5 [69]. Soares, Sousa, Silva,
Ferreira, Novo and Borges [70] describe the encapsulation of doxorubicin into both raw and

quaternized chitosan nanoparticles. The authors report the burst release within the first hour,
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typical for the release of hydrophilic molecules from polymeric systems surface, followed by
the slow release rate with both diffusion and chain relaxation mechanisms Sedyakina and co-
workers also investigated the encapsulation and release of bovine serum albumin (BSA), as a
model protein drug, in chitosan microparticles prepared under various degrees of cross-linking
with citric acid [72]. Compared to the non-cross-linked matrix, the ionic cross-linking reaction
favored higher drug encapsulation efficiency and reduced the drug burst release when carried
out at moderate levels, does not restricting the adsorption of BSA only at the surface of the
microparticle. Studies also describe the erosion contribution on the drug release from chitosan-
based materials [71, 73]. For example, Wen and co-workers studied the release of BSA from
ionically-cross-linked fiber mat matrices, prepared via electrospinning deposition of alginate-
coated chitosan nanofibers. Based on the Ritger-Peppas data fitting parameters, the authors
describe the change from anomalous to the super case II (where the polymer matrix erosion is
dominant for the drug release) with the increase in the solution pH from 6.8 to 7.4 in in-vitro

BSA release experiments [71].

3.1.5. Hyaluronic acid (HA)

Hyaluronic acid (hyaluronan, hyaluronate, or HA) is an unbranched, non-sulfated

glycosaminoglycan composed of repeating disaccharide units of D-glucuronic acid (1—3)[3 and

N-acetyl-D-glucosamine (1—4) B units (Figure 4). This anionic polysaccharide is mostly found

in the extracellular matrix (ECM) of connective tissues [74], in bacteria (particularly from
Streptococci strain, for commercial interest), and larger amounts in rooster combs [75]. HA
molecular weight ranges from 100,000 to 8,000,000 Da, depending on its source [76], which
confers to this polysaccharide unique viscoelastic and rheological properties suitable for
biomedical implants. HA-based materials have been explored for years for biomedical use,
including cartilage repair [77, 78], and ophthalmologic surgery [79, 80]. Studies also report the

biocompatibility of cross-linked-modified HA-biomaterials in-vivo experiments [81, 82].
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Figure 4. Schematic representation of hyaluronic acid macromolecule with D-

glucuronic acid (1—3)B N-acetyl-D-glucosamine (1—4) B groups.

HA by itself is unable to form hydrogels, demanding a wide variety of covalent
cross-linking reactions with HA functional groups (glucuronic carboxylic acid, primary and
secondary carboxyl groups, and N-acetyl groups) to form a stable polymer network [83].
Burdick and Prestwich review various chemical reactions used for HA modification. The
authors highlight various bioconjugation reactions for HA modification, including
etherification, bis-epoxide cross-linking, esterification, and divinyl sulfone cross-linking
reactions for hydroxyl groups functionalization [76]. The resulting cross-linked material is

stable over a wide range of pH values and is more resistant under the presence of hyaluronidase.

Several studies report the application of cross-linked HA-hydrogels to deliver small
drugs and proteins for therapeutic purposes [84, 85]. Lou and co-workers report the
derivatization of HA with adipic dihydrazide, followed by cross-linking with PEG for hydrogel
formation [86]. The resulting material swells instantly in contact with the aqueous medium,
decreasing drug release rate for more hydrophobic anti-inflammatory and antibacterial drugs in
neutral pH values. Alternative systems also explore the covalent attachment of drugs in thiol-
modified HA hydrogels, cross-linked via PEG diacrylate. For example, Li and co-workers
describe the design of cross-linked hydrogels with covalent attachment of anti-proliferative
drug mitomycin C [87]. This chemotherapeutic molecule is slowly released by hydrolysis of
the labile chemical bonds formed between the hydrogel and the mitomycin C, enabling this

material for bladder cancer treatment.

The literature also reports injectable HA-based systems, which combine the facile
injectable administration of liquid mixtures containing the polymeric matrix and the drug,
followed by the in-situ gelling formation. Choh and co-workers report the production of

injectable hydrogels via thiol-disulfide exchange reactions between HA pyridyl disulfide and
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cross-linker-modified PEG-dithiol, presenting a surface-controlled degradation rate in the
presence of hyaluronidase and erosion-controlled degradation mechanism in the presence of
disulfide reducing agents [88]. Also, the release of encapsulated stromal cell-derived factor-1a
was mostly diffusion-controlled, considering the lack of binding interaction between the protein
and the gel and the small protein size (~8 kDa) relative to the large mesh size the hydrogel.
Zhang and co-workers describe the release of BSA from modified HA hydrogels prepared under
different concentrations (3%, 5%, and 7%), indicating the protein release via the diffusion
through the gel layers and gel matrix degradation [89]. Additional studies also report enzymatic
degradation as a strategy for drug delivery, exploring the design of HA-based hydrogels cross-
linked with metalloprotease degradable proteins for the controlled release of cell-binding

peptides for tissue regeneration [90][91, 92].

3.1.6. Hydroxypropyl methylcellulose (HPMC)

HPMC is a cellulose mixed ether resulting from the alkaline substitution of
hydroxyl groups by methyl and hydroxypropyl groups (Figure 5). The hydrophilic degree of
the HPMC is dictated by both the number of methyl (degree of substitution, DS) or
hydroxypropyl ether groups (molar substitution, MS) added to the cellulose molecule. This
polymer is water-soluble and transparent (Tundisi, L. et al., 2021), also presenting
biocompatible and biodegradable features relevant to biomedical applications [93]. Unlike
cellulose itself, the derivatization into HPMC bestows thermoplastic behavior to the material,

allowing it to be extruded with the possibility of producing implants.
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Figure 5. Representation of chemical structure of cellulose repeated units
substituted with (a) DS = 1.0 and MS = 1.0 and (b) DS = 1.0 and MS = 2.0. Adapted from
Tundisi, L. 2021.

Drug release from the HPMC matrix depends on the nature of the drug. When
HPMC gets in contact with water or any other fluid, its upper layer gets wet, and the HPMC
chains start to hydrate. This hydration rate differs on HPMC molecular weight, DS, and MS.
This hydration starts forming a gel layer, leading to a gradient gel layer as it depends on
diffusion. Soluble or partially soluble drugs diffuse through the gel, but insoluble drugs tend to

remain aggregated until the polymer is dissolved and eroded [94].

HPMC is widely used in the pharmaceutical industry as a tablet or pallets coating
agent. This polymer application usually aims for a site-controlled delivery or even a
gastrointestinal (GI) pH-/time-related performance as it can have physicochemical modulations
accordingly to the desired characteristic [95, 96]. Also, the interplay between rheological
properties and transparency makes HPMC a unique biopolymer for ophthalmic formulations
(eye drops, gels, inserts, and films [94, 97, 98]. Vancomycin-HPMC microparticles were
embedded in chitosan/ glycerophosphate (GP) hydrogel to local treatment of osteomyelitis.
Compared to the hydrogel on its own, the Vancomycin/HPMCs-CHI/GP decreased
vancomycin’s total release by 20% at 8 hours and 85% at 160 hours. This DDS presented two
similar release mechanisms combined due to the formation of a double diffusion barrier. This
design demands first crossing HPMC microparticle and after the chitosan hydrogel for drug

release, slowing the overall vancomycin release [99].

3.1.7. Poloxamer (P407)
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P407 is a well-known thermo-responsive copolymer composed of two blocks of
hydrophilic ethylene oxide monomers (EO), flanking one block composed of hydrophobic
propylene oxide monomers (PO) (Figure 6). Polyoxypropylene molecular mass of 4000g/mol
and a 70% polyoxyethylene content. This material presents a solid-gel transition attributed to
the temperature increase, leading to the dehydration of hydrophobic PO blocks [44]. The sol-
gel transition temperature (Tsol-gel) is concentration-dependent and decreases as the polymer
concentration increases. There is a point that the P407 concentration is so low that the sol-gel
transition does not occur. The P407 is widely used to deliver peptides, small molecules, and
biological molecules, mainly when controlled release is required. It is wanted for water-
insoluble molecules due to its hydrophobic PO core, also capable of protecting compounds

from outside factors inside the micelle [100].
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Figure 6. Schematic representation of the temperature-driven micelle formation on

aqueous P407 solution. The increase in temperature favors the dehydration of the hydrophobic

PO block, which promotes the gelation process.

The drug release mechanism from P407 hydrogels may be erosion-controlled,
diffusion-controlled, or both. Due to its gel formation in contact with water, P407 systems may
erode faster than the drug diffuses. By having a hydrophobic core, one may expect that
hydrophobic drugs would diffuse slower in P407 micelles than the hydrophilic drug molecules.
The hydrogel viscosity also affects the drug diffusion, which is inherent to the temperature and
the polymer concentration. The higher the temperature and concentration, the higher the

viscosity, and the slower the drug diffusion process [44]. P407 is an example of thermo-
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responsive material with appropriate physic-mechanical and biocompatible properties that can
control drug delivery, increase skin contact time, decrease local irritation, and improve patient
compliance. Also, proteins and copolymerization can be added to these hydrogels to increase

their mechanical and adhesive properties [44, 45, 101, 102].

3.1.8. Polycaprolactone (PCL)

Biodegradable polymers in drug delivery are highly relevant because they are
biocompatible and decompose into non-toxic natural products. PCL (Figure 7) is a synthetic,
biodegradable, hydrophobic, semicrystalline, and permeable polymer, which can be obtained
either by ring-opening polymerization of &-caprolactone or via ring-opening polymerization of
2-methylene-3-dioxepane. This polymer presents a glass transition temperature between 60-65
°C and a melting point of 56-65 °C [103], facilitating its processing. It has high mechanical
strength, and sometimes it is blended or functionalized with other polymers to improve cellular

interaction and mechanical properties, as crack resistance and adhesion, improving the physical

stability of the scaffold [104-106].
@\/\/l\ l

Figure 7. Representation of PCL molecule

As part of the biodegradable polymer group as PLA, and PGA, the PCL release
mechanism is by degradation or sometimes diffusion. PCL permeability depends on the drug-
polymer interaction. Body enzymes cannot degrade PCL as it presents ester links between the
monomers. PCL hydrolysis degradation is autocatalyzed by the released carboxylic acids. Its
hydrolytic degradation can be tunned relative to degradation time, which can vary from seconds
to years, depending on the molecular weight, the degree of crystallinity of the polymer, and the

medium [103].
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PCL offers suitable alternatives for controlled drug delivery and tissue engineering.
This polymer has been used to develop a biodegradable soft scaffold using 3D printing
technology, taking advantage of its mechanical strength, flexibility, and low melting point. For
example, PCL-based, implantable delivery systems loaded with curcumin were shaped and
structured to fit the tumor-resected site of glioblastoma multiforme, a type of brain cancer [107].
PCL scaffolds also presented a slow degradation rate, around eight months. A prothesis that
fulfills a structural purpose and releases drugs concurrently to treat the desired area can show

that delivery systems can act beyond drug release.

PCL can also be used as a limiting membrane for drug-loaded nanofibers, aiming
to reduce the dose frequency by a long-term DDS. Using PCL membrane, drug delivery is
prolonged and mechanical properties are enhanced [108]. Micelles are another alternative for
PCL use in drug delivery. PCL linked with PEG formed a polymeric micelle to study a more
efficient and safe way to treat proliferative vitreoretinopathy. [109, 110] Ophthalmic drug
delivery systems are still behind on the machinery in DDS development. PEG-b-PCL micelles
decreased the cytotoxicity of dasatinib, increased its solubility by 475-fold, and provided a
sustained drug release profile. Also, PCL nanoparticles appear to increase the residence of the
drug on the skin by reducing permeation to deeper layers. This technology is used for sunscreen
preparations, photostability, and a more local treatment avoids the drug from reaching further

layers [111].

3.1.9. Poly(N-isopropylacrylamide) (PNIPAAm)

PNIPAAm is a thermo-responsive polymer, presenting different structural
arrangements when the system is above or below its lower critical solution temperature (LCST).
Above 32 oC, hydrophobic polymeric interactions become dominant, turning the gel opaque,
whereas hydrogen bonds are formed below this temperature. Once reaching a temperature
above LCST, a hydrophilic-to-hydrophobic phase transition occurs, releasing the compound
once trapped in the gel matrix [4]. To tune some of its properties, PNIPAAm can be blended
with other polymers or copolymerized. LCST of PNIPAAm can also be tuned by changing the
hydrophilic/hydrophobic balance in the polymer chain [112-114]. The thermo-responsive
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properties of PNIPAAm make it suitable for DDS, usually presenting a diffusion-dependent

drug release mechanism.

Several drug delivery PNIPAAm blended with other polymers to tune the drug
release profile. PNIPAAm was blended with PEG and PVA forming a hydrogel to study
bromelain’s release as a potential noninvasive burn treatment and topical inflammation. Both
hydrogels modified the proteins release, especially when related to enzymatic activity. PVA
hydrogels showed more biocompatibility than PEG hydrogels [113]. PNIPAAm-co-AAm
hydrogel was studied as DDS, also exploring bromelain loading. Mucoadhesion, rheological
behavior, and drug release were analyzed. Besides presenting mechanical properties compatible
with biological conditions, this blend showed a controlled release after an initial burst. The

optimal enzymatic activity release rate was 60 minutes at 25 oC and 37 oC [114].

Because of its thermosensitive properties and its LCST being close to body
temperature, PNIPAAm is wanted for at-site sol-gel transition. Ophthalmic drug delivery is
always a challenge as it rapidly eliminates drugs release in the cornea by nasolacrimal drainage.
Having a DDS that would allow inner contact with the treatment site for an extended time
without impairing the eye vision can enhance the eye drug delivery efficacy. PNIPA Am-graft-
PAAc formed a thin film when in contact with the corneal surface and showed a sustained

release profile [115].

3.1.10. Polymer combinations

The combination of polymers or other additives is a refined strategy to tune and
control DDS properties towards the desired application. Oftentimes, a polymer does not have
all the characteristics needed, but along with other materials, it can present either synergetic or
somatic possibilities for the delivery. Here, one must keep in mind that (i) materials
improvement varies depending on the desired properties, and (ii) the increase in one desired
feature may be detrimental to another one (biomechanical, thermo-responsive, adhesivity). For
example, if the design of a more flexible polymer is required, increasing its stiffness will not
be seen as an improvement. Table 1 presents a set of polymer combinations that have been

recently reported to improve the properties of DDS.
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3.2. Presentations
3.2.1. Polymeric Nanoparticles (NPs)

The first inkling of what would be the nanotechnology revolution was the
presentation given by Richard Feynman in 1959, entitled “There is plenty room at the bottom,”
pointing to the possibility to manipulate materials at the molecule and atom scale. This almost
untapped potential could control physical and chemical properties, enabling the association and
modulations of materials on a molecular level [116]. Engineering and manufacturing of the

materials is nanotechnology.

The continued development of NPs has the potential to provide many benefits
compared to conventional DDS and formulations. Nanomedicine presents several advantages:
enhanced personalization and patient compliance, effective drug delivery and treatment,
reducing potential side effects by limiting drug interaction to desirable sites, increased active
concentration, and bioavailability of therapeutics that could decrease the administered drug
dosage, among others. NPs are versatile platforms for drug delivery, as they can be made of
many materials and by different fabrication methods. They can also be decorated to reach a

specific target or even trigger its release.

In general, there are four traditional methods for producing polymeric NP:
nanoprecipitation, emulsification/reverse salting-out, emulsification/solvent diffusion, and
solvent evaporation. Most techniques require an organic phase to dissolve the polymer and an
aqueous phase (where the polymer is insoluble) to either force or maintain the polymer in the
lower energetic state. The products are usually obtained as aqueous colloidal suspensions either
by filtration or evaporation of the organic solvent. These methodologies are reviewed in detail

by [117]

The final formulation carrying the NPs must be carefully chosen. If in suspension,
surfactants can be added to allow electrostatic and steric stabilization to maintain the
morphology. One may also consider the possibility of drug release during shelf life. This aspect
highlights the clear trade-off between shelf life and drug release rate from nanoparticles,
limiting the formulations based on nanocarriers. Lyophilization brings many advantages related

to stability [94, 118, 119].

Polymeric NPs show broad drug delivery applications when based on

biocompatible and biodegradable polymers. They bring the ability of drug control release,



48

depending on the polymer degradation kinetics. When nanosized, the surface area increases
substantially, resulting in a bulk and surface eroding with similar erosion kinetics and constant
rate over the desired timescale. Polymeric NP appears to increase the drug's residence on the
skin by reducing permeation to deeper layers [111, 120], avoiding systematic off-target
delivery, and sticking to the local delivery. It also can accumulate in hair follicles and create a
high-loaded drug depot, further diffusing into viable layers on the skin [120]. These
nanocarriers came with the expectation to be a game-changer for the remaining uncovered
aspects between a drug’s function and its interaction with biological systems. Examples include

the nervous system [121] immunologic system [122], gastro intestinal tract [123].
3.2.2. Hydrogel

The first hydrogel was synthesized by Wichterle and Lim in 1960 [124]. Since then,
hydrogels have been extensively explored in the medical and pharmaceutical fields. Hydrogel
is defined as a polymeric network with tridimensional configurations able to swell in an
aqueous environment. This material has physical properties more similar to life tissues than any
other synthetic biomaterials class, attributed to its significant water content, smooth and elastic
consistency, and low interfacial tension facing water or biological fluids [125, 126]. Hydrogels
have tunable physical properties that allow controlled drug release designed, also offering

protection for labile drugs [127].

Hydrogels have been studied for a huge variety of biomedical and biological
applications, such as separation, bio-sensors, artificial muscles, mechanical valves, supports,
nanoparticles, and lenses for controlled drug release [128-130]. These systems can carry the
drug or even nanostructures, forming “nanocomposite hydrogels” [131, 132]. Hydrogels can be
administered by different routes (topical, transdermal, ophthalmic, intravaginal), and,
particularly those indicated for pharmaceutical or biomedical development purposes, should
have acceptable biodegradability and biocompatibility. They are versatile, enabling the

controlled release of hydrophilic, hydrophobic, and macromolecular drugs [133].

Hydrogels can come in different shapes, according to the administration route
desired: lenses, microneedles, films, nanoparticles, to name a few, allowing them to fulfill
several biomedical needs. For example, microneedles are minimally invasive devices that can
enhance transdermal drug and vaccine delivery. Hydrogel-forming microneedles are
biocompatible, easy to sterilize, deliver more drugs in each application, increase the range of

transdermal drug deliverable, and sustained release [134]. Another example involves soft
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contact lenses made of silicone-based hydrogels coated with layer-by-layer films to achieve a
local and controlled release of two drugs. Moxifloxacin hydrochloride (MXF) and diclofenac
sodium were incorporated in the hydrogel, which afterward was coated with ALG, poly-I-lysine
(PLL), and HA, and cross-linked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC). The hydrogel itself was used to allow a higher amount of MXF loading
and sustained release, and the LbL coating acted as a barrier for DCF, also improving gel

surface properties [135].

Hydrogels matrices can also be either inert or “smart,” meaning they respond to
environmental stimuli with a change in materials conformation. Materials that change their
behavior due to one or more stimuli can be used to form smart hydrogels [4]. Not all responses
are related to drug release; some can show a change in mechanical properties, which may affect

the drug release but is not directly related to triggering the release.
3.2.3. Films

Polymeric films have attracted attention to control the drug dosage and the release
profile in pharmaceutical formulations. Different processing strategies have been investigated
to prepare drug-loaded films, including casting, hot-melting extrusion, electrospinning, and 3D

printing to produce free-standing films.

The casting method is the simplest and most affordable strategy for film processing
since this method does not require any sophisticated equipment for film preparation. The
following steps are required for film casting: polymer solution preparation, deaeration, solution
pouring into a mold, drying, cutting to the final dosage, and packaging [136]. This process
requires particular attention to processing, including solution dispersion and rheology, bubble
entrapment, film homogeneity, and residual solvent into the final material, to reach the desired
performance and meet health and environmental criteria [137]. The solvent casting method has
been explored for several clinical applications, including transdermal [138] and mucoadhesive
[139], corneal [140], wound dressing membranes [141], and implants [142]. Riccio and co-
workers investigated betamethasone and silver sulfadiazine release from nanocomposite
chitosan/nanocellulose cast films for wound dressing. The authors also report the reduction in
betamethasone release rate with increasing nanocellulose content, describing the increase in

drug diffusion through the polymer matrix with polyethylene glycol concentration.
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Pharmaceutical films have also been prepared through hot-melt extrusion as a
strategy to provide adequate drug dosage and therapeutic stability. In this method, a blend
containing the thermoplastic polymer, therapeutic agents, and processing materials (such as
plasticizers and oxidants) is molten and conveyed through a die, a small orifice, to mold the
material into different shapes, such as granules, tablets, pellets, and films [143]. Compared to
traditional methods, hot-melt extrusion offers several advantages for pharmaceutical purposes,
including continuous processing, reduced health and environmental concerns due to solvent
elimination, and superior drug delivery efficiency. Among the disadvantages of this method,
one may include the high energy demand of the extrusion process and the limitation of drug
stability due to process heating, high shearing stress, and drug recrystallization during storage
[144]. In one of the first papers in the field, Aitken-Nichol and co-workers use the hot-melt
extrusion method to prepare polyacrylic films for topical drug delivery applications [145]. The
authors described a slower initial release rate of lidocaine from extruded polyacrylic films
loaded with 5% of the drug than films prepared by casting. Montenegro-Nicolini and Morales
critically review the advances in the use of hot-melt extrusion to produce orodispersible films
to promote a faster pharmacological response and increase patient convenience and compliance
[146]. Several studies investigate the influence of the film composition on the physicochemical
and drug delivery properties of ODFs. Ajinkya and co-workers recently described the role of
HPC (polymer carrier), HPMC (drug release retardant), and PEG on hot-melt extruded film
properties [147]. The release profile for the anti-asthmatic drug salbutamol sulfate presents a
reduction in the release rate as the amount of HPMC in the polymer blend increases, indicating
an anomalous drug release profile according to the Ritger-Peppas model. In a recent study,
Speer and co-workers combined both the casting and hot-melt extrusion methods to create

orodispersible films with prolonged drug release properties [148].

Over the last two decades, LbL. emerged as a simple, low-cost, and easily scalable
approach for multilayer film deposition for drug delivery. Kirkland and Iler initially proposed
this method in the 1960s [149, 150], and it became popular mid-90s, with Decher's work
involving the deposition of nanostructured films on substrates from alternating deposition of
oppositely charged polyelectrolytes [151]. Traditionally, the multilayer film deposition occurs
through the alternating immersion of a substrate in aqueous solutions of the materials of interest,
with intermediate washing steps being used to remove the material not adhered to the surface.

Alternative methods were developed later, including spin-coating [152] and spraying [153].
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Despite the several studies describing electrostatic-driven LbL systems, other
interactions have also been explored for film deposition. Borges and Mano report a list of
interactions explored for LbL film assembly [ 154] including covalent bonds [155], hydrophobic
[156], and biological specific interactions [ 157], illustrating the method’s versatility. Compared
to other methods, the LbL method has unique advantages for the production of drug delivery
systems, including the amenable processing conditions, the film-forming properties through a
wide range of complementary interactions, the hierarchical control of the film nanoarchitecture
— enabling one to create devices with multidrug compartmentalization, and spatiotemporal drug
release profiles [158]. The method used to load therapeutic molecules into the multilayer films
also varies a lot, including electrostatic adsorption [159], covalent attachment, capillary
condensation [160], deposition of drug layers [161], and the addition of compartmentalized
system embedding into the multilayers [162]. The electrostatic interaction between the free
ionic groups from the polyelectrolyte multilayers and the drug is one of the most traditional
approaches for drug loading into multilayer films [159]. When dealing with weak
polyelectrolyte (i.e., macromolecules bearing pH-dependent ionizable groups), one may control
the structural and drug delivery properties of multilayer films according to the assembly
conditions used (notably, the polyelectrolyte solution pH and the ionic strength) [159, 163]. For
example, carboxymethylcellulose/chitosan films yield the formation of thinner, rougher
multilayers at higher pH values and low ionic strength (pH 6.0 with no salt added vs. pH 4.0
with 100 mM NaCl), also leading to the highest model drug loading capacity at pH 6.0 [68]. In
addition, nearly all the assembly conditions investigated indicated the drug release through the
anomalous, or both diffusion- and chain-relaxation, release mechanism, similar to observed in
other multilayer systems [164-166]. Other studies have also described the use of polyelectrolyte
multilayers of hydrolytically degradable poly (B-amino esters) [167] and therapeutic
macromolecules [161]. This approach has enabled the control of the drug release rate based on
film assembly parameters and building blocks macromolecular properties [168] for targeted,
multidrug delivery [169]. In the last decade, several studies have also explored the use of
external stimuli (such as pH, ionic strength, temperature, light, among others) to trigger the

drug release from multilayer films, creating smart-responsive multilayer films [170].
3.3. Triggered and targeted DDS

There are several mechanisms to actively control the release and specific drug
distribution, such as modulation of the particle surface, modification in polymeric design, use

of an established stimuli-responsive polymer [5] Polymer degradation can be modulated
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according to the desired degradation time, ranging from hours to years, as required by the
formulation [104]. With a greater understanding of diseases among biological systems
physiology, the classical modified-release has evolved into biochemical changes at the site that
can serve as a trigger for drug release. Biochemical changes through the delivery route (e.g.,
Gl tract) are intrinsically related to the physical-chemical characteristics of the polymer chosen
to guide the release control mechanism. The development of stimuli-responsive particles leads
to increased treatment efficacy and decreased off-target effects [5]. It is considered triggered

DDS if the response behavior after the trigger is related to the drug release.

The stimulus for drug release can be physical, chemical, or biochemical, causing
structural changes in the particle (degradation, erosion, diffusion). This stimulus can be either
endogenous, inherent to biochemical changes caused by pathology (pH, reactive oxygen
species, temperature), or exogenous, coming from external manipulation (such as heat, light,
ultrasound) (see Figure 8) [171, 172]. These stimuli can either control the behavior and
properties of the DDS, which may also be responsive to more than one stimuli. This diversity
of existing stimuli for drug release can be exploited in search of targeted drug delivery and
control of release kinetics [5, 171]. When triggered, the drug may be released, or the carrier can

change in a way that binds to a specific site and becomes targeted [173].
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Figure 8. Exogenous stimuli for triggered drug release by temperature, ultrasound,

magnetic field, pH, and light.

4. Future perspectives and conclusions

This review has provided a glimpse of the vast repertoire of polymers and designs

of controlled drug delivery systems. As the struggle in this area is to deliver drugs that already
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exist more efficiently, the inventive part is more about the polymer and less about the drug and
the medium. If there is nothing to do about the drug, the interactions remain polymer-dependent.
Aiming for a specific characteristic in the release mechanism, both the polymer chemistry and
the polymer combinations can lead to advanced materials with unique properties that cannot be

reached in single-component systems.

More than investing in polymer chemistry, nanocomposites is a promising field to
explore. Polymer combination is included in nanocomposites, but not limited. Not only the kind
of polymer, but its shape can be selected to achieve the target performance. Nanofibers,
nanoparticles, nanowires... added to a DDS change their properties and be tuned for desired
release mechanism and rheological characteristics. Nano-architectured films also stand out as
a suitable alternative to create advanced, multi-component materials for drug delivery. Such
versatility contributes to the design of multidrug systems with spatio-temporal controlled

properties.

Polymers’ chemistry, shapes and mixtures can be the pathway to achieve individual

pharmacological needs with a DDS.
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Abstract
Nanocarriers can deliver drugs to tiny areas within the body and potentially become

the bridge to fulfil the gaps between a drug function and its interaction with biological systems,
such as human physiology. Nanotechnology’s untapped potential comes from its capacity to
manipulate materials, providing control over physical-chemical properties and overcoming
drug-associated problems, e.g. poor solubility or bioavailability. Most protein drugs are
delivered by parenteral routes, each one with its own challenges and specificities. Short
biological half-life, large size and molecular weight, poor permeability through biological
membranes, and structural instability leading to low bioavailability are some of the problems
faced by biotech protein drugs. Some used strategies to overcome these problems, center either
in altering the macromolecule itself or changing the formulation, in which nanotechnology
emerges as a promising strategy. Nanoparticulated system should be carefully chosen and
consider protein loading efficiency, final properties of nano-systems, and production conditions
that prevent protein instability. Moving from bench to bedside is still one of the major
bottlenecks to nanomedicine, and toxicological issues are amongst the most challenging to be
overcome. This paper provides an overview of approaches that have been taking to delivery

biotech drugs, the nanotechnology novelty involved, its toxicological issues and regulation.

Keywords: Nanobiotechnology; Drug Delivery Systems; Nanotoxicity; Regulation; Protein

INTRODUCTION

While the origin of biotechnology precedes both nanotechnology and the systemic
delivery of biological drugs by a few decades, the very nature of targeting an active compound
to specific sites bound researchers to study the potential of synergetic benefits from using the

advantages of each of those fields.
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Biotechnology developed quickly and outgrew from brewing ! and production of
simple molecules (such as lactic acid or acetone 2) into the notorious penicillin * and other

socially useful products %, and finally culminated with the birth of genetic engineering °.

Nanotechnology was conceptually conceived by Richard Feynman in his 1959’s

” 6, when he pointed it as an important field for

lecture “There’s plenty of room at the bottom
future scientific researches to promote advances in a wide range of possibilities, including but
not limited to engineering, chemistry, physics, medicine, and biology. It's almost untapped
potential comes from its capacity to manipulate materials at the molecule and atom scale, which
provides control over physical and chemical properties by creating molecular-scale structure

which can be combined and form larger functional structures ’.

The capability to engineer materials with the desired physic-chemical properties
represent the main contribution of nanotechnology to drug delivery systems (DDS): the ability
to overcome drug-associated problems, e.g. poor solubility or poor bioavailability. These
specially structured carriers can control precisely the release of drugs and/or limit the drug-

interaction to desirable sites, which subsequently reduce unwanted side effects on other tissues®.

Thereafter, the world witnessed a development of sophisticated tools able to
manipulate atomic, molecular, genetic, and cellular processes to create structured nanocarriers
smaller than 1 micrometre °. A nanocarrier is a synthetic or natural, normally biodegradable
device made of polymers '°, lipids !!, phospholipids 2 or organometallic compounds . These
nanocarriers can deliver drugs to tiny areas within the body !* and potentially become the bridge
to fulfil the gaps between a drug function and its interaction with biological systems, such as

human physiology '°.

2. BIOTECHNOLOGY AND DRUG DELIVERY

Effective drug delivery requires a certain amount of active substance reaching its
target. Figure 1 illustrates the administration routes claimed by commercial biotech protein
drugs and experimental ones. If the intended route requires absorption, most protein drugs
cannot simply diffuse through barriers due to high molecular radius or hydrophilicity. In
addition, mucosal and topical milieu can trap the molecule (mucous) or degrade it (enzymes,

pH). Therefore, most protein drugs are delivered by parenteral routes, each one with its own
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challenges and specificities. A detailed discussion of commercial formulations, including

dosage form and administration route frequency, has been recently done '6.
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Figure 1. Anatomical indication of administration and absorption routes for biotech
drugs, according to medicine claim !”. #administration routes/anatomical application and
*absorption routes. The exact anatomical site may vary for intravenous, subcutaneous,
intramuscular and topical/transdermal applications. Human figure created by freepik and

adapted with leg intern structures.

Noteworthy, there are ways to deliver drugs in situ during surgeries that will not be
discussed here. For example, intraosseous/intramedullary administration of morphogenetic
proteins embedded in nails, which are used in trials to accelerate bone recovery of tibial

fractures '8.
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2.1.  Parenteral Drug Delivery

Parenteral route usage happens mainly when therapy needs a rapid effect, under
oral administration impairment and unconsciousness, or if drugs are poorly absorbed/stable.
The downside of parenterals relates to the pain associated with injections and the health
professional requirement for most dosage applications °. Another relevant purpose is to direct
therapy. Accordingly, intracranial injection can deliver antibody drugs to brain tumors without
their systemic spread or blockage by blood brain barrier, both challenges of systemic routes °.
Intra-articular injections of hydrolyzed collagen enhanced knee osteoarthritis traditional
treatment 2!. Noteworthy, the application site may be too permeable or too dense; the first case
promotes systemic distribution, whereas the second case do not allow drug full dosage
application. As a solution to enhanced drug local dosage, the intravitreal solution of
hyaluronidase breaks endogenous hyaluronic acid, facilitating the infusion of other drugs in the
eye 7. If the site is too permeable or vascularized, nano and microparticles can help with drug
permanence, as discussed in the following topics. As these parenterals vary in anatomical

application, formulation requirements vary and should be considered case by case.

The most used parenteral routes are intravenous, subcutaneous and intramuscular.
Intravenous application leads to 100% bioavailability, but has strict particle, pH, viscosity and
osmolarity ranges, demanding sterile solutions or suspensions as dosage forms. Particles may
fail to permeate the endothelium or be phagocyted by blood monocytes according to their size,

shape, surface and mechanical properties 2.

Molecule physiological clearance and
immunogenicity can change with covalent attachment to polyethylene glycol-based polymers,
like with several others. For instance, PEGylation of asparaginase enhanced protein circulation
time, decreased dose strength and immunogenicity, and increased storage stability (allowing
distribution of solutions instead of freeze-dried medicines, Oncaspar®) 17 As a downside,
repeated administration induces anti-PEG antibodies and consequent rapid drug clearance

23 Commercial innovations for intravenous

and/or allergy symptoms in some patients
application relies mostly on excipients to enhance storage stability ' and PEGylation

refinement (linkers, directed modification and production process optimization .

Subcutaneous injections stand out among self-administration parenterals,
especially due to insulin therapy. Patients reported the use of injection pens as a discrete and
practical way for treatment. Even in hospitals, this route offers cost, time and contamination
risk reduction, when compared to intravenous. There are already several monoclonal antibodies

given by subcutaneous injections, but it is not certain that all molecules could be administered



79

this way. The drug is expected to present a decreased plasma maximum peak and may be more
immunogenic than when administered as an infusion. Immunogenicity increase, as reported for
subcutaneous trastuzumab, may come from the lymphatic system drug distribution, which is a
common path for large molecules ( >20 kDa) ?°. Other constrains refers to application of
volumes up to 1.5 mL, isotonic and at neutral pH, to avoid pain and local damage 2. On the
good side, it favors application of depot formulations by implants or pellets, like human growth
hormone or Insulin detemir. The depots can offer therapy for days, months or even years,

increasing patient adherence to treatment and therapy control 2/,

2.2.  Non-Parenteral Drug Delivery

Non-parenteral routes with biotech drugs works mainly locally, due to poor and
erratic absorption through physiological barriers. The oral route has the added challenge of the
degradation milieu in the gastro-intestinal tract. Therefore, oral presentations aimed local
action, like sacrosidase and pancrelipases 17" Conventional topical DDS, such as ointments,
creams or gels, mainly release the drug onto the skin surface, like the hemostatic agent thrombin
alfa '7. Skin permeation may happen according to the physicochemical properties of the drug;

if the size and solubility are unfavorable, only limited uptake by the skin will occur 25,

Expressive efforts have been devoted to the development of various approaches to
overcome physiological barriers. The outcomes include the development of a large repertoire
of physical techniques and penetration enhancer compounds that facilitate drug penetration.
Penetration enhancers, in general, promote drug diffusion by disturbing the structure of the
stratum corneum and/or deeper layers 2-°, Penetration enhancers in experimental research
focus mainly on nanocarriers, as discussed further. Although some transdermal systems achieve
systemic distribution, such as transdermal patches, none is approved for biological medicines
so far, mostly due to low absorption in experimental reports. Physical methods can decrease the
molecule size impact due to skin transitory disturbance, such as the painless microneedles.
Insulin and other biologicals cross the skin this way, but human trials are still to determine the
efficacy of such dosage form 3!. Other physical methods need an auxiliary equipment, like
ultrasound and injectors, which exclude self-administration option and may induce pain . It is
important to note that insulin is in the borderline of peptide-protein in size terms, and therefore,
even if the experimental non-parenteral dosage forms reach efficacy in insulin delivery, it might

not work for antibodies and other large protein molecules.
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Transmucosal drug delivery of large molecules requires mucosal retention, release
from the delivery system in a sustained pattern and access of the drug to the drug-transport
machinery in the epithelial cells or to the lymphatic/blood system **-*. In order to optimize the
transport of these macromolecules across mucosal barriers, one of the approaches concerns
nanoparticulate carriers, also discussed further in this work *°. To deepen concepts concerning

this promising route, we will focus on pulmonary delivery in the following topic.

2.2.1. Pulmonary drug delivery

Pulmonary delivery of biopharmaceuticals, specifically insulin, was reported soon
after the hormone’s discovery in 1924 ¢, Nonetheless, major advances in systemic delivery of
biological drugs by inhalation have been seen in the past 20 years. Problems due to an
insufficient understanding of the physiological fundamentals of aerosol inhalation and
insufficient inhaler technology, as lack of dosing accuracy, efficiency and reproducibility, have
been overcome *’. Similarly to other non-invasive administration routes, most data are available
for the inhalation of insulin . Two inhaled insulins have been approved by the FDA —
Afrezza® and Exubera®. However, the latter was withdrawn for economic reasons only months
after its launch. One other product (i.e. AER-501) has recently completed several clinical phase
1/2a studies. In addition, an overabundance of other biomolecules has been tested in pre-clinical

41 Albeit the mechanisms of absorption are not always fully

aerosol inhalation studies
understood, extremely rapid absorption and relatively high bioavailability are credited to alveoli
high surface area, a dense network of capillaries and comparatively low levels of proteolytic
enzymes, even for larger biopharmaceuticals up to 40 kDa 37 4>*3_ The relative bioavailability
for Afrezza vs. Insulin lispro (based on comparison of area under the curve (AUC) over 6 h) is
about 33%, which is approximately double the value reported for Exubera **. In some cases,
the therapeutic efficacy of inhaled bio-drugs is limited by the rapid absorption of the drug,

which may be overcome using advanced delivery systems to provide sustained drug release +°.

For the successful delivery of biological drugs via inhalation, there is a need of
formulations with an appropriate inhalable form with sufficient stability and aerodynamic
properties is critical 46. Peptides or proteins can be dissolved in a liquid, suspended within
nano- or microparticles, liposomes or micelles, or formulated into a dry powder, and then
inhaled using one of three main type of devices used for inhalation, namely pressurized metered

dose inhalers (pMDIs), nebulizers, and dry powder inhalers (DPIs). It is generally accepted that
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aerosol particles must present favorable aerodynamic diameter. On their flying way to reach
terminal bronchi and alveoli, particles should escape from mouth or throat impact, which lead
to particle swallowing and can happen with particles with more than 6 um of aerodynamic
diameter; and from exhalation on the next breath which happens with particles lower than 1 ym
4748 Aerosol particles smaller than 5 pum are able to clear the oropharyngeal impaction barrier,
while particles smaller than 3 um reach final destination 3”47 4% Nanoparticles (NPs) can be
aggregated to the microparticle size (1-5 um) >!">? or be embedded in an inert dissolvable matrix

33-55 guch that release of individual NPs occurs on administration.

In the case of pMDIs, the therapeutic agent is dissolved or suspended in a non-polar
liquefied propellant (i.e. a hydrofluroalkane, HFA), which provides the pressure and forces the
liquid formulation out of the container through a fine orifice. For delivery of biological drugs,
denaturation of the drug in the presence of HFA is a significant limitation, as is denaturation at
the large air-liquid interface °¢. Successful formulations, therefore, use drugs co-formulated

59-60

with a stabilizing excipient >’% or loaded into a polymeric microparticle >*-° or microemulsion

61 However, no commercial pMDI containing a macromolecule has come to the market as yet.

For nebulization, an active agent can be formulated as an aqueous solution or
suspension which is converted into an aerosol by one of three types of nebulizer - jet nebulizers,
ultrasonic nebulizers, and mesh nebulizers 2. Limiting factors for nebulization are the limited
stability of the drug in an aqueous solution and denaturation in response to the shear stress
exerted during nebulization. The latter problem is exacerbated by the fact that, in the case of jet
and ultrasonic nebulizers, 99% of the droplets generated are recycled back into the reservoir to
be nebulized during the next dosing ®*. Furthermore, aerosols tend to be heterogeneous in terms
of their particle size, which can result in poor drug delivery to the lower respiratory tract ®*. On
the upside, to aid successful drug delivery, liposomes as drug carriers with a potential for
controlled release and capacity to enhance stability of the bio/active material, may be delivered

using nebulizers ¢

. Human deoxyribonuclease (rhDNase, Pulmozyme®) was the first
recombinant protein to be delivered via the pulmonary route in the form of a nebulized solution

and is still the most widely used mucoactive therapy in patients with cystic fibrosis.

Where the protein/peptide to be used for pulmonary delivery is a low dose, high
potency material, it may be delivered as a DPI formulation. Inert excipients (sugars, polyols,
amino acids or organic salts) can be used to increase the volume of powder loaded and delivered

from the DPI device and also to enhance stability and protect the protein structure in the final
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formulation. Two hypotheses are described for the mechanism of stabilization — the glassy
immobilization ° and the water replacement hypothesis ¢’. The former hypothesis states that
stabilization is achieved by formation of an amorphous glass, whereby molecular motions and
ensuing structural changes are minimized . While the water replacement hypothesis, attributes
stabilization to the formation of hydrogen bonds between the drug and excipient, replacing
those between the sensitive component (biologic) and water, and thus maintaining the structural
integrity of proteins ®. The inhaled insulin products, Exubera and Afrezza, which are referred

to above, are DPI formulations.

2.3.  Delivery of Proteins and Peptides

Macromolecules, such as proteins and peptides, represent an opportunity for the
development of new drugs 7%, and progress in biotechnology field had increased the number of
clinical useful ones ’!. Proteins and other macromolecules offer advantages as site target,
specific mechanism of action and high potency ’?>. However, these molecules’ delivery suffers
certain challenges as short biological half-life, large size and molecular weight, poor
permeability through biological membranes, and structural instability, leading to low
bioavailability 7374, Besides the activity reduction, proteins structural instability may also alter
proteins immunogenicity ' 7. Even though it is associated with discomfort and pain, parental

route is widely used for macromolecules delivery, once it allows maximum bioavailability 7+76"

78

In this scenario, efforts have been made to design a versatile therapeutic protein
delivery system to overcome macromolecules formulation challenges. Addition of enhancers
as sodium N-[8-(2-hydroxybenzoyl) aminocaprylate] (SNAC) and even the development of
indigestible self-oriented system have been studied and proved as successful strategies to
transform injectable proteins into oral dosage forms "*-%0. Other used strategies center either in
changing the macromolecule itself (for example, mutations in protein structures or attachment

of other molecules) or changing the formulation '® 72

, in which nanotechnology emerges as a
promising strategy 73, 81-84. Nanotechnology and other used tools aim to overcome challenges
imposed by macromolecules during formulation, supply chain (including transportation,
storage and shelf life), and clinical practice (reduce dosing frequency, ease application, decrease

adverse events, and increase patients compliance) 7% 8385,
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Using nanotechnology to deliver macromolecules has been examined and
considered a strategy well accepted over decades. A review study in 2018 pointed >*
nanotechnology-based products approved by FDA, of which around 25% have macromolecules
as active ingredients 3. However achieving a successful system that reach market remains
challenging, and there are many initiatives currently in progress in terms of clinical trials 8>-°,
One of the reasons for this may be technical difficulties encountered during formulation
process, including protein denaturation during formulation, low encapsulation efficiency, burst

or incomplete release, and formulation complexity *°.

Unlike low-molecular weight actives, proteins have secondary, tertiary and even
quaternary structures, which are closely related with their efficacy. Thus, their structure should
be maintained through all delivery systems formulation steps and also while they are released

from those systems, being of primary importance and very challenging "%,

3. NANOTECHNOLOGY AND DRUG DELIVERY

Nanoparticulated system should be carefully chosen and consider protein loading
efficiency, production conditions, which should be mild to prevent protein instability, and final
properties of nano-systems. Main features, advantages, drawbacks and recent developments of

protein-loaded nanostructures have been reviewed by Pachioni-Vasconcelos, et al. 5.

Bromelain, a proteolytic enzyme found in plants from Bromeliaceae family,
imposes the same challenges as other proteins ¥-°°. Despite challenges faced, bromelain has
been applied in pharmaceutical nanotechnology field, playing different roles as reviewed by
Ataide, et al. °'. With chitosan NPs, for example, bromelain was used as surface modifier and

encapsulated as active ingredient *12,

3.1.  Nanotechnology for Targeting and Triggering Drug Delivery
There is a search for decreasing off target effects, higher treatment effectiveness,
better patient compliance and an independent control off its release or not. Delivery for local

effect or local administration are appealing when there is a desire to avoid the side effects °.



84

Depending on the disease, the local application can be difficult requiring systemic
administration even though, a local effect must be achieved. In order to not act on the whole
body it is important to have a target control for the drug to accumulate at a desired location *°,

and delivery systems in the nano-range can be specific or target-designed.

When we address conventional controlled release systems, a potential downside is
the monotonic release achieves an effect in a known manner that cannot be adjusted according
to the necessity of the patient. Cases like diabetes or chronic pain, the ability to switch drug

delivery on and off at patient’s will would be beneficial **.

The development of stimulus-responsive or triggering particles leads to an increase
in treatment efficacy and a decrease in off-target effects °°. The stimulus for drug release may
be physical, chemical or biochemical, causing structural changes in the particle (degradation,
erosion, diffusion). This stimulus can be both endogenous, inherent to biochemical variations
caused by pathology (reactive oxygen species, pH, temperature), and exogenous, from external
action (heat, ultrasound, light, electrical and magnetic fields) **°°. This diversity of stimuli for

drug release can be explored for triggered, targeted drug delivery and control of release kinetics
94-96

There are several mechanisms to control the release of the active ingredient, such
as modulation of the particle surface, modification in the polymeric design, use of a stimulus-
responsive polymer already established, among others °>7. Polymers degradation can be
modulated according to the desired degradation rate, ranging from hours to years, as required
by formulation 3%, These modulations can be done in order to tune drug release profile or
direct its delivery and these modifications can come from material modification: blending
polymers, changing its molecular weight (MW), surface functionalization as PEGylation or
other coating or adding surface functional groups (e.g., -SH, -NH2, -COOH), changing surface

charge, adding target ligand (e.g., antibody, peptide, and aptamer) *°.

Considering the relevance of biomolecules drug delivery and the potential of
nanostructures as its carrier, we focus on systems that allow biomolecules encapsulation and,
therefore, protection against degradation and immunogenicity, namely liposomes, polymeric
NPs, and solid lipid NPs. In this sense, several modifications can be developed on the surface
of these nanostructures, aiming greater specificity, stealth, activity, among other approaches, as

can be seen in Figure 2.
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Figure 2. Schematic diagram of solid lipid nanoparticles (SLN), liposomes, and
polymeric NPs, which can be decorated with multi-types agents and surface-targeting
molecules. Multifunctional NPs for drug delivery combine a specific set of targeting agent with
NPs for imaging, a cell-penetrating agent, a stabilizing polymer to ensure biocompatibility, a

stimulus-sensitive element for drug release and the therapeutic compound.

3.1.1. Liposomes
The composition of liposomes is similar to cell membranes. Consisting in one or
more phospholipid bilayers, with amphiphilic molecules, hydrophobic tail and hydrophilic
head, self-assembling in a vesicle in the presence of water. Their size can vary from 20nm to
several um in diameter, being able to carry either hydrophilic or lipophilic drugs based on the
affinity of different parts of the vesicle, aqueous core or bilayer membrane respectively '®°. The
main component of a liposome is phospholipid and the type of phospholipid used can affect

characteristics as zeta potential, encapsulation efficiency and even vesicle size. It is also really
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important the presence of sterol molecules to guarantee liposome stability, affecting its fluidity,
vesicle size and even the polydispersity index (PDI) %1% Liposome’s bilayer composition
can be modulated to reach desirable properties from different particle size to a long-circulation

liposome.

There are four generations of liposomes. The first generation, also called the
conventional liposome, are formed by either anionic, neutral or cationic phospholipids. This
generation showed some disadvantages, as fast clearance from the bloodstream by binding with
proteins or macrophages uptakes and undergo through chemical degradation or aggregation,
that the next generations pursued to overcome. Second generation are the Stealth liposomes and
the stimuli-responsive liposomes. Stealth liposomes are liposomes with polymer coating aiming
a prolonged circulatory half-life. Third generation liposomes are ligand-targeted liposomes and
the PEGylated ligand-target liposomes. Finally, the last generation comprises the theranostic
liposomes'®, which are made of targeting ligands/stimuli-responsive lipids, phospholipids,
imaging agents and therapeutic components having both therapeutic and diagnostic functions

in one, including controlled drug release ',

In the biological delivery field, liposome structure was used to form a virosome in
the Inflexal® V, a vaccine for Influenza viruses, that mimics the structure of the native influenza

virus 19,

Using antibody fragment-conjugate to decorate the particle, Yang, et al. 106 made
a ligand-targeted liposome which enhanced the cellular uptake in pancreatic cancer cells, and
can induce significant apoptosis of cancer cells. Also aiming cancer cells, a transferrin-targeted
liposome was reported to delivery resveratrol for the treatment of glioblastoma. Transferrin-
targeted resveratrol-loaded liposome enhanced therapeutic effects comparing with a non-

targeted one '%7,

The stimuli-responsive liposomes have been used for many proposes. Cullion, et
al. !9 developed liposomes for local anesthesia using ultrasound as a trigger for on-demand
release. Also looking for a better control on duration, timing and degree to match the patients

need, a photo trigger has been used as stimulus for anesthetics release '%°-11°,

As a drug delivery system, liposomes are used for a controlled release but it is

important to take in account its short half-life, its low biological and physical stability compared
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to polymeric particles mainly because phospholipid oxidation and its high cost production '**
111

3.1.2. Polymeric nanoparticles

The search for advances in new polymeric materials and the development of drug-
delivery systems has been stimulated aiming a new approach in the treatments focusing in
effectiveness and patient compliance. Biodegradable polymeric particles are one of the possible
alternatives for biodegradable polymers use. Production of stable particles is fundamental for
drug delivery, which regulates therapeutic effects, biological activity of the encapsulated drug,

rate of drug release and degradation time 7 112,

Polymers physicochemical properties can be modulated according to the desired
degradation rate, ranging from hours to years, to tune drug release profile or direct its delivery

as required by formulation 37+ 78 98 113,

NPs surface chemistry dictates their interaction with biological systems !4,

Therefore, surface modification strategy, using designed molecular ligands, produces unique
NPs, modulating these systems biological behavior, providing targeting capabilities, improving

their stability, being an alternative to overcome challenges in pharmaceutical area '+!17,

The use of biodegradable polymers in drug-delivery is of great relevance because

they are biocompatible and decompose into non-toxic natural products '3,

Aiming to selectively neutralize and capture Interleukin-6 (IL-6), a crucial pro-
inflammatory mediator in arthritic joints, Lima, et al. ' developed a natural biodegradable

chitosan-hyaluronic acid NP biofunctionalized with anti-IL-6.

3.1.3. Solid lipid nanoparticles
Solid lipid nanoparticles (SLN) were introduced in 1991 as an alternative system
of bioactive loading, in order to offer an option against traditional methods such as liposomes

and nano and micro polymeric particles '2°. The high surface area, high carrying capacity of
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bioactive and nanometric dimensions are unique properties that make the method especially

attractive due to its potential for improvement of drugs, nutraceuticals and other materials '>!.

SLN are colloidal carriers composed of one or more lipids of physiological origin,
dispersed in water or in an aqueous solution containing surfactants. The substitution of liquid
lipids by those in the solid state allows disadvantages associated with oil droplets to be
eliminated, improving bioavailability and reducing variation in the plasmatic profile of the
bioactive 1?2, combining virtually all the advantages presented by polymeric NPs, liposomes

and lipid emulsions.

Among these advantages, it stands out its versatility of application; better control
of the kinetic behavior of the encapsulated bioactive; high long-term stability; simplicity of
production, especially when compared to the polymer particles; and relative ease of scale-up of

existing production methods 123123,

The physicochemical characteristics of SLN depend on the preparation method
chosen, but generally they are based on the fragmentation of a lipid matrix coated with a non-
toxic surfactant '?° using high pressure homogenization '*; ultra-sonication '?®; supercritical

fluids '?%; solvent evaporation ', etc.

Oliveira, et al. 1*! developed a paclitaxel-loaded magnetic SLN. This particle is
triggered by magnetic hyperthermia, increasing the temperature of the particle’s core (made of
magnetite — Fe304) releasing the drug. It is a temperature-dependent release, triggered by
magnetic field. This result could lead to a tunable paclitaxel delivery system and improve cancer
treatment by increasing the drug’s bioavailability. A targeted SLN coated with hyaluronic acid
(HA) was developed to delivery glucocorticoid prednisolone (PD) to inflamed joints in
rheumatoid arthritis (RA). HA binds to hyaluronic receptor CD44, which is over expressed on

inflamed joints 32,

3.1.4. Novel nanocarriers

Naturally, the synthetic polymers used on the early DDS were gradually replaced

h 134

by their biotechnological counterparts, such as chitosan '3, starc and fibroin '*°, due to its

non-toxicity, low immunogenicity, biocompatibility and quick biodegradability .
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These biopolymers, as discussed earlier in this manuscript, can be conformed into
nanostructures that allow the existence of a wide range of highly customized drug delivered
systems, despite a some well-known limitations '*’. However, their combination with liposomes
originate a fairly novel drug delivery system known as lipid-polymer hybrid nanoparticles

(LPHNs), which has more benefits as compared to liposomes and NPs '3,

The structure of LPHNS varies significantly, but can be described as a multi-layered
particle in which both lipoidal layer and polymeric layer confer biocompatibility, high loading
efficiency '*° and can provide stability by reducing outward diffusion from the encapsulated
drug '*°. While the inner layers are linked through Van der Walls forces, hydrophobic
interactions and several other noncovalent forces, the outer layer is made up of — or coated with
— a water-soluble polymer which enhances the steric stabilization and prolongs in vivo
circulation time !, as illustrated in Figure 3. As a result, LPHNs got rapidly involved in robust
drug delivery platforms due its highly structural stability, storage stability and exceptional

controlled release, outperforming other nanocarrier systems '>°.

Drug
. encapsulation

. Lipid-PEG

Polymer core

Lipid-polymer hybrid
nanoparticles (LPHNs)

Figure 3. Schematic illustration shows the formulation of lipid-polymer hybrid
nanoparticles (LPHNs). These NPs comprise a hydrophobic core (e.g., polylactic-co-glycolic
acid) or PLGA), a hydrophilic PEG shell, and a lipid (e.g., lecithin) monolayer at the interface
of the hydrophobic core and the hydrophilic shell (based on Dave, et al. 139).
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One early-stage proof-of-concept studied the concurrent treatment of chemotherapy
and radiotherapy, developing small LPHNs named ChemoRad co-encapsulating chemotherapy.
These NPs had docetaxel in the PLGA core and radiotherapy agents (indium-111 or yttrium-
90) chelated to a 1,2-dimyristoyl-sn-glycero-3-phosphoethanolaminediethylene-triamine-penta
acetate (DMPE-DTPA) in the lipid shell 42, Their report shows that there was an increase of
cytotoxicity against prostate cancer cells and the radioactive isotopes had no negative effect

towards encapsulation or controlled released of the drug.

Doxorubicin-loaded LPHNs were produced by the self-assembling modified
precipitation method and had its controlled delivery evaluated, as well as its therapeutic and
physicochemical properties. Results indicated better safety and both enhanced antitumor effect

and cell uptake, which may improve therapeutic effects in the tumour microenvironment 43,

The development of novel NPs structures and their production methods are then
followed by investigations regarding its application, which benefit from a myriad of compounds
suitable for its production, as well as the drugs and treatments that makes the best use of its
inherent properties. Consider the benefits of an active targeting delivery system, differing from
its passive counterpart by not depending on the physical properties of the particles and/or target
tissue, and which can be engineered to deliver drugs to their specific targets by antibodies,

peptides and other specific ligands !4,

In short, these particles are engineered to change membrane permeability or its

1. '» modified the surface of

selectivity when under a specific wavelength. Trabulo, et a
poly(ethylene oxide)-poly(D,L-lactic acid) NPs by creating a photocleavable caging group with
high photocleavage efficiency at 400nm. The caging group was removed by the photo-activated

bond cleavage and allow the peptide-coated surface to readily bind to nearby cells.

3.2.  Nanotechnology and Drug Use Safety

Nanotechnology field has presented a potential strategy to overcome challenges that
act in precision medicine, one of them works with the possibility to reduce the toxic effect of
pharmaceuticals and in the specific treatment of several serious diseases (such as cancer,
diabetes, among others). In the last years, the nanotechnology safety received wide attention of

scientists leading to technological revolution. In addition, it has provided a great opportunity in
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a variety of conventional research areas, such as chemistry, physics, pharmacy, engineering,
biotechnology and mainly in biomedicine and health sciences, as can be seen in Figure 4. In
this sense, this approach has allowed combining platforms focused on solutions to challenges

with open questions and issues still poorly understood 46148,
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Figure 4. Schematic illustration of the nanobiotechnology potential and its

relationship with different research areas.

The relevant nanodevices and engineered nanomaterials (NMs) at the atomic,
molecular and macromolecular nanoscale level have been developed and conceived. The
vastness of NMs includes nanoimaging agents, theranostics, and nanopharmaceuticals,
triggered to an advance of innovation in treatment/prevention, as well as imaging/illness

diagnosis 411,

The safety of substances and products placed on the market in the European Union

(EU) is regulated by various legislative acts, even if the legislation does not explicitly mention
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NMs. In addition, the legislation on cosmetic products (#1223/2009), consumer food
information (#1169/20119), active and intelligent materials and articles (#450/2009), plastic
food contact materials and articles (#10/2011) and Biocidal Products (#528/2012) explicitly
address NMs 192133 These legal acts introduce specific provisions for NMs, and some require
labeling (listing) of ingredients that are in the nanoform and, for cosmetics, a register of

products containing NMs.

Despite a strong demand to promote the NMs, their specific characteristics have
raised substantial considerations for regulatory and manufacturing activities. Moreover, there
has been a widespread lack of specific procedures to characterize the NMs at biological,
physiological, and physicochemical points, which in several situations may have been
responsible for their failure in the late clinical trial phases. For this reason, the regulatory
requirement issue for the nanostructures has been gradually challenged by key issues, which is

a chance to provide clearer direction for their progress and expansion 215,

3.2.1. Large-scale process for nanotechnology
In recent years the nanoscience has attracted considerable attention, as it expects
the impact that nanostructured materials can have on improving the quality of life and

preserving the environment '371%,

The synthesis utilizing different sources can generated a great variety of NPs with
different properties, as highlighted in Table 1. Due to different properties and applications area,
the advance of nanoscience is expected to lead to an industrial revolution, also being a tool that
stimulate not only the exploration of new phenomena and new theories, becoming the new
impulse of economic growth in this century. Through the years and with intense research effort,
there are different ways to enhanced a nanotechnology process with great variety of NPs, one
them is approaching the laboratory nanotechnology and their use in large-scale process for

different applications 60163,
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Table 1. Nanoparticles (NPs) generated with different properties obtained from

different sources.

Different sources NPs with different properties References
Antimicrobial
Antioxidant (Lead e Wilkinson, 2006;
Inorganic or organic Heiligtag e Niederberger,
compounds Photocatalytic 2013; Ravichandran et

Drug delivery and other al., 2019)

properties

Though the large-scale nanotechnology has been a growing challenge, requiring
precise control of all manufacturing processes and procedures, because the NPs should offer a
uniform size, long shelf-life, without agglomeration. Moreover, the process should be

reproducible and sustainable to deal considerably with the commercialization 19316,

Paliwal, et al. '®” summarized features and limitations of various methods of NP
production as high-pressure homogenization, microemulsion, nanocrystallization, membrane

extrusion, supercritical fluid technology, microfluidizer and others.

On the basis of literature supporting this review, numerous methods have been
developed in order to produce NPs in large-scale, however, the choice of methodology to
produce NPs depend on the type of material applied such as polymer, lipid, and metal; market

demands; sustainability, eco-friendly, profitability and costs 60 168-170_

3.2.2. Regulatory requirements for nanotechnology

A considerable number of NMs approved for the biomedical sector have emerged
in recent years; however, the lack of specific general protocols for the characterization of these
products and for preclinical development has become an additional obstacle in clinical practice.
Regulatory agencies need to approach in order to achieve a more collaborative work, as well as

global regulatory trends need to be defined and standardized. Despite this several important



94

steps have already been taken in the last 5-10 years. As an option, the approaches employed for
the development of established or conventional medicinal products have been regularly altered

to assess the compatibility and toxicity/safety of nanostructures 3¢ 171-172,

According to '3

there are global efforts to regulate and address the safety and
production use/handling of nanotechnology and NMs either by non-binding or by legislation
guidance and recommendations. Working teams have been formed by regulatory agencies from
the USA (FDA), Japan (Pharmaceutical and Medical Devices Agency - PMDA), and European
Union (EMA), and worked in collaboration. In parallel, major pharmaceutical corporations
have also augmented their attention in clinical development and proof of concept of these
materials. Overall, these aspects will contribute to clearer methods for identifying the efficacy
and safety of novel nanotechnology-based treatments and medicines. However, at the present
time there is no material of legislation completely devoted to regulation of NMs 74, Present
legislation has been considered by many countries specific and sufficient enough to regulate
nanotechnology/NMs; nevertheless, minor changes have been suggested by several

stakeholders, including the European Parliament, and non-governmental organizations 73178,

More specifically, significant regulatory issues to be considered for NMs include a
formal definition of the term ‘“nanomaterial”, specific information requirements for risk
management, provisions, and risk assessment, authorization or registration procedures to raise
the traceability and transparency on the commercial employment, for instance by notifying or
labelling to a register for materials consisting of NMs 7> 1718 Moreover, as well highlighted
by '7°: “NM:s have to be categorized for hazardous properties if they display the corresponding
properties according to the Regulation on Classification, Labelling and Packaging (CLP).
Products containing NMs or hazardous substances depending on the concentration limit and

concentration have to be labelled”, based on '8!

In general aspects, one of the obstacles inherent the regulation of NMs is clearly
associated to their specific characteristics. Following the large extent of evidence gathered for
polymeric micelles, polymer therapeutics (including other polymeric systems), liposomes, and
in view of the regulatory issues connected to their development and design, the clinical employ
of these complex and sophisticated nanostructures is strongly based on extensive
characterization, assessment, and understanding of main properties . Their properties can, in
fact, be easily changed, not only by small alterations in manufacturing procedures but also by

minimal changes in raw materials. Thus, even though these changes might culminate in limited
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modifications in the biological properties, structure, and biodistribution patterns may be

considerably altered '°.

Moreover, as scientists usually incorporate or encapsulate
pharmaceuticals or biopharmaceuticals, targeting molecules, as well as imaging and tracking
compounds to NMs, robust techniques and new quality control tests have to be established and
developed in order to better characterize and monitor not only their physicochemical features,
such as size and polydispersity index (PDI), charge and morphology, but also to evaluate their
behavior, as drug release, protein binding, specific cellular uptake, metabolism analysis, among
others. These methods would further allow connecting the modifications with a consequent
effect on biocompatibility, biological properties, and therapeutic effect and with overall

physicochemical alterations 136 182-183,

It is essential to control and identify the critical points during each manufacturing
process. This case is another obstacle in the clinical and development translation of NMs. Major
questions associated with their manufacturing face current pharmaceutical innovation at
production facilities, challenging their scale-up possibility, especially, due to the considerable
variety of properties of new materials/biomaterials. Thus, through of process analytical
technologies will ensure an on-line/at-line quality assessment approach applying concepts of
quality-by-design. Hence, anticipating and knowing the most critical steps of production
facilitates the employment of automated methodologies to determine problems as they happen
in line 13418,

In addition, prior to the marketing of NMs, it will be vital to carry out
pharmacoeconomic evaluations to show the additional economic and social value of these new
products when correlated to established or conventional treatments. Important indicators such
as the costs associated with future consecutive hospitalizations or the increase in life expectancy
should also be taken into account in the concept and design of new NMs '8 186 Tt also should
be consider in this step, the nanostructures potential toxicity and immunological deleterious

effects 187-189,

Based on considerations mentioned above, we believe as also highlighted by !°0-1°!

that the three scientific fronts: nanotechnology, nanotoxicology and nanomedicine are the
corresponding areas of studies aimed at the enhancement of human life: nanotechnology has a

bright future with several approaches in many fields. Nanotoxicity and nanomedicine provide

for the required safety assessment of nano - enabled products, as well as will develop

applications for diagnostic, novel therapeutic, and preventive measures, respectively. Great
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achievements based on nanotechnology and nanomedicine await us in the near future. Although
many challenges still exist in the order to recognizing and get it right and avoiding the potential
risks related to these new discoveries, where nanotoxicology will play a key role. Therefore,
successful development on this theme both in the present and in the future will take place
through a multidisciplinary team approach with physicians, bioengineers and pharmacists that

must interact and work in collaboration.

3.3.  Nanoparticle Toxicity in Therapeutic Delivery

Moving from bench to bed is one of the significant obstacles to nanomedicine
nowadays. The translational nanomedicine faces many hurdles; toxicological issues are among
the most challenging to be overcome '°2. Ironically, to date, the main advantage nanomedicine

had achieved is a reduction of the toxicity of drugs '%>1%>

, rather than improving the therapeutic
efficacy. Moreover, recently, two magnetic resonance imaging (MRI) contrast agents
(Feruglose and Resovist) containing NPs have been withdrawn from the market due to safety
concerns. Therefore, among challenges and uncertainty, the development of nanomedicines
needs more efficient ways for assessing toxicity and models that more accurately resemble the
in vivo environment '°2. Even though from all the adversities, during the last years the number
of nanomedicines that entered the market increased, reaching more than hundred 9613
Improving the toxicological issues is for sure one of the bricks in paving the way for the

establishment of nanomedicine, helping to meet urgent clinical needs.

It is well established that the side effects triggered by nanomedicines result from an
interplay between the physicochemical characteristics and the biological environment '201,
Parameters such as composition, size, shape, and surface charge are essential for determining

202-204 " internalization pathways 2%, intracellular biopersistence 2%, to

nano-cell interactions
thus determine the toxic potential of nanomaterials 2°"2%, After intravenous administration,
NPs reach the vascular interstitium and endothelium cells %20, In the interstitium, NPs
promptly interact with the proteins of the serum forming a “crown of biomolecules” - corona
protein dependent on the physicochemical characteristics of NP and this interaction will
determine their biological identity as well as the toxicological profile ?'*!3, Hence, for
injectable formulations, it is essential to evaluate platelet aggregation >'* and agglomeration of
particles 25 to avoid fine capillary obstruction ', Finally, the intracellular biopersistence of
NP, increased circulating time, and interacting with tissues 2!” can affect various organs such

218-219

as liver, lungs, kidneys and even cross the blood-brain barrier promoting particle
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accumulation by disrupting the orchestrated functioning of metabolism 27, These side effects

are only a brief overview of the impact of therapeutic delivery systems in vivo.

During the past years, many types of nanomaterials have been developed,
improved, or modified to achieve more efficient and less toxic DDS, including polymeric,

2021 Many toxic effects are linked to the production or

lipidic, and metallic NPs
functionalization of the NPs such as sterility and endotoxin contamination, residual
manufacturing components, the biocompatibility of components, batch-to-batch consistency,
NP in vivo biodegradability and biodistribution, and drug release rates; which have been
reviewed elsewhere 22, Surfactants, emulsifiers, and detergents at high concentrations improve
shelf stability but generate toxic effects on cell membranes and also deserve to be carefully
considered during the optimization phase of development 22322, Next, we will briefly discuss

the singularities about the toxic potential of the main categories of DDS.

Polymeric NPs produced from biodegradable polymers, whether synthetic, natural
or combinations of both are intensely described as drug carriers and demonstrated being safe in
both in vitro and in vivo applications 2*°?2°. Widely used synthetic polymers such as poly-D,L-
lactide-co-glycolide (PLGA), used in many FDA-approved drug products, due to the
breakdown in lactic acid and glycolic acid 22?2, Likewise, ester poly-e-caprolactone (PCL)
can be hydrolyzed at physiological pH allowing the degradation >*. Natural polymers, in
general, present low toxicity and have low immunogenicity. For example, the high availability
of functional groups present in gelatin allows a wide range of chemical modifications to carry
hydrophilic drugs >*°, and human serum albumin (HSA) is useful for delivering hydrophobic
drugs, with the advantage of binding to active tumor cell receptors **!"2*2, Chitosan, a cationic
polysaccharide with mucoadhesive properties, is capable of permeating cellular junctions for
greater distribution of drugs 233234, Arguably, the non-toxic profile of natural polymers can be
associated with low cellular uptake, biodegradability, and biocompatible monomers 3.
Nevertheless, attention must be paid to the polymeric degradation that in biological

environment could lead to toxic effects such as reactive oxygen species and TNFa production,

in particular synthetic polymers >%.

Lipidic nanoparticles, including liposomes, SLN, and nanostructured lipid carriers
(NLC) are widely regarded as low toxic and biodegradable >*6%, Conversely, cationic NPs
that are compromising of the lysosomal membrane, used in drug or gene delivery, could also

lead to the release of proteolytic enzymes, such as cathepsins, into the cytoplasm. Consequently,
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these enzymes could damage mitochondria, leading to activation of apoptotic proteins (e.g.,
caspases 9, 3 and 7) and ultimately to cell death ?*2. Liposomes and micelles are non-toxic at
low concentrations; however, at higher doses they could lead to undesirable effects, probably
related to cationic surface loading ?*°. In vivo, the administration of lipid carriers does not seem
to have toxic effects; nevertheless, genotoxic effects have been found in several studies since

the liposomes can interact with biomembranes 240-24!

, altering the intracellular environment,
generating oxidative stress. Additionally, inflammatory signaling molecules such as IL-6,
CCL2, and CXCL2 were activated, indicating systemic disturbance >*°. In some cases, subtle
effects may not lead to cell death, and these alterations can remain unnoticed. Nonetheless,
these alterations can be particularly important for some tissues, such as disturbing in neuronal
exocytosis (e.g., brain delivery), or chronic effects (e.g., long-term exposure), and alterations
in cell signaling that are related to chronic diseases. Therefore, lipid nanoparticles should also

be carefully examined for these minor effects, even at low concentrations.

Beyond the most common side effects described before, some shortcomings still
need to be tackled and can be the focus of future research. For intravenous administration, much
attention has been paid to the impact of nanomaterials in the reticuloendothelial system (kidney,
liver, lung, and spleen) because they are responsible for the most significant part of the
clearance of NPs 2*?. But even retaining small percentage of nanomaterials, other organs can
have considerable toxicity or also lead to a systemic response. Albeit being considerably less
toxic, biodegradable NPs (e.g., lipid and some polymeric NPs) have not been properly
investigated regarding long-term exposition, biopersistence, and repeated administration.
Additionally, we have a very limited knowledge about the interaction of nanomaterials and
other therapeutic molecules (e.g., drugs, genes, antibodies) and how the administration of a
nanomedicine could interfere on their therapeutic effects. These aspects are crucial for
regulatory agencies taking decision, another hurdle faced by translational nanomedicine

discussed above.

Some alternatives have been employed to decrease or manage the toxicity NPs for
therapeutic purpose. The most commonly employed is the PEGylation, commonly used for
increasing the circulating time, but care should be taken when using PEG because many studies
have demonstrated that it can triggers immunogenic response, compromising the current

treatment and the future use of applications containing PEG 2.
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Although some nanomaterials have little toxic effects, it is rare the nanomaterial
that has no impact in vivo. Therefore, one strategy would be taking advantage of transient or
minor side effects for therapeutic purposes. Many nanomaterials are described to induce an
immune response, which could be used to enhance the immune response against cancer (i.e.,
immunotherapy) 24243, Recently, few strategies have been developed to control the toxic
effects of NPs, resembling an antidote; this could be used as a last resort, and more strategies
like these are desired for controlling therapeutic, occupational, accidental or self-inflicted
intoxication related with nanomaterials 2*°. Hence, there is no straight forward solution for the

side effects, and solutions for managing should be tailored for each type of formulation.

To reduce the use of animals testing and achieve a better prediction on the toxic
effects in vivo, more relevant in vitro models must be used and improved. One alternative is
the use of 3D models, which were developed to overcome the limitations of monolayer cell
culture (Figure 5), because they better resemble in vivo conditions for the delivery efficiency
of molecules (i.e., drugs, genes, proteins) 2*’. This model has been successfully employed to
investigate the toxicity of NP towards blood vessels 2*%; breast tumor connected to hepatic
organoid for pharmacological metabolism 2*°; paracrine signals of stem cells for neuronal
regeneration 2°°; and mimic in vivo administration of neurotropic NPs 2!, Thus, the use of more
relevant models can be determinant in helping translational nanomedicine overcoming the

toxicity limitation.
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Figure 5. Schematic diagrams of the traditional two-dimensional (2D) monolayer
cell culture systems and typical three-dimensional (3D) cell culture systems: cell aggregates

embedded and grown on matrix (based on Chaicharoenaudomrung, et al. 2°2).

4. LATEST DEVELOPMENT AND PERSPECTIVES

There are countless challenges to overcome, particularly given the number of
obstacles in the process to make nanocarriers suitable for the treatment of patients. These
problems are often so depending on the structure and physical-chemical properties of the carrier
that problems are bound to differ in nature, ranging from poor drug solubility 2> to the design
of production lines for large scale production >*. Nevertheless, the pharmaceutical industry has
clearly recognized the benefits brought by nanotechnology and its potential to expand the
current drug markets, consisting of a strategic tool to repack — and reassess — classic drugs and

provide the means to compete with generics after patent expirations.
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The combination of a biotechnologically-produced drug with a nanosized smart
delivery system can provide the appropriate conditions to reduce, or even eliminate, problems
specifically related to a molecule, e.g. conformation issues or non-specific interactions 2325,
These problems often manifest with such intensity that a drug clinic application might be even
disregarded, even with a possibility of positive results for patients. Nano delivery of proteins
and peptides is the future trend to overcome these challenges. Lipossomes, polymeric NPs, and
NLS are broadly studied in the field of biomolecules release, because of their possibility of a

more specific target approach. These structures are getting more innovative approaches, as

PEGIated liposomes.

LPHN, for exemple, turned out to be a robust drug delivery platform. The
combination of its inner lipoidal layer and outer polymeric layer, presented a more stable, more

control release and more prolong in vivo circulation than other nanocarriers.

An effective integration with biotechnology still requires a procedural methodology
to guide the selection of delivery system based on limitations of a given drug and the desired
pharmacokinetics properties. Beyond the technological progresses in the delivery of drugs,
nanotechnology has provided a short-term solution to enhance the efficacy of known bioactive
molecules and has shed light to the path for the development of Closed-Loop monitoring
devices. Realistically, one would not be able to accurately prognose the development of the
nearly established integration between nanotechnology and biotechnology neither its

implication on future DDS.

The regulatory requirements are essential to stablish the nanotechnology process.
It’s a complicated and challenge task and it has to be further investigated as every new NP and
biodrug is another unknown field of toxicological possibilities. To reach a successful and safe
nanotechnology development process it’s important to work together with other areas and add

knowledge to each other’s studies.

Nonetheless, it seems there is still “plenty of room at the bottom” to allow the

continuous development of DDS for the decades to come.
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ABSTRACT
Purpose. Topical therapy of local disease (e.g. skin) is advantageous over oral therapy since

there is less systemic drug distribution (so fewer side-effects), no first-pass effect, etc. However,
patient compliance with topical therapy can be poor as it may require many applications a day
and can last months. Here we propose a topical controlled release formulation with
thermoresponsive gelation at body temperature and improved adhesiveness, making it easier to

remain in contact with the body.

Methods. The formulation contains two excipients, poloxamer 407 (P407) and casein. Casein
can modify the properties of the hydrogel through molecular entanglement. In addition, tissue

reaction and drug release profile were evaluated.

Results. Changes in casein concentration affected adhesive strength, viscosity, mechanical
properties and drug release, presumably by hydrophobic interactions between casein and P407.
Two different concentrations of P407 were tested with two different concentrations of casein.
Formulations containing 5% and 10% casein released 80% of model drug in 48h, while
formulations without casein released the same fraction in around 24h hours. Formulations with

10% casein had almost twice the adhesive strength of those without casein.

Conclusions. Addition of casein modified the mechanical properties and drug release rate of

the hydrogel. There was no inflammation or injury after brief exposure in vivo.

Key words: casein, poloxamer 407, drug delivery, mixed micelles, topical treatment
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INTRODUCTION

Topical therapy can be advantageous over oral therapy, since it can achieve very
high local drug concentrations locally (in absolute terms and in proportion to systemic
distribution), there is no first-pass effect, and it usually does not require laboratory monitoring
during treatment. Hydrogels have been extensively studied for drug delivery, particularly for
topical applications (1, 2). With topical applications, being able to improve the properties of
the hydrogel, such as adhesiveness and viscosity, would make it easier for the formulation to
remain in contact with the skin, particularly in places that are relatively difficult to access or
with high friction (e.g. between toes, intertriginous areas). Improvement of release kinetics
could reduce the number of daily applications, enhancing patient compliance. The properties of
hydrogels such as drug release and mechanical properties (and therefore duration of release and
frequency of administration) can be tuned by changing the composition of the hydrogel (3).

Poloxamer 407 (P407) is an uncharged synthetic amphiphilic triblock copolymer
composed of a hydrophobic polypropylene oxide block flanked by two lateral hydrophilic
polyethylene oxide blocks. It can be applied as liquid at room temperature and forms a hydrogel
by reverse thermal gelation upon contact with the warmer human body (4). With increasing
temperature, poloxamer molecules aggregate into micelles due to dehydration of hydrophobic
blocks of the poloxamer. Reverse thermal gelation has been useful in a variety of drug delivery
applications (5-7). However, P407 presents some deficiencies such as relatively low gel
mechanical strength and weak mucoadhesiveness. The mechanical properties of poloxamers,
which are important for retention in situ, can be improved by blending with other polymers
3).

Casein, a naturally occurring anionic, amphiphilic protein. It is a diblock
copolymer, with hydrophobic and hydrophilic domains at the C- and N-terminal regions,
respectively (8, 9). It can be added to a hydrogel to increase its adhesiveness through molecular
entanglement (10-12). Casein and poloxamers are miscible and form micelles in solution,
forming mixed micelles (13, 14). Casein has been used to improve the mechanical properties
of PVA hydrogels (15). Therefore, we hypothesized that casein may improve mechanical
properties of P407 hydrogels.

Here we investigate whether the addition of casein to P407 would create a stronger,

more adhesive topical hydrogel for extended controlled release.
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MATERIALS AND METHODS
Materials

Poloxamer 407 (P407) (BASF, New Jersey, USA), casein (C3400-Sigma-Aldrich,
Minnesota, USA) (approximate casein composition of milk is (g/L): [1-s1, 12-15; [1-s2, 3-4; B,
9-11; and k, 2-4), bupivacaine hydrochloride (Sigma-Aldrich, Minnesota, USA),
sulforhodamine B (230162 -Sigma-Aldrich, Minnesota, USA). Bupivacaine hydrochloride and

sulforhodamine B were chosen as model drugs.

Preparation of hydrogels and characterization

Casein solution (50 mg/mL) was prepared by dissolving casein in deionized water
and adjusting the solution pH to 7 using a 5 mol/L NaOH solution. The obtained casein solution
was stored in a 4°C refrigerator. P407 at 25% (w/v) and 18% (w/v) of was added and the

solutions and stirred overnight at 4°C.

ATR-FTIR
The FTIR spectra were recorded in an attenuated total reflectance Fourier

transformed infrared (ATR-FTIR) spectrometer (Nicolet iS50, Thermo Fisher Scientific, USA).

Mechanical tests
Rheological experiments (viscosity and G’G”’)

Hydrogels samples rheological analysis were carried out using a Discovery HR-2
hybrid rheometer (TA Instruments, Delaware, USA). Measurements were performed at a
temperature range from 10 to 45 °C using linear oscillatory shear rheology measurements (100
rads—1, 1% strain, and 1°C/min) and 25mm parallel plate, Peltier plate steel (105100), a sample

volume of 350 uL, a gap between the plates of 0.300 mm. The oscillatory measurements were

used to determine parameters related to the elastic modulus (G” ), the viscous modulus (G” ).

Gelation temperature was taken as the temperature at which G°  becomes greater than G” .

Gelation temperature and viscosity were quantified using linear oscillatory shear

rheology measurements (100 rads—1, 1% strain, and 1°C/min). Gelation temperature was taken

as the temperature at which G° becomes greater than G” . The changes of G and G” over

temperatures ranging from 10°C to 45°C were recorded to reflect changes in mechanical

properties.
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Bioadhesion properties

Bioadhesive properties of the formulations were evaluated using a Stable Micro
Systems texture analyzer (Model TA-XT Plus) in the TPA mode (16-18). Portions of porcine
tissue (epidermis/dermis) were fixed horizontally to the lower end of the analytical probe (P/10)
using double-sided adhesive tape and suture, respectively. Hydrogels were placed into a fixed
volume compartment and conditioned in a water bath at 37 °C. In TPA mode, the analytical
probe descended on the surface of each formulation at a constant rate of 0.5 mm/s, penetrated
10 mm in the formulation and a downward tensile force of 2.45 N was applied at fixated time
of 90s. In sequence, biological substrate returned vertically to the formulation surface at a

constant rate of 10.0 mm/s. After each cycle, hydrogels and biological substrate were replaced.

Drug Release

The release of sulforhodamine B, bupivacaine hydrochloride from each formulation
was performed using a diffusion system. Using Yang, et al. (7) adapted, transwell membrane
inserts (0.4-mm pore size and 0.33-cm?2 area; Costar) and 24-well culture plates were used as
the donor and acceptor chambers, respectively. Two hundred microliters of each formulation
was pipetted directly onto pre-warmed filter inserts to obtain a solid hydrogel. Filter inserts
(donor compartments) with formed gels were suspended in wells (acceptor compartments)
filled with pre-warmed phosphate-buffered saline (PBS) pH 7.4, and the plates were then
incubated in an oven (37°C). At each sampling time (0.5, 1, 2, 6, 12, 24, 48h), 1 mL aliquots of
the PBS-receiving media were collected and inserts were sequentially moved into a new well
with fresh PBS. Sample aliquots were analyzed by spectrophotometer UV to determine
sulforhodamine B (560 nm) and bupivacaine hydrochloride (263nm) concentrations.

Experiments were performed in quadruplicate.

Tissue Reaction

Animals were cared for in compliance with protocol approved by the Boston
Children’s Hospital Committee, in conformity with NIH guidelines for care and use of
laboratory animals (Protocol number: 18-07-3348). In order to prevent animals from rubbing
the hydrogel off their skin, these experiments were performed under isoflurane anesthesia. 6h

was the maximum time frame allowed at our institutions. Attempts to keep the hydrogel on the
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animals for longer periods without anesthesia using occulsive dressings and other devices were
unsuccessful.

Male Sprague-Dawley rats weighting 400—600 g were anesthetized under 2%
isoflurane in oxygen, and their dorsal aspect was shaved and disinfected with 70% ethanol and
betadine. 3 groups of hydrogels (P25; P25C10; P18C5) were tested by applying them on to
separate sites / flanks of the rat. Each flank had a different formulation and each formulation
group had an N=4. Normal rat skin (with no formulation applied) was used as a negative
control. The rats were kept under anesthesia for 6 hours to ensure that the formulation stayed
in contact with the skin during the entire experiment. After 6 h, the animals were euthanized
with an injection of Pentobarbital 100 mg/Kg. A 1.5 cm2 area that included the site of the
formulation application was excised. Tissues were processed, embedded in paraffin, cut into 10
um sections, and stained with hematoxylin and eosin. Histologic evaluation of tissues by light

microscopy was performed by a pathologist in a masked fashion.

Statistics
Data are expressed as means + standard deviations. All statistical comparisons were
made with Student’s t-test, unpaired for independent samples. A p value < 0.05 was considered

to indicated statistical significance.

RESULTS

Preparation of hydrogels and characterization

Table 1- P407-Casein hydrogels formulation. The concentrations are all in (w/v). See text for

definition of abbreviations.

P18 P18C5 P18C10 P25 P25C5 P25C10
P407 18 % 18 % 18 % 25% 25% 25%
Casein - 5% 10% - 5% 10%

We formulated combinations of P407 and casein in varying proportions (Table 1).
Formulations are labeled PxCy, where P = P407, C = casein, and x and y are the % (w/v) of

each. FT-IR spectroscopy of casein, P407 and P407-casein (Fig. 1), showed the presence of the
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two molecules in the hydrogels (peaks for casein: 1644.49 cm-1 [carbonyl groups], 1517.33
cm-1 [N-H bending and C-N stretching vibration]; for P407: 1105.36 cm-1 [C-O stretch] (7,

11)). There was no evidence of new bond formation by FT-IR.
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Fig. 1 - ATR-FTIR spectra of P407, Casein 10%, P407 18%-Casein 5% and 10%, P407

25%-Casein 5% and 10%, respectively.
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To assess the mechanical effects of the addition of casein to P407, the rheology of
the hydrogels was examined by linear oscillatory shear rheology measurements (100 rads—1,
1% strain, and 1°C/min) over a range of temperatures (Fig. 2). Increasing storage modulus (G')
relates to mechanical strength, i.e. solid-like properties. The loss modulus (G”) relates to liquid-
like properties. G’ > G” suggests gelation Yang, et al. (7). The addition of casein had little effect
on the G’ of P25 at 37 oC, 1.07 fold with addition of 10% casein (p<0.05) and no increase with

5% casein. However, with P18 the addition of 5% and 10% casein increased the peak G’ 1.43
and 3.73 (p<0.005) fold respectively. The gelation temperature of P407, at which G° became

greater than G” , was not affected by the addition of casein at any of the concentrations tested.
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Fig. 2 — Rheology of polymer combinations as a function of temperature. G’: storage
modulus, G”: loss modulus. Data are means + SD (n=4).

Polymer viscosity was studied at 10 °C and 37°C (body temperature). At 10 °C, all
formulations had very low viscosity (< 1Pa.s). The enhancement of G’ that casein caused in
P25 at 37 °C was also seen with viscosity (Fig. 3). At 37 °C, i.e. after gelation, the viscosity of
P25 was unaffected by the addition of casein (Fig. 3), while that of P18 increased with the
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addition of casein. For example, when 10% casein was added to P18, the viscosity of the

mixture was 31.83 and 2.23 times higher than that of P18 and P18CS5 respectively.
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Fig. 3 — Hydrogel viscosity at 37 °C at different casein concentrations. Data are means
+ SD (n=4). *p<0.05 between different P407 concentrations with the same casein
concentration. **p< 0.001 between different casein concentrations with the same P407
concentration.

The bioadhesive properties of the P407-casein were assessed by measuring the
loading strength required to detach the hydrogel (at 37°C) from porcine skin (Fig. 4). The
addition of 5% casein to P18 decreased the adhesive strength of P18 1.36-fold but increased
that of P25 by 1.46-fold. 10% casein increased the adhesive strength of P18 1.91-fold and that
of P25 1.81-fold.
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Fig. 4 - Hydrogel bioadhesion to pig skin at 37 °C. Data are means + SD (n=3). *p < 0.05.

Drug release

Release kinetics from the hydrogel was assessed with sulforhodamine B (logP =
1.25; ChemAxon Database) and bupivacaine hydrochloride (log P =3.71 at pH 7; (ChemAxon
Database). As described in Methods, formed hydrogels with either sulforhoramine B or
bupivacaine hydrochloride, were placed in Transwell ™ inserts then immersed in wells
containing pre-warmed PBS pH 7.4, and incubated at 37°C. At predetermined intervals, aliquots
of the PBS (the receiving media) were collected and inserts moved into a new well with fresh
PBS.

In the absence of casein, there was little difference in the release rates of
sulforhodamine B (Fig.5) or bupivacaine (Fig. 6) from P18 or P25. However, release of both
drugs decreased with increasing casein concentration at both P407 concentrations. In the
absence of casein, the rate of release of bupivacaine was slower than (P18) or equal to (P25)
that of sulforhodamine B release (e.g. at 24h) (p<0.05). In the presence of 5% or 10% casein,
release of bupivacaine (e.g. at 24 h) was slightly faster than that of sulforhodamine B, by 1.2-
to 1.4-fold.
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Fig. 5 — Cumulative release (%) of sulforhodamine B from P407/casein hydrogel
formulations at 37°C in PBS buffer pH 7.4. Data are means + SD (n=4). Some error bars are
obscured by the symbols due to their small size. At 24h *p<0.05 when compared between

different casein concentrations. Please see table 1 for definition of abbreviations.



140

100%

Q
£
o 80%
2
Q.
2
w 2 go%
id o
X L
s
g 0
o 5 40% +-P25
v = & P18C5
2 O-P25C5
B 0% & P18C10
z -P25C10
=3
(@]

0%

0 8 16 . 24 32 40 48
Time (h)

Fig. 6 - Cumulative release (%) of bupivacaine hydrochloride from P407/casein hydrogel
formulations at 37°C in PBS buffer pH 7.4. Data are means £+ SD (n=4). Some error bars are
obscured by the symbols due to their small size. *p<0.05 when compared between different

casein concentrations. Please see table 1 for definition of abbreviations.

Tissue Reaction

To assess tissue reaction in vivo, two areas on the backs of the rats were shaved and
3 hydrogels, including those with the highest and lowest total mass %w/v (P25, P25C10, and
P18C5), were applied (Fig. 7a). After 6h, animals were euthanized, and skin samples were
collected, and processed into hematoxylin and eosin-stained slides. On histologic evaluation
(Fig. 7b), no signs of inflammation or tissue injury were seen in any layers of the skin,

subcutaneous tissue, or underlying skeletal muscle layer and fascia.
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Fig. 7 - Histologic evaluation after surface application of formulations (A) Placement of
hydrogels on the skin. (B) Photomicrograph of hematoxylin-eosin-stained section of skin
exposed to the P25C10 formulation, showing epidermis (E), subcutaneous tissue (S),

underlying skeletal muscle (M) and fascia (F).

DISCUSSION

The addition of casein to P407 generally enhanced the mechanical properties (G’
and viscosity) of P407, as well as its adhesive properties, and slowed the release of low-
molecular weight compounds. The combination of these macromolecules did not result in new
bond formation, suggesting that the interactions that caused those effects occurred by
entanglement and the formation of mixed micelles (13). The lack of enhancement of G’ with
the addition of casein to P25 (which was seen with P18) could be due to that effect having been
maximized.

Viscosity can enhance hydrogel retention, helping patients' compliance and the
efficiency of the treatment (16, 19). In general, and here, viscosity is driven in part by polymer
concentration. In solutions of two polymers, it can also depend on interaction between those
polymers, which can have a maximum effect at a given concentration, when all the possible
interactions between the two molecules are made (20). (This could explain why the viscosity
of P18 was increased by the addition of casein, while that of P25 was not.) In the system, the
physical properties of the gel would have also been affected by micellization of P407, the

formation of mixed micelles, etc (13).
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Viscosity is also an important determinant of the release of drug from hydrogels, as
it is harder for the drug to diffuse at higher viscosity (21). In addition to increasing the
hydrogel’s viscosity, the addition of casein could have altered drug release kinetics by altering
the micelle properties. Micellization creates distinct hydrophilic and hydrophobic domains
within the hydrogel. The latter would provide the opportunity for relatively hydrophobic drugs
to partition into them, potentially extending the duration of release. In that context, it is worth
noting that, for example, bupivacaine has an aromatic group and a tertiary amine. Protonation
of the tertiary amine confers water solubility and interaction with anionic surfaces, while the
aromatic group imparts the ability to partition into hydrophobic domains of drug delivery
systems or biological systems (e.g. lipid bilayers in liposomes or cells). The hydrophilicity/-
phobicity of the compound is determined by pH-dependent protonation of the amine.

In addition to the creation of micelles, the type of micelles that can be formed can
affect drug release. In these formulations, the P407 concentration was always greater than the
casein concentration (w/v). If micelle formation is determined by the amount of casein available
in each system (22), the number of mixed micelles formed should be similar at a given casein
concentration, and might not vary between the two concentrations of P18 and P25. Assuming
this is true for our system, one possible explanation for the prolongation of drug release is that
increasing the casein concentration might encourage the formation of mixed micelles. As they
are much bigger than polymeric micelles, this would make it more difficult for molecules to
diffuse through and out of the hydrogel, as the spaces between the micelles became smaller,
less free space to diffuse freely (22, 23).

As noted above, bupivacaine is amphiphilic. Based on the potential for interaction
with the hydrophobic segments of P407 and with the anionic domains of casein, bupivacaine
might have been expected to be released more slowly from the hydrogel than was
sulforhodamine B. However, interactions with the hydrophobic domains of P407 and casein
were likely impeded by the fact that bupivacaine is mostly in its hydrophilic cationic form at
pH 7 (24). Moreover, the long PEO segments of poloxamers can mask the surface charge of a-
casein micelles (13). (The isoelectric point of casein is 4.7, so it carries a negative charge at
neutral or physiological pH.) This masking could impede electrostatic interactions of the
protonated tertiary amine on bupivacaine with anionic casein. The slightly faster release of
bupivacaine than of sulforhodamine B may be attributable to the fact that it has a lower
molecular weight (25).

Bioadhesion is important to ensure retention at the site of application, improving

patient compliance (19). As P407 is a hydrogel with no charge, its interaction with skin is likely
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based on hydrogen bonds (26). The addition of casein increased adhesiveness in 3 of the 4
formulations tested. If such charge masking occurred with the mixed micelles formed by P407
and casein in our system as well, then interaction with skin would likely not be due to
electrostatic interactions. Increased adhesiveness was therefore likely mediated by the increase
of hydrogen bonds, new hydrophobic interactions due to the addition of casein or both (11, 15).
Casein can interact with other molecules by several mechanisms, including hydrophobic
interactions, van der Waals attraction and hydrogen bonds (12, 27).

Tissue reaction, over the relatively short period of exposure studied here, was
benign. This was not surprising given that P407 (3) and casein (12) have good biocompatibility.
However, as noted in Methods, we were unable to maintain contact between the hydrogels and
skin for longer than six hours. While this might correspond to the duration of a single
application in humans, the time frame over which serial applications would be applied to treat
most cutaneous diseases is much longer. While the fact that there was no tissue reaction
whatsoever within the 6h is somewhat reassuring, it cannot preclude the possibility of tissue

reaction with more extended exposure.

CONCLUSION

The addition of casein to P407 increased its adhesiveness, mechanical strength and
viscosity, and slowed the release rates of the model drugs. Choosing casein, a food-grade
biopolymer, to modify the properties of the gel presented advantages in safety, cost, commercial
availability. The properties of the hydrogel could be tuned by changing the proportions of casein
and P407. These improvements could have an impact on patient compliance, particularly with
topical therapies that may last months and require many applications a day. Bioadhesive
hydrogels driven by the addition of readily available proteins have potential as translatable

controlled drug release systems.
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Capitulo IV - Terbinafine nanohybrid: proposing a hydrogel carrying nanoparticles for
topical release.
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ABSTRACT

Poloxamer 407 (P407) — Casein hydrogel were chosen to carry PCL-TBH nanoparticles. In this
study, terbinafine hydrochloride (TBH) was encapsulated into polycaprolactone (PCL)
nanoparticles, which were further incorporated into poloxamer-casein hydrogel in different
addition order, to evaluate the effect of gel formation. Nanoparticles were prepared by
nanoprecipitation technique and characterized by evaluating its physicochemical characteristics
and morphology. The nanoparticles had a mean diameter of 196.7 + 0.7 nm, PDI of 0.07,
negative ( potential (-0.713 mV), high encapsulation efficiency (>98%) and did not. show
cytotoxic effects in primary human keratinocytes. PCL-NP modulated terbinafine release in
artificial sweat. Rheological properties were analyzed by temperature sweep tests at different
addition orders of nanoparticles into hydrogel formation. Rheological behavior of nanohybrid
hydrogel showed the influence of TBH-PCL nanoparticles addition in the mechanical

properties of the hydrogel and a long-term release of the nanoparticles from it.

KEYWORDS: hydrogel, terbinafine, Poloxamer 407, nanoparticle, drug release, rheology,

polycaprolactone
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1. Introduction

Nanoparticles have shown to be an efficient vehicle to either increase treatment
efficiency (increase permeability or bioavailability, decrease side effects) or to protect the
active ingredient!. When embedding the nanoparticles in a pharmaceutical formulation as
hydrogel other characteristics and/or advantages in the treatment and in the product’s
organoleptic characteristics can be reached. This nanohybrid hydrogels can bring unique
physicochemical and mechanical properties, that cannot be reached in single-component
systems, also showing multi-functionality 2.

The search for advances in new polymeric materials and the development of drug
delivery systems have been stimulated aiming a new approach in the treatments focusing on
effectiveness and patient compliance. The use of biodegradable polymers in drug delivery is of

34 Polymeric

great relevance since they decompose into non-toxic natural products
nanoparticles are generally suitable for topical drug delivery once they tend to accumulate in
the skin compared to solid lipid nanoparticles and carriers of lipid nanostructures >, reducing
permeation to deeper layers ", avoiding systematic off target delivery and sticking to the local
delivery.

Topical therapy show many advantages over oral use, such as no first-pass effect,
less drug interactions, high local drug concentration, usually laboratory monitoring during
treatment is not required, it is considered a non-invasive route, and reduces systemic toxicity %
1

Polycaprolactone (PCL) is a biodegradable polymer that appears to increase drug
residence on the skin. It is biocompatible and biodegradable, and its hydrolytic degradation can
be designed relative to degradation time, which can be as fast as seconds or even years, offering
alternatives for drug delivery *!.

P407-Casein hydrogel can provide a modified release and adhesiveness, being an
option for local long-term treatment ''. This nanohybrid hydrogel (hydrogel + PCL-NP) could
bring unique properties absent in the individual components.

PCL nanoparticles containing terbinafine were produced by nanoprecipitation
technique and further dispersed into poloxamer-based hydrogels. Terbinafine hydrochloride
was chosen as a model drug due to its high Log P and because it is used for a local treatment
(superficial mycoses) '°. Here we report the characterization of NPs (mean diameter,
polydispersity index (PDI), { potential, ATRFT-IR, morphology, encapsulation efficiency, drug

release profile and cytotoxicity), as well as the nanohybrid hydrogel rheological properties and

particle release.
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2. Results and discussion
2.1 Nanoparticle Characterization

The particles were produced using P407 as stabilizers in the aqueous phase aiming
their future incorporation into hydrogel formulation. Terbinafine hydrochloride is a very
suitable antifungal agent for the treatment of dermatophyte infections. It is a highly lipophilic
active that tends to accumulate in skin, nails and adipose tissue 14 Blank nanoparticles (NP-
PCL) and nanoparticles carrying terbinafine (NP-TBH-PCL) were successfully produced and
characterized by dynamic light scattering. NPs showed a small difference in size, around 10
nm. We can consider nanoparticle solution as monodisperse as both particles presented a low
polydispersity index (PDI) (Table 1). Zeta potential was low as P407, non-charged polymer,
was used as a steric hindrance stabilizer for the nanoparticle solution. A one-month stability

study was performed with both particles. No significant difference in mean size was observed

(Fig.1).

Table 1 — Size distribution and zeta potential of nanoparticles without and with terbinafine by

dynamic light-scattering (DLS) procedure employing Zetasizer.

NP-PCL NP-TBH-PCL

Mean 186.4+0.4 196.7 £ 0.7

Dao) 127.7 £ 8.1 139.0 £ 2.1

Size (nm)
D0 195.7 £3.1 205.0 £2.1
Do) 306.3+29.5 3050+11.7
PDI 0.093 £0.003 0.069 +0.010

Zeta potential (mV) -11.9+0.7 -0.7£0.1

*Results presented as mean [ SD of three measurements. NP-PCL = nanoparticles
without terbinafine; NP-TBH-PCL = nanoparticles with terbinafine; D(10) = 10% of detected
particles are equal or smaller than this size; D(50) = 50% of detected particles are equal or
smaller than this size; D(90) = 90% of detected particles are equal or smaller than this size; PDI

= polydispersity index.
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Fig. 1 — Stability study of the nanoparticle mean size (nm) throughout a month.
Measures were taken at the 0, 7, 15 and 30 days. Results shown + SD. Some error bars are

obscured by the symbols due to their small size.

Particle’s morphology was analyzed by TEM (Fig.2), the mean size of the blank
nanoparticle was 89.42 nm, and terbinafine nanoparticle was 78.52 nm. NP-TBH-PCL
maintained spherical form as NP-PCL. Both TEM results are smaller than the ones obtained
from DLS analyzes, as expected, considering that each methodology uses a different technique
and state (dry and in solution) to analyze the sample !°. One can notice a background with

smaller spheres probably caused by the formation of P407 micelles.
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Fig. 2 - TEM image of PCL nanoparticles a) NP-PCL and b) NP-TBH-PCL in P407
2.5% solution.
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2.2 Drug Encapsulation Efficiency

Encapsulation efficiency (EE) was performed and quantified using
spectrophotometer UV. The EE of terbinafine nanoparticles was 98.81%. Hydrophobic drugs
can be encapsulated into PCL particle core due to the interactions with its hydrophobic chains.
PEG-PCL nanoparticles showed an encapsulation efficiency of 96.1% of ketoconazole '6.
Terbinafine hydrochloride has LogP of 5.51 (Drug Bank database) higher than ketoconazole
that has LogP of 4.30 (PubChem Database). From log P information, we could infer that
hydrophobic interactions between PCL and terbinafine would be higher than PCL and

ketoconazole, leading to a higher EE% of the nanoparticles.

23 ATR-FTIR
The ATR-FTIR from the nanoparticles (Fig. 3) showed a successful terbinafine

encapsulation with the PCL nanoparticles.
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Fig. 3 — ATR-FTIR spectra of PCL, Terbinafine hydrochloride, P407 and the

nanoparticle solution with terbinafine respectively.

PCL shows a characteristic peak around 1728.09 cm™ [carbonyl stretching],
2939.97cm™!, 2855.85 cm™! [asymmetric and symmetric CH2 stretching respectively], 1241.29
cm’! [Asymmetric COC stretching] and 1186.97 cm™! [OC=O0 stretching] 7. The carbonyl

stretching can also be seen in the nanoparticle spectra [1729.09 cm™'] with a low absorbance



152

considering that the PCL spectra had a pure polymer consequently a higher concentration than
in the nanoparticle solution.

P407 show a characteristic peak around 1105.36 cm™ [C-O stretch], and its
presence in the nanoparticle spectra overlapped some of the other peaks as the 2946.37cm™! and
2867.44 cm™! from PCL with its own, 2885.37 cm™..

Terbinafine hydrochloride show peaks 2442.76 cm™ [C=N stretching], 1467.95
cm’! [C-H bending], 807.97 cm™ [CH bending] and 776.53 cm™ [C-Cl stretching]. As the ATR-
FTIR analyses the surface of the particle and the medium that it is in '8, terbinafine
hydrochloride should appear in NP-TBH-PCL spectra, but when comparing the scale from the
terbinafine with the one used in NP-TBH-PCL, it is possible that the terbinafine peak cannot

be seen.

2.4 Terbinafine release from nanoparticle formulation

Drug release profile in vitro was evaluated for free-TBH and NP-TBH-PCL for 96
hours (Fig. 4). In the first 6 hours, there are an overlap between free and encapsulated TBH,
without significant differences (p>0.05) between release percentage, which can be attributed to
the diffusion of non-encapsulated TBH '°. From 8 until 80 hours, there are significant
differences (p<0.05 in 8 hours and p<0.001 in other measured times) between samples, and NP-
TBH-PCL presented a lower release of TBH, proving that nanoencapsulation with PCL
modified the release of TBH. Free-TBH and NP-TBH-PCL had a significant difference
(p<0.001) in permeation flux, which was 7.46 + 0.18 and 6.43 + 0.06 pg/cm?/h, respectively.

=
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Fig. 4 - In vitro drug release profile of free-TBH and NP-TBH-PCL. Data is
presented as mean + standard deviation, n = 6. The continuous curves are the best mathematical

fit and their confidence interval (dashed lines).
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Mathematical models are a useful tool to fit the release data, helping to better
understand data and to predict the release mechanism of a new dosage form 2%2!. After fitting
release profiles curves (Table 2), it is possible to conclude that free-TBH presented a release
following first order model, while NP-TBH-PCL followed the Korsmeyer-Peppas model.
Korsmeyer-Peppas is a model for predicting the release kinetics of polymeric systems 2!, and a
release type behavior can be indicated according to the release exponent (n). In the case of our
nanoformulation, calculated n was 0.715 £ 0.014, indicating an anomalous transport release
mechanism, where diffusion and swelling/erosion of polymeric chains influenced TBH release

21-23

Table 2 — Obtained kinetic parameters of in vitro release profile of terbinafine.

Free-TBH NP-TBH-PCL

Kp R? Kp R?
Zero Order 0.0114 £0.0004  0.7983 0.0091 £0,0001  0.9557
First Order 0.0265 £ 0.0007  0.9722  0.0149 £0.0002  0.9878
Higuchi model 0.0948 £0.0015  0.9459 0.0736 £0.0012  0.9518

Korsmeyer-Peppas model 0.0804 £0.0082  0.9483 0.0307 £0.0019  0.9903

*Results presented as mean #+ SD. Free-TBH = terbinafine solution; NP-TBH-PCL =

nanoparticles with terbinafine; Kp = release rate constant; R2 = linear correlation coefficient.

2.5 Cell Viability
Cell viability of NP-PCL and NP-TBH-PCL was performed with HaCat cells
(karetinocytes) by the MTS colorimetric assay after 24 and 48 hours (Fig. 5).
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Fig. 5 - HaCat cells viability after 24h (A) and after 48h (B) of NP-PCL and NP-
TBH-PCL. Data are means + SD (n=4).

Even though at 24h NP-PCL viability is higher than NP-TBH-PCL in almost all the
concentrations, no significant difference was observed. This difference starts to diminish as the
concentrations starts to decrease. Considering the standard deviation, it’s possible to say that
none of the concentrations showed less than 100% viability, and on the contrary, in most of the
concentrations it actually stimulated cell growth. When comparing 24h with 48h there can be
found some viabilities less than 100% and lower than 24h. The observation that NP-PCL shows
higher viability than NP-TBH-PCL stay constant.

2.6 Nanohybrid hydrogel rheology
Hydrogel’s rheological behavior showed the influence of NP-TBH-PCL addition
order in hydrogel mechanical properties, mainly in lower concentrations (Fig 6). At 37 °C in

both preparation methods, the storage module (G’) was greater than the loss module (G*’), i.e.,
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the capacity of storage energy was improved when compared with the gel without

nanoparticles, except to the composition of 0.2 mg in the M1.
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Fig. 6: Rheological behavior of P407 18% Casein 10% hydrogel at different
concentrations of the TBH-PCL nanoparticles which were added to the final P407 18% Casein
10% hydrogel (M1). Data are means + SD (n=4). In the vertical axis, red dotted line refers to
37°C.

For the first preparation method (M1), in the composition of 0.2 mg/mL, the
decrease in viscoelastic modules could be related to physical interactions occurring between
NP-TBH-PCL and the hydrogel of P407 18% casein 10%. However, these physical interactions

were able to change the gelation temperature from 28 to 23 °C (p<0.05). Significant changes in
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gelation temperature were also observed in the other concentrations. Above 0.4 mg/mL, the
gelation temperature shifted from 28 to 26 °C (p<0.05), and strong gels with modules almost
temperature-independent were observed. Furthermore, the composition with 0.4 mg/mL
showed higher storage module when compared with the others (Fig 6). Then, we can say that
to first method 0.4 mg/mL is a suitable concentration to obtain higher mechanical properties

gel.
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Fig. 7: Rheological behavior of P407 18% Casein 10% hydrogel at different
concentrations of the TBH-PCL nanoparticles which were added to the casein solution, and
then P407 was added into the solution (M2). Data are means + SD (n=4). In the vertical axis,

red dotted line refers to 37 °C.
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In the second method (M2), the gelation temperature also decreases from 28 to 26
°C (p<0.05) with the incorporation of nanoparticles (Fig 7). To 0.8 mg/mL of nanoparticles, we
noted a shift in the gelation temperature from 28 to 20 °C (p<0.05). Moreover, we observe at
37 °C asignificant increase in the storage module from 9.42 to 29.7 kPa (p<0.05). This behavior
could be related to nanoparticle’s addition order. The addition of poloxamer into a previous
mixture of casein and NP-TBH-PCL can result in a quickly entangled chain that changes the
viscoelastic behavior of the sample. Then, to this method, 0.8 mg/mL is the concentration that

showed more significant changes in the rheological behavior.

2.7 Particle release
Nanoparticles release kinetics from the hydrogel was assessed with NP-TBH-PCL
and NP-PCL using PCL linked with fluorescein.
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Fig. 8: Cumulative release (%) of PCL-fluorescein-nanoparticle release with/out
terbinafine from P407/casein hydrogel at 37°C in artificial sweat pH 4,7. Data are means + SD
(n=4). Some error bars are obscured by the symbols due to their small size. The continuous

curves are the best mathematical fit and their confidence interval (dashed lines).

In the absence of terbinafine, there was a higher release rate than with terbinafine
(Fig.8). This difference is not significant p<0,05. However, release of both particles were slow
if compared with the same hydrogel composition drug release described previously by !!. This
slow release could be justified by PCL nanoparticle being inside the P407 micelles’
hydrophobic core, controlling its release. PCL is hydrophobic and its low affinity by the

receptor medium together with a storage in the P407 core, may have interfered with the release
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rate. This very slow release can be desired in long-term delivery systems an implant or even
prothesis with drug release >*,

Both nanoparticles release fitted the Kornsmeyer Peppas model with R? of 0.9916
and 0.9743, Kp of 0.028 + 0.001 and 0.028 + 0.001 for NP-PCL and NP-TBH-PCL,
respectively. Also in both cases, calculated release exponent (n) indicate that NP release
occurred by diffusion through hydrogel matrix 2*, with n values of 0.445 + 0.009 and 0.429 +
0.016 for unloaded and TBH-loaded NP.

3. Materials and methods
3.1. Materials

Poloxamer 407 (P407) (BASF- Florham Park, NJ, USA), Casein (Sigma-Aldrich —
Atlanta, GA, USA), poly-g-caprolactone (PCL) 80,000 MW (Sigma-Aldrich — Atlanta, GA,
USA), PCL-fluorescein (APM polymer), terbinafine hydrochloride (Frontier Scientific Inc. —
Logan, UT, USA). All other reagents were of analytical grade.

32 PCL-terbinafine nanoparticle formulation

Terbinafine PCL nanoparticles (NP-TBH-PCL) were produced by nanoprecipitation,
where polymer samples were previously dissolved in acetone to reach concentration of 2.5
mg/mL, along to given amounts of terbinafine (0.500 mg, representing 20% w/w). The resulting
organic solutions were stirred at 60 °C until polymer dissolution. The formation of
nanoparticles was then induced by fast adding 12.5 mL of the organic phase into 50.0 mL of
P407 solution 2.5% (w/w) prepared earlier using Milli-Q® water. The stirring speed of the
aqueous phase was kept fixed (350 rpm). The resulting solutions were stirred at 37 °C to allow
solvent evaporation. Assay was carried out in triplicate. Final aqueous volume after the
nanoprecipitation procedure and organic solvent elimination was set to 50.0 mL. Blank

nanoparticles (NP-PCL) were prepared similarly excluding the addition of terbinafine.

33 Nanopartice characterization
3.2.1 Nanoparticles’s size distribution and Zeta potential

Particle size, polydispersity index (PDI) and Zeta potential of NP-TBH-PCL and NP-
PCL formulations previously diluted in Milli-Q® water (1:4, v/v) were determined via dynamic
light-scattering procedure in Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Particle

size and zeta potential were measured in triplicate at room temperature.
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3.3.2 Transmission electron microscopy (TEM)

Morphology of particles was observed by transmission electron microscope (TEM)
(Tecnai G2 Spirit BioTWIN, FEI, Hillsboro, USA). Carbon film 300 mesh was sunk into the
particle suspension (liquid after organic solvent evaporation), dried with filter paper and stained
with urinol acetate saturated (UAS) for TEM analyses. Images were acquired using 23 kX

magnification.

3.3.3 Terbinafine encapsulation efficiency (EE)

The amount of terbinafine loaded in NP-TBH-PCL was determined by ultra-
centrifuging the nanoparticle solution at 25,000 g for 30 min. After that the supernatant was
collected and centrifuged using Amicon Ultra-0.5 mL centrifugal filters (10 kDa MWCO) at
14,000 g for 15 min. The filtrate was collected and analyzed for terbinafine by
spectrophotometer UV (Multiscan GO, Thermo Scientific, Sweden) at 283 nm. To determinate
the terbinafine feeding the whole suspension was lysed adding acetonitrile (1:20) and stirring
for 30 min. Cold methanol (1:3) was added and stirred again for 30 min. After that, the solution
was ultra-centrifuged 25,000 g for 30 min and the supernatant was collected to analyze. The
content of terbinafine encapsulated in the nanoparticles was computed by subtraction of the
content that was present in the filtrate from the Terbinafine feeding measured. The percentage

encapsulation efficiency (EE%) was calculated using Equation 1:

) __ Terbinafine feeding (ug)—Terbinafine in supernatant (ug)

EE(%

Terbinafine feeding (ug) x 100 (D

The quantifications were always performed in triplicate.

334 ATR-FTIR

The FTIR spectra of NP-TBH-PCL were recorded in an ATR-FTIR (attenuated total
reflectance fourier transform infrared) spectrometer (Nicolet iS50, Thermo Fisher Scientific,
USA) operating at 2000 to 600 cm—1. Nanoparticles were analyzed in solution as the other
compounds (PCL, TBH and P407) were analyzed in its solid state.

3.3.5 Terbinafine release from nanoparticle formulation

In vitro release profile of TBH from nanoparticles was evaluated using vertical
diffusion Franz cell system with a diffusion area of 0.64 cm?. Regenerated cellulose dialysis
membranes (14 kDa MWCO) were placed between donor and receptor cells, and subsequently
clamped. Receptor cell was filled with pre-warmed artificial sweat pH 4.7 (20 g/L sodium
chloride, 18 g/L. ammonium chloride, 5 g/L acetic acid, 15 g/L lactic acid adjusting pH to 4.7
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with NaOH 3M), and the donor cell with 1 mL of PCL-TBH nanoparticles or free-TBH solution
for comparison (sextuplicate for each sample). The system was kept under 37 °C and at pre-
determined intervals 0.3 mL was taken from the receptor compartment for TBH quantification
at 283 nm in spectrophotometer UV. Withdrawn volume was replaced with pre-warmed
receptor medium right after each sampling. Permeation of TBH across membrane (%) was
calculated considering the initial amount of TBH placed in donor compartment, following

Equation 2:

TBH cumulative release (ug)

TBH Release (%) = TBH feeding (ug)

x 100 2)

Steady-state permeation flux (Jss, pg/cm?/h) was determined following Equation 3:

Jss= (%) %3 3)

dt

where, (dQ/dt)ss is the amount of TBH (ug) permeated through time (h), and A is
the diffusion area (cm?).

The data from TBH release profile from free-drug solution and nanoformulation
were kinetically evaluated using various mathematical models, such as zero order, first order,

Higuchi and Korsmeyer-Peppas model equations 2'.

3.3.6 Nanoparticle’s cytotoxicity

The cell viability was performed with HaCat (keratinocytes) cell line. Cells were plated
approximately 5.4 x 10* cells/well in 24 well plates, incubated at 37 °C and 5% CO,, after 24h
and total cells adherence, cells were exposed to 312.5; 156.25; 39.06; 19.53; 9.76; 4.88 and
2.44 ng/mL of NPs (blank and loaded with terbinafine) prior washed in PBS. Cells were
exposed for 24 and 48 hours, in incubation at 37 °C and 5% COs,.

After treatment, culture medium was removed and 500 pl culture medium with 100 pl
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium bromide) were applied to culture, which was incubated for 2h at 37 °C and 5% CO..
Then the solution was withdrawal and placed in 96-well plates and the absorbance was read at

570 nm (Readwell Touch, Robonik, India). All tests were performed in quadruplicate.
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34 P407-casein hydrogel formulation

Casein solution (50 mg/mL) was prepared by dissolving casein in deionized water and
adjusting pH to 7 using a 5 M NaOH solution. The obtained casein solution was stored in a 4
°C refrigerator. 18% (w/v) of P407 was added and the solutions and stirred overnight at 4 °C

for gel formation.

34.1 Rheological analysis

Rheological characterization was performed with P407 18% Casein 10% hydrogel at
different concentrations of the NP-TBH-PCL in order to analyze the nanoparticle influence in
the rheological behavior. Five different concentrations (0.2, 0.4, 0.8, 1.6 and 2 mg/mL) of NP-
TBH-PCL were added to the hydrogel. This addition was done in two different orders. M1:
Casein solution, P407, nanoparticles. M2: Casein solution, nanoparticle, P407. Hydrogel’s
rheological analysis were carried out on a Modular Compact Rheometer (MCR-102, Anton
Paar, Graz, Austria) using a plate-plate geometry. The plate diameter was 50 mm and gap of
0.3 mm. Temperature sweep assays were performed at a temperature range from 10 °C to 45
°C at a heating rate of 1 °C/min, angular frequency of 100 rad/s, and strain of 1% in the linear
regime. Experiments were performed in triplicate. Gelation temperature was taken as the

temperature at which G’ becomes greater than G™’.

34.2 Particle release from P407-casein hydrogel

Concentrated nanoparticle solution was added to the formulation (NP-PCL and NP-
TBH-PCL) and stirred until complete dispersion. Using Yang, et al. 2> adapted method,
transwell membrane inserts (0.4 mm pore size and 0.33 cm? area; Costar) and 24-well culture
plates were used as the donor and acceptor chambers, respectively. Two hundred microliters of
each formulation were pipetted directly onto pre-warmed filter inserts to obtain a solid
hydrogel. Filter inserts (donor compartments) with formed gels were suspended in wells
(acceptor compartments) filled with pre-warmed artificial sweat pH 4.7, and the plates were
then incubated in an oven (37 °C). At each sampling time (0.5, 1, 2, 6, 12, 24, 48h), 1 mL
aliquots of the artificial sweat-receiving media were collected, and inserts were sequentially
moved into a new well with fresh media. Sample aliquots were analyzed by fluorescence
spectroscopy (Sinergy HT, Bio-Tek Instruments, Winooski, VT) Aex 490 nm and Aem, 514nm).
The same concentrated nanoparticle solution was measured, and its fluorescence was set as the
100%. Experiments were performed in quadruplicate. The data from NP release profile from

hydrogel formulation was also kinetically evaluated using mathematical models 2'.
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3.5  Statistics

Data are expressed as means + standard deviations. All statistical comparisons were
made with Student’s t-test, unpaired for independent samples. A p value < 0.05 was considered
to indicated statistical significance. For mathematical models fitting Prism 5 software

(GraphPad Software Inc.) for windows was used.

4. Conclusion

The nanoparticles were produced by nanoprecipitation method, with P407 as
stabilizer showed a low PDI and a stability, besides high TBH encapsulation efficiency. Drug
release profile from 8 until 80 hours proved that nanoencapsulation with PCL modified the
release of TBH Free-TBH and NP-TBH-PCL had a significant difference (p<0.001) in
permeation flux, which was 7.46 + 0.18 and 6.43 + 0.06 ug/cm?h. NP’s did not interfere in the

metabolic activity of keratinocytes.

NP-PCL and NPTBH-PCL had a very slow release from the P407-casein hydrogel,

being a better choice for long term release treatments.

The nanoparticle's addition to the hydrogel significantly influenced gelation
temperature, the viscoelastic properties and provided stable gels at the two preparation methods.
Moreover, the nanoparticle addition order leads to different rheological behavior for the same
nanoparticle concentration; thus, a suitable nanoparticle concentration to improve hydrogel

mechanical properties can be addition order dependent.
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5. Discussao Geral

A mistura de poloxamer 407 e caseina nao resultou na formagao de novas ligacoes
quimicas. As mudangas nas propriedades mecanicas e reoldgicas do hidrogel provavelmente se
ddo a partir das interacdes causadas pelo emarenhamento e formagdo de micelas mistas. A
modificagdo gerada nas propriedades mecénicas possivelmente foram as responsdveis pelo
perfil de liberacdo apresentado. O perfil de liberagao de um ativo depende do polimero em que
ele se encontra, das propriedades fisico-quimicas do ativo em questdo € 0 meio em que serd
liberado. O hidrogel se mostrou mais viscoso, assumindo a formacdes de micelas mistas e

houve menos espago para a difusdo de ativo pelo polimero em questao.

Em relacdo a carga superficial apresentada pela micela de caseina em pH
fisiolégico, podemos assumir que, provavelmente, elas foram mascaradas pelos segmentos
hidrofébicos PEO do P407, ndo interferindo na liberacdo dos ativos estudados (Kessler et al.,
2014). As caracteristicas quimicas dos ativos neste caso, se mostraram menos relevantes do que
suas caracteristicas fisicas de peso molecular na liberacao do hidrogel. Mudancas, misturas e
decoracoes de polimeros podem trazer resultados diferentes para o perfil de liberagdo do mesmo
ativo. Possivelmente, sem o P407, a caseina teria uma interagdo diferente com os ativos

presentes.

Ao escolher a mistura P18C10 para estudo de um nanohibrido, preparamos as
nanoparticulas de policaprolactona, testando o impacto da ordem de adi¢cao de nanoparticulas
no hidrogel e também da sua concentragdo. As nanoparticulas de PCL mostraram alta efici€éncia
de encapsulacdo para o cloridrato de terbinafina. Por ser um ativo muito hidrofébico,
corroborou com a interacdo com a policaprolactona (Deng et al., 2017). Para que um ativo
hidrofébico seja entregue por um hidrogel, sua previa encapsulagdo do mesmo é comumente
utilizada como subterfugio, possibilitando uma maior concentragdo dele armazenada no sistema
de entrega (Rabiee et al., 2020). As particulas se mostraram estdveis pelo periodo de um més e
sua morfologia permaneceu esférica. A liberacao de TBH livre e a NP-TBH-PCL nas primeiras
6 horas se sobrepuseram o que pode ser atribuido a TBH nao encapsulada pela nanoparticula
de PCL (Beraldo-De-Aratjo et al., 2019). TBH livre e NP-TBH-PCL tiveram uma diferenca
significativa (p<0,001) no fluxo de permeacao, que foi 7,46 + 0,18 e 6,43 + 0,06 pg/cm2/h,

mostrando que as nanocapsulas de PCL modificardo a liberac¢do da terbinafina.

A liberacao da particula do hidrogel se mostrou lenta atingindo 15% em 48h. Essa

liberacdo pode ser justificada pela possibilidade das nanoparticulas de PCL estarem
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armazenadas dentro do nicleo hidrofébico das micelas de P407. E importante também
considerar que por se tratar de uma particula de PCL (hidrofébica), sua afinidade pelo meio
receptor (mais hidrofilico que o nicleo do P407) € baixa. Uma liberacao com esse perfil poderia
ser mais adequada quando se busca um tratamento de longa duragdo como implantes com

reservatoérios de ativo (Li et al., 2021).

Por se tratar de uma pesquisa que busca de melhorias para os sistemas de entrega
tépicos como um todo, além de testar o perfil de liberagdo da nanoparticula do hidrogel,
realizamos a reologia do gel na presenca das nananoparticulas analisando as mudancas que esta
adicdo causou. Houve mudancas reoldgicas importantes que impactaram as temperaturas de
gelificacdo. Essa mudanca esteve relacionada tanto a ordem de adicdo quanto a concentracao

de nanoparticulas adicionadas.

O uso de materiais poliméricos no auxilio da entrega topica de medicamentos se
faz por vérias formas. Nanoparticulas e hidrogéis sdo formas que trazem ampla possibilidade
de funcionalizacdo. Esses polimeros inteligentes ou funcionalizados nos permitem misturar
(hidrogéis nanohibridos) ou mesmo ligar uns aos outros para apresentar uma liberacao

controlada do ativo.
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6. Conclusao

A adi¢do de caseina ao P407 aumentou aderéncia do hidrogel, mecanica e
viscosidade, e diminuiu as taxas de liberacao dos farmacos modelo (a0 aumentar a viscosidade
do hidrogel e sua resisténcia). A escolha da caseina, um biopolimero de grau alimenticio, para
modificar as propriedades do gel apresentou vantagens em termos de seguranga, custo e
disponibilidade comercial. A mistura de P407 e caseina mostrou biocompatibilidade em ratos,

demonstrando seu potencial para ser testada e utilizada em humanos.

As propriedades do hidrogel podem ser ajustadas alterando as proporcdes de
caseina e P407. Estas melhorias poderiam ter um impacto na adesdo do paciente,
particularmente com terapias topicas que podem durar meses e exigir muitas aplicagdes por dia.
Os hidrogéis bioadesivos impulsionados pela adicdo de proteinas prontamente disponiveis
podem levar a um possivel dispositivo de liberagdo controlada com propriedades mecanicas e

adesivas adequadas.

Nanoparticulas estabilizadas com P407 e com alta eficiéncia de encapsulamento,

mostraram uma liberacdo controlada de TBH.

A juncdo das nanoparticulas ao hidrogel apresentou uma liberacdo muito lenta. A

ordem e a concentracdo adicionada de particulas interferiram na reologia do gel.

As propriedades desejadas para um produto tépico, reologia e liberacdo do ativo,

podem estar contidos na mistura inovadora de componentes ja conhecidos e suas formas.
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Poloxamer 407-Casein - Bioadhesive properties and Biocompatibility of hydrogel for topical control drug release
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Somcaba, Sorocaba, Brazil

Please select your preferred method of presentation: Free Session - Oral or Poster

Introduction: Topical route has several advantageous to freat skin disorder, considering it provides direct access fo the
site, avoids first-pass hepatic metabaolism. it is not invasive and reduces systemic toxicity. Topical dosage forms for skin
application need to have opiical mechanical properties as: spreadability, acceptable, bioadhesion proper drug delvery

and drug. Here we propose a susiained release formulation that would enhance compliance because it would reguire

less frequent administration. Poloxamer 407 (P407) a polymer with reverse thermal gelation properties combined with
casein, a protein from bowine milk that could make the hydrogel more adheswve through molecular entanglement The
adhesiveness of the formulation would make i easier for the freatment to remain in contact with the application site.
Experimental metheds: A casein solution 5% and 10% (w/v) was prepared by dissolving casein in deionized water and
adjusting the solution pH to 7. 25% (wiv) and 18% {wiv] of P407 was added and the solutions were stirred ovemight at
4*C. Forming 4 different formulations

ADHESIVE - Evaluation of the mechanical properties and bicadhesion of the hydrogel preparations were performed
using a Stable Micro Systemsniexture analyzer (Model TA-XT Plus) n the texture profile analysis (TPA)] mode following
{Alves et al., 2018}, using pig skin.

DRUG RELEASE - The release of Sulforhodamine 8, Bupivacaine Hydrochloride (as drug models) from each formulation
was measured using 3 Transwell membrane insers. Filter inserts with formed gels were suspended in wells filled with
pre-warmed phosphate-buffered saline (PBS) pH 7.4, and the plates were then incubated in an oven (37°C). At each time
point 1mL afiguots of the PBS-receiving media were sampled and inseris were seguentially moved into a new well
Sample aliquots were analyzed by spectropholometer UV,

BIOQCOMPATIBILITY - Histologic evaluation for biccompatibility afier surface application of formulations.
4 groups of hydrogels (P407 25%; P407 25% + casein 10%; P407 25% + casein 10%: P407T 18% + casein 5%) were
applied on the skin for & hours.

Table: Table 1 — Hydrogels bioadhesicn using pig skin at 37™C in different contact tmes

Bioadhesion (N}
Time 455 S0s 180s

P18 1.22: 0,096 | 112 0,078 | 1.047 £ 0.193
P48C5 | 1.054 £ 0.045 [ 1.112 £ 0.105| 0,687 + 0,168
P18CI0 | 1.738 £0.915 | 1.833 + 0,093 | 1.382 + 0.084
P25 185+ 0,218 | 1,912 0,156 | 1.87 £ 0,159
P25C5 | 41.912 £ 0,425 1.878 £ 0.215| 2,169 £ 0.379
P25CI0 | 2528+ 051 | 2,833+ 0.176 | 2.726 + 0.352

Results and discussions: ADHESIVE - The addiion and increase of casein concentrations in P25 formulations increased
its rigidity from 0.54420. 006 to 0.94520.031. This could be due to a network by physical interactions between the outer
regions of polypeptide chains created by casein micelles [(Xu et al., 2018).
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It is possible to verify that the formulations P18, P18C5 and P1BC{D the bio adhesion work favors the electrostatic
interaction since the force (M) to highlight the bwo surfaces are larger at times 455 and 30s. For P25, P25C% and P25C10
the bio adhesicn work is independent of contact time. Howewer, for both P18 and P25 formulations, the incorporation of
C5H and C10 increased bio adhesion, reinforcing the hypothesis that the adhesion work ocours mainly by the interdacing of
polymeric chains with the biological tissue.

DRUG RELEASE - The drug release profie of Sulfforhodamine B showed that the release speed increases when the
casein content is lower. Bupivacaine Hydrochloride drug release profile shows us that the increasing the amount of
casein prodonged the drug release.

BIOCOMPATIBILITY - Mo signs of reactivity or inflammation were seen in any of the groups of the biccompatibility test
Condusions: The mixture of P407 and casein showed biocompatibility in rats, demonstrating its potential to be testad

and used in humans. The introduction of casein not only tackified the hydrogel, but also ephanced its the mechanical
properties and prolonged the drug release. The hydrogels formulations showed really interesting results leading to a
possible controbled release device with suitable mechanical and adhesive properiies.

References/Acknowledgements: S3o Paulo Research Foudation (2017/10728-2)

XU, J.; et al. A tough, stretchable, and esdensively sticky hydrogel driven by milk protein. Polymer Chem., 2018.

ALVES, T. et al. Formulation and evaluation of thermoresponsive polymeric blend as a vaginal controlied delivery

system. J. Sol-Gel Sci. &Tech 2018,
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Poloxamer 407-Casein hydrogel for topical drog delivery

Louize Lacalendola Tundizil?, Rong Yang!l, Priscila Gava Mazzola®, Daniel 5. Kohane!
! Lakoratory for Biomaterials and Dz Delivery, Departmant of Anassthesiology, Divizion of Critical
Care Medicme, Boston Chaldren’s Hozpatal Harvard Medical Schocl, Boston, WA, TRA;

*(Graduzte Program in Pharmacentical Sciences, Faculty of Pharmzceutical Sciences, University of
Campinas, Ceropinas, 8F, Braml;

‘Faculty of Pharmaceutical Scieneas, Unirersity of Campimas (UNICALMP), Campinas, 3P, Brazil

Topical therapy of superficial myvcosis is advantageous over oral in that there is no first-pass
effect, no drug interactions and itusually does not require leboratory monmtoning dunng treatment
However, patient compliance with topical therapy can be poor as it last months and requires many
spplications 2 day. Here we propose 2 sustained release formulation that would enhance
compliance because it would require less frequent administration. The formulation contains fao
excipients. Polozamer 407 (P407} a polymer with reverse thermal gelation properties, allowing
easy application sz a liquid, which gels upon contact with body temperature. It iz combined with
casein, a protein from bovine milk that could make the hydrogel more adhesive through molecular
entanzlement The adhesivensss of the formulation would make it easier for the treatment to
remain in comtact with the body, particularly in places that are relatively difficult to access. That,
and the reduction in the number of daily applications, could enhance patient comphance. We
formulsted combination: of P407 and casein in varying proportions, with the presence of the toro
molecules being confirmed by the presence on FTIR of the charactenistic peals (for casem,
164449 em' [carbonyl groups]; for P407, 1531733 cm' [N-H bending and C-N siretching
vibration] and 110336 o' [C-O stretch]. We studied the effect of changes m the proportion of
cazein on viscosity, as this would be an important detenminant of the ability of the formulation
to stay in place after application. The viscosity at 37'C of the formulation mereased with
increasing proportion of caseim:18% (w/v) P407 with 5 and 1095 casein were 1.27 and 2_24 times
more viscous respectively than P07 alone (397,60 Pa; 1333.8323 Pa). At23% P407, addition of
3% and 10% casein increased viscostty 10.03 and 13.21-fold respectively (1825.76 Pa; 2223.03
Pa). The effect of formulation on mechanical properties (g.g2. adhesive strenzth), dmgz release
lonetics, and cytotoxicity will alzo be demenstrated.

Eeywords: P407, Caszein, Adhesive, Topical Treatment, Dimug Delivery, Control release
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Introduction: Topical therapy of superficial mycosis is advantageous over oral
in that there 15 no first-pass effect, no drug mieractons and it wsoally does not require laboratory
monitoring durng treatment. However, patient complianee with topical therapy can be poar as
treatment last months and requires many applications a day, Here we propose o nanoparticulate
sustamned release formulption thot woold enhance patients” comphiance by reducng the
frequency of administration. Here we repont the charactenzation of nanoparticles contaming
tertinafine in order to use it as o local controlied release drug delivery system. Methodology:
Terbinafine PCL nanoparticles were produced by nanoprecipiiation in aqueocus polocemer 407
solution of polymer and terbnafine dissolved m ecetone. The resulting mixtures were stirned at
37 5C to allow solvent evaporation. Blank nanoparicles were prepared simlarly. The particle
stze, polvdispersity index (D) and zeta potentiaf of the nanoparticles contmning terbinafine
were determined win dynamic light-scattening procedure in fetisizer. The morphology of
particles was observed by tmnsmission electron nucroscope (TEM). The FTIR spectm were
recorded in an ATR-FTIR ({attenusted total reflectance Fouorter transform  infrared )
spectrometer. The amount of terbinafine encapsulated in the nanopanicies was computed by
quantification of non-encapsulated drug. Results and Discussion: Nanoparticles with and
without terbinafine showed a small difference in size, 1967 nm and 1864 nm respectively
Manoparticle solution were monodisperse, s both particles hod a low polvdispersity mdex
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(PO}, under 01.1. The zetn potential was mmm between the particles, which could be
due to the presence of terbinafine adsorbed on the particles’ surfaces. A one-month stability
study was performed with both particles. Particles morphology was snabyzed by TEM. The
mean size of the blank nanoparticle was #%.42 nm and that of the terbinafine nanoperticle was
7452 nm. The ATR-FTIR of the nanoparticles showed successful terbinafine encapsulation in
the PCL nanoparticles. Encapsulation efficiency | EE) was 98.81% by UV spectrophotometery.
Conclusions: PCL nonoparticles stabibized with P40T showed low PDI, were stable
throughout a month, snd had high encapsalation efficiency, suggesting potentinl utility in a

topucal formulation.
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