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Drug delivery dynamics of biopolymer-protein based nanostructures
cues via experimental approach and mathematical modeling
By

Luis Angel Ibarra Sanchez

Abstract

Respiratory diseases are leading the burden in public health, usually found in the
top chart of leading causes of death for many countries. Moreover, COVID-19 has
aggravated this situation, having numerous patients with mild to severe symptoms.
Besides, lung tissue inflammation and mucus overproduction are critical factors in
patients’ comorbidity, not only for COVID-19 but also in other pulmonary diseases.
In this project, the aim was to integrate the natural therapeutics curcumin (with a
studied anti-inflammatory effect) and papain (a proteolytic enzyme used for mucus
degradation) into a drug delivery nanostructure to administer intranasally. To reach
this goal, curcumin was encapsulated in alginate particles with the emulsion-gelation
method, obtaining an encapsulation efficiency of 81.23%. Also, curcumin particles
showed a mean size of 500.8 nm, and a surface charge of -23.5 mV. Nonetheless,
more studies are required to fully understand the emulsion system to obtain smaller
and less disperse particles. Also, bioavailability and efficacy test are required to
confirm feasibility of the project. In summary, nanoencapsulation in alginate via
emulsion-gelation method has shown promising results for enhancing the curcumin
solubility, bioavailability, and stability, to develop more efficient pulmonary
treatments against inflammation.



List of figures

Figure 1. Schematic of different drug delivery nanostructures used for the treatment

Of resSPIratory diSEASES. ........uuuiiiiiiiiiiiiii it neennnneennnne 11
Figure 2. Principal synthesis methods, targeted diseases, and admnistration routes
of polymeric nanoparticles for respiratory diseases treatment. ............................. 11

Figure 3. Nano-in-microstructure of curcumin-loaded alginate nanoparticles and co-
loaded with papain in pectin microcapsules for lung inflammation and mucus
overproduction treatment. ... 14
Figure 4. Curcumin release kinetics in PBS at 37 °C and pH of 7.4. Different
mathematical models were tested to describe the release behavior of curcumin-
loaded alginate partiCles. ... 22
Figure 5. FT-IR analysis of particles. Alg Gel (green) = alginate gel prepared by
ionotropic gelation, Empty-Alg (red) = alginate particles synthesized by emulsion-
gelation method without the addition of curcumin, Cur-Alg = curcumin-loaded
alginate particles. Transmittance spectrums were displaced in 50% to have a better
visualization Of the CUIVES. ..........uuiiiii e neeenenees 23

Figure A1. Curcumin standard curve at 427 nm. The range of concentrations used

was 10 yg/mL to 1 pg/mL, the measurements were made in triplicated. .............. 33
Figure A2. Curcumin standard curve at 427 nm. The range of concentrations used
was 1 ug/mL to 0.1 pg/mL, the measurements were made in triplicated. ............. 34



List of tables

Table 1. Experimental design for the development of curcumin-loaded alginate

particles synthesis via emulsion-gelation method. .............ccccc 16
Table 2. Synthesized curcumin-alginate particles characterization by DLS.......... 19
Table 3. Curcumin encapsulation efficiencies in particles as a function of alginate
and surfactant concentration in emulsion-gelation method ............ccccccceeeeeii, 20
Table 4. Drug release mathematical model constants fitted for curcumin loaded-
alginate PArtICIES .....ooeeeiiiee e aaaaaes 21



Contents

ADSTFaCt ... .o 5
List of figures ... —————— 6
List of tables........ . 7
Chapter 1.  Introduction ... e e e 9
Chapter 2. Methodology........ccouiiiiiiiiiiiiiiiiiii e 15
2 B |V = 1 (=Y = USRI 15
2.2 Curcumin-loaded alginate nanoparticle synthesis by emulsion gelation
10751 10T T SR 15
2.3 Nanoparticle characterization..............ccoooi e 16
2.3.1 Mean nanoparticle hydrodynamic size and Z potential determination
USING DILS e 16
2.3.2 Encapsulation efficiency of curcumin-loaded alginate particles via
eMUISION-GelatioN ... 16
2.3.3 Release profile of curcumin from loaded alginate particles ............... 17
2.3.4 FT-IR spectrum of curcumin-loaded alginate particles ...................... 18
Chapter 3. Results & DiSCUSSION.........ccoiiiiimmcccr e 18
3.1 Effects of alginate and surfactant concentration in curcumin loaded particles
SYNENESIS. .. ettt e e e e e e e e aaaaaanan 18
3.2 Curcumin encapsulation efficiency in alginate by the emulsion-gelation
METNOM ... et 20
3.3 Release profile of curcumin-loaded alginate particles.................cceeueeeeee 20
3.4 FT-IR analysis of curcumin-loaded alginate particles..........cccccccieee.... 22
Chapter 4. Conclusions & Future Perspectives......cccccccorrmrmccirrirenccreneennnnn. 24
S I 0o o 11153 (o] o 1 SRR 24
4.2  FUture PersSPECHIVES. ... ... i e e e e e eeeees 24
ReferencCes......iiiiiiiiiiiiiiii i 26
Appendix A. Supplementary material..............ccoinciii 32
Methodology supplementary material..............cooooviiiiiiiiiiiie 32
Appendix B. Papers publications & conference slides ..........cccccceeerrrenncreneee. 35
CUrTiCUIUM ViItAe ... 39



Chapter 1. Introduction

Pulmonary diseases represent one of the major burdens in public health. According
to the revision made by Ahmad & Anderson pulmonary diseases still appear in the
leading causes of death in the United States. By 2020 recent COVID-19, chronic
lower respiratory diseases, influenza and pneumonia, and chronic lower respiratory
diseases appear to be the 3, 9t and 6" principal causes of death, respectively
(Ahmad & Anderson, 2021). In the UK, 24% of the deaths at hospitals corresponds
to respiratory diseases, being influenza and pneumonia the principal hospital
admission cause, closely followed by chronic lower respiratory diseases (Naser et
al., 2021). Also, workplace exposure to different substances and particles can
contribute to the development, and therefore, increasing the number of cases of
chronic lower respiratory diseases. This situation is significantly worsened in low-
and middle-income countries, where respiratory diseases can appear as the leading
hospitalization and death cause, motivated by the inadequate research, prevention,
and management of these diseases (Viegi et al., 2020; Zeng et al., 2022).

In respiratory diseases, there are present two major symptoms, the inflammation of
the pulmonary epithelium tissue, and the overproduction and secretion of mucus.
Different studies have focused on understanding the mechanisms behind the
pulmonary epithelium inflammation, finding that different exterior hazards can trigger
the activation of immune cells, hence, starting a mediators’ secretion to prepare the
body to fight against those hazards, therefore, resulting in epithelium inflammation
(Duvall et al., 2017). This inflammation mediator's expression is composed of
different cytokines, being the principal pro-inflammatory cytokines: TNF-a, a group
of interleukins (IL-1B, IL-6, IL-8), and IFNy (Moldoveanu et al., 2009). Despite
inflammation being a natural immune response of the body against different
pulmonary hazards (such as pathogens, contaminants, and particles), prolonged
inflammation can result in a significant reduction in tissue regeneration and damage,
consequently promoting the development of other pathologies (Robb et al., 2016).

Moreover, during the cytokine expression, not only inflammatory response is
activated but goblet epithelial cells are stimulated to produce more mucus to trap
and avoid the advance of pathogens, toxins, and particles (Loxham et al., 2014).
Mucus is mainly composed of water (around 95%), numerous proteins composing
the network that confers its gel structure (the principal mucus proteins are MUC2,
MUCS5AC, and MUCSB), and ions (Demouveaux et al., 2018). The mucus
accomplishes two major roles, the protection of the epithelium tissue by forming a
gel coating, and the cleaning of the epithelial tissue by removing dead cells,
microorganisms, and other substances (Hansson, 2019). In healthy patients the
number of cells secreting mucins is lower, but as the immune response is activated
and cytokines promote the inflammatory response and the increase in production
and release of mucins results in a thicker and more viscous gel layer (Williams et al.,
2006). When the mucus is hypersecreted other complications may appear due to the
restriction in oxygen exchange in the lungs, therefore, decreasing the tissue



regeneration capacity, and the increase in chances of co-infections (Shukla et al.,
2020; Tan et al., 2022).

Even though how problematic the prolonged inflammatory and mucus
hypersecretion response can result, actual treatment still presents limited
effectiveness due to the first past metabolism, and the increase in mucus production
difficulties in local administration (Barnes & Stockley, 2005; Collnot et al., 2012).
Therefore, novel treatments are required in the treatment of respiratory diseases.

Nanomedicine, the use of different nanostructures to carry and target release
therapeutics, has presented a new panorama in respiratory diseases. Some
nanostructures used in pulmonary drug diseases are polymeric nanoparticles,
polymeric micelles, liposomes, lipid-based nanoparticles, dendrimers, and
exosomes; but those therapeutics have mainly been focused on cancer, antiviral,
and antibacterial treatment of pulmonary diseases (lbarra-Sanchez et al., 2022;
Melchor-Martinez et al., 2021). In Figure 1. Schematic of different drug delivery
nanostructures used for the treatment of respiratory diseases., are presented a
schematic for different nanostructures focused on the treatment of pulmonary
diseases, and some of the targeted diseases. Among the different types of
nanostructures for drug delivery, polymeric nanoparticles are distinguished by their
high stability, tunable structure and properties, and variety of synthesis methods
(Abasian et al., 2020). In Figure 2. Principal synthesis methods, targeted diseases,
and admnistration routes of polymeric nanoparticles for respiratory diseases
treatment., are presented different diseases in which polymeric nanoparticles were
tested for therapy, also the most relevant synthesis methods are presented in a small
scheme and remarking the administration routes used in different studies. Still,
biocompatibility, biodegradability, and cytotoxicity still representing a challenge for
those types of particles (Spirescu et al., 2021).
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Figure 1. Schematic of different drug delivery nanostructures used for the treatment of respiratory
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Figure 2. Principal synthesis methods, targeted diseases, and admnistration routes of polymeric
nanoparticles for respiratory diseases treatment.

To overcome the polymeric nanoparticles’ limitations mentioned before, many
studies have focused on the use of biopolymers, these polymers are based on
biological molecules found in different organisms, those molecules are naturally
produced by plants, animals, and microorganisms (Song et al., 2020). Due to their
origin, biopolymers are conferred with natural biocompatibility, biodegradability, and
reduced cytotoxicity especially compared to synthetic polymers (Simionescu &
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Ivanov, 2016). Among the variety of biopolymers found in the literature for drug
delivery systems, two polysaccharides are distinguished by their wide number of
studies used as polymeric nanoparticles matrix or to coat other particles: alginate
and pectin (Luo & Wang, 2014).

Alginate is a polysaccharide present in marine algae and brown seaweeds,
comprising around 15-20% of its composition (Saravana et al., 2018). Its chemical
structure is based on two types of blocks, a 1-4 linked a-L-guluronic (G-block), and
B-D-mannuronic acid (M-block), presenting an aleatory linear arrangement of G-G,
M-M, and G-M blocks (Pragya et al., 2021). Alginate can easily form gels in presence
of divalent ions such as Ca?*, Sr?*, Zn?*, and Ba?*; this process occurs due to a
dimeric association of G-G alginate blocks around the divalent ions, forming a
structure usually known as “egg-box junctions” (Tahtat et al., 2017). Due to its origin,
it has proven to have good biological properties, water solubility, and is a low-cost
material (Taemeh et al., 2020). Therefore, alginate has been widely studied for drug
delivery systems, especially loaded with water-soluble drugs, and gene delivery
(Huh et al., 2017; Patra et al., 2018). But also, alginate electronegativity allows its
electrostatic interaction with positively charged particles, therefore, has been used
as a stabilizer coating for a variety of nanostructures (Barclay et al., 2019).

On the other side, pectin is a polysaccharide present in the cellular wall, this confers
pectin to a wide range of sources and makes it a cheap resource. Its chemical
structure presents a great number of 1-4 linked a-D-galactosyluronic acid residues,
some of them are esterified with methyl conferring different properties depending on
the grade of esterified acid residues in its chain (Freitas et al., 2021). Those acid
residues confer pectin with the capacity with a gelling property. Therefore,
historically speaking, pectin has been used in the food industry as an additive gelling
agent, and food stabilizer (Adetuniji et al., 2017). in recent years, research studies
have focused on the development of pectin-based drug delivery systems, gene
delivery, for wound healing purposes, and delivering in mucosal regions, especially
for the drug delivery in the gastrointestinal tract (Carrion et al., 2021; Rascén-Chu et
al., 2019). The combination of biopolymers with nanotechnology can open the
chance of using different biologically active agents that previously were limited due
to their physicochemical properties. That is the case for curcumin, a polyphenol
presents in Curcuma longa roots, those roots have been used as a spice called
turmeric with a characteristic yellow-orange and crystalline powder used as a food
coloring (Caillaud et al., 2020). Curcumin has shown promising therapeutic
properties as an anticancer, antimicrobial, antioxidant, neuroprotective, and anti-
inflammatory activity (Amalraj et al., 2017). Curcumin can present anti-inflammatory
effect by interfering in the expression of the Nk -kB gene, this gene is one of the
principal activators of TNF-a cytokine. Since TNF-a is one of the principal cytokines
during inflammatory response, the interference of curcumin with Nk -kB results in a
downregulation of inflammatory response (Hewlings & Kalman, 2017). Nonetheless,
its poor water solubility, and therefore poor bioavailability, has limited its application
for therapy in its free form (Stohs et al., 2020). In order to enhance its solubility and
stability under physiological conditions, curcumin has been integrated into a variety
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of nanostructures, such as gold nanoparticles (Muniyappan et al., 2021), liposomes
for cancer therapy (Feng et al., 2017), polymeric nanoparticles (Trigo Gutierrez et
al., 2017), and nanoemulsions for pulmonary delivery of curcumin (al ayoub et al.,
2019).

Successful deliver treatment to the lung tissue can be accomplished by direct
administration to the lungs via inhalation. Yet, in lung diseases, when mucus over
secretion is present, administration can be challenging. Therefore, different drug
delivery systems have been studied to avoid the mucus barrier and deliver the
therapeutic (Khutoryanskiy, 2018). As an example, papain, a protease enzyme
extracted from Carica papaya has been used for this purpose. It can be considered
safe for oral intake considering its presence in fruits as papaya (Leichner et al.,
2017). Is a simple enzyme, containing 212 amino acid residue chains, with and
hydrophobic core, with a optimal performance at neutral pH. Nonetheless, it can
show activity in a wide range of pH (Hitesh et al., 2012). Papain has found a wide
range of applications; as a meat tenderizing, in dairy industry, used in the drug
production processes, and even being used as a therapeutic (Tacias-Pascacio et
al., 2021). Therefore, papain has the potential to affect the mucus protein structure,
helping in its removal and facilitating the diffusion of nanoparticles in is way to
epithelial tissue.

This work aims to develop and characterize a biopolymeric nanostructure for the
treatment of airway inflammation and mucus overproduction, by the
nanoencapsulation of curcumin (as an anti-inflammatory agent) in alginate
nanoparticles using the emulsion-gelation agent, and the microencapsulation of
nanoparticles and papain (as a mucus degradation agent) in ionic gelated pectin
microcapsules to enhance particle deposition in lungs. In Figure 4, is presented a
schematic representation of the proposed nano-in-microstructure for the treatment
of lung inflammation and mucus overproduction.
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Chapter 2. Methodology
2.1 Materials

Sodium alginate, Tween® 80 suitable for cell culture, Curcumin from Curcuma longa
(Tumeric), were purchased from Sigma-Aldrich México. Calcium chloride anhydrous
analytical grade was purchased from CTR Scientific México. High purity
dichloromethane HPLC/Spectro grade was purchased from M TEDIA United States.
The rest of the reagents used were analytical grade.

2.2 Curcumin-loaded alginate nanoparticle synthesis by emulsion gelation
method

Curcumin-loaded alginate particles were synthesized by the emulsion-gelation
method, following the procedure proposed by Kiarnesi et al. with some modifications
(Kiarnesi et al., 2021). In brief, the aqueous phase consisted of an aqueous solution
of sodium alginate, a weighted amount of alginate was mixed with enough miliQ
water to reach the desired concentration, and magnetically stirred (1500 rpm) at
room temperature (27 °C) for 3 h prior use. The oily phase consisted of 1 mg/mL of
curcumin solution in dichloromethane with the required volume of Tween 80 as a
surfactant to reach the desired concentration. And a solution of 3% (w/v) of CaClz in
miliQ water was used as the gelation agent for the alginate (magnetically stirred at
1500 rpm for 3 h at 27 °C).

The emulsion was conducted in glass vials of 40 mL, first 5 mL of the oily phase was
placed in a clean glass vial, then it was mechanically mixed at 3000 rpm using a
vortex mixer. Next, 4 mL of the alginate solution was added drop wisely with the aid
of a Kd Scientific syringe pump 100 (using 5 mL BD Plastipak syringe) at a rate of
80 mL/h. Once the total volume of alginate was added and emulsified, the gelation
started with the dropwise addition of 1 mL of the CaCl2 solution at a rate of 20 mL/h.

After emulsion-gelation, the glass vials were kept under magnetically stirring at 1500
rpom at room temperature for 12 h to evaporate the solvent. Following, the resultant
aqueous suspension was transferred to Falcon tubes to start 4 washing cycles to
remove free curcumin, and the excess of Tween 80, alginate, and CaClz. The
washing cycles consisted of centrifugation at 4000 rpm at 4 °C for 10 minutes to
precipitate the particles, and then, carefully removing and collect the supernatant.
Between cycles, particles were resuspended in 5 mL of miliQ water with the aid of a
vortex mixer at 3000 rpm. To further characterize, after nanoparticle washing cycles,
1 mL of sample was stored at 4 °C for DLS measurement, and the rest was frozen
at -70 °C for 12 h prior lyophilization.

To test the effect of the alginate concentration and the surfactant concentration on
the particle synthesis, various experiments were conducted according to Table 1.
Each experiment was conducted in triplicate.
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Table 1. Experimental design for the development of curcumin-loaded alginate particles synthesis
via emulsion-gelation method.

Tween 80 concentration
(% viv)
1% 2% 3%
1) 0) 1)
0(-_11")/" /-1 /0 A+
Alginate 05%
concentration ko) 0/-1 0/0 0/+1
(% wiv) 10%
('+1) +1/-1 +1/0 +1/+1

2.3 Nanoparticle characterization

To determine the effectiveness of the emulsion-gelation method for the synthesis of
the curcumin-loaded alginate particles, different techniques were used to evaluate
the physical properties of the particles, as well as their release profile. In the next
sections the methodologies followed to characterize the samples are described.

2.3.1 Mean nanoparticle hydrodynamic size and Z potential determination using
DLS

The particles hydrodynamic size distribution was measured using the Dynamic Light
Scattering (DLS) technique, using a Z-Sizer Nano (Malvern) with a laser of 423 nm
at a fixed backscattered angle of 173°, using a stabilizing temperature of 25 °C. After
washing cycles, and prior the lyophilization, 1 mL of sample was taken, sonicated
for 1 min, and then diluted in miliQ water using a factor of 1:8. Next, 800 pL of the
sample was placed into disposable cuvettes. Each sample has a single
measurement with an automatic number of runs. To determine the Z potential of the
particles it was used the deep immersion adaptor of the equipment, temperature,
number of measurements, and number of runs conserved the configuration used for
particle distribution.

2.3.2 Encapsulation efficiency of curcumin-loaded alginate particles via emulsion-
gelation

The efficiency of curcumin encapsulation was determined by an indirect method. In
brief, during the washing cycles the supernatants were collected, and then the
supernatants were gauged to a known volume of 50 mL using miliQ water. Then, a
standard curve was prepared for the curcumin (refer to Figure A1) using a DR 5000
Hach spectrophotometer at a maximum absorbance A of 427 nm. Following, 100 uL
of the gauged supernatant sample was taken and diluted using a factor of 10:1
(dilution: supernatant), to finally place 1 mL of diluted sample into a disposable
acrylic cuvette. Each measurement was done in triplicate. Finally, the Encapsulation
Efficiency (EE) was computed using Eq. 1.
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Where EE is the encapsulation efficiency of the emulsion-gelation method expressed
as a percentage of the initial mass of curcumin added; I is the initial amount of
curcumin in the oily phase expressed in ug; C is the concentration (ug/mlL) of
curcumin measured the diluted sample of gauged supernatant; VV the final volume of
supernatant after gauging (mL), and DF is the dilution factor used prior
measurements in the spectrophotometer.

Eq. 1

EE=(

2.3.3 Release profile of curcumin from loaded alginate particles

The release profile of curcumin-loaded alginate particles was performed in the
standard medium, PBS at pH 7.4, the experimental conditions were 37 °C, and
magnetic stirring of 20 rpm to simulate the number of breaths per minute of a human
in resting condition (Russo et al., 2017). In detail, a weighted amount of lyophilized
curcumin-loaded particles was suspended in 3 mL of PBS solution, then the
suspension was placed into a cellulose tubing dialysis membrane with a molecular
weight cut-off of 14-12 kDa. Then, the charged cellulose membrane was placed into
27 mL of PBS (to get a final volume of 30 mL) at the mentioned conditions. Then, 3
aliquots of 1 mL were taken for their further measurement using UV-vis
spectrophotometer and replaced with a fresh medium to maintain the sink conditions.
The aliquots were taken at intervals of 0, 1, 2, 4, 8, 12, 24, 48, and 72 h. The
experiment was conducted in triplicate.

In addition, the data obtained was adjusted using the most common release kinetics
models: zero order, first order, Higuchi’'s, and Korsmeyer-Peppas models were
tested (Eq. 5, Eq. 3, Eq. 4, Eq. 5, respectively). The best-fitted constants and R?
values for each model were reported.

Q¢ = Qo + Kot Ea.2

Where Q; is the mass of drug released at time t, Q, corresponds to the initial amount
of drug, which is 0 in most cases, and K, is the release constant with units of
concentration/time.

C = Ceq . (1 _ e—K-t) Eq. 3

For the first order kinetics, C represents the amount of drug released at time ¢, C,,

is the amount of drug when the system is at equilibrium, and K is the first order
kinetic constant in units of time to the minus one.

Qe = Ky - t1/? Fa-4

In the case of Higuchi’'s model, Q; is the amount of drug released at time t, and Ky
is the Higuchi’s release rate constant.
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And finally, in the Korsmeyer-Peppas model, M;/M,, is the fraction of drug released
at time t, K is the Korsmeyer-Peppas release rate constant, and n is the release
exponent, which is usually related to the release mechanism for controlled release
of polymeric systems (Sreedharan & Singh, 2019).

2.3.4 FT-IR spectrum of curcumin-loaded alginate particles

The aim was to evaluate the interaction between the nanoparticle components;
therefore, FT-IR analysis was done in a Perkin-Elmer Frontier FT-IR Spectrometer
equipped with the universal ATR sampling accessory. In brief, the sample
preparation consisted of after synthesis of curcumin-loaded alginate particles, the
sample was lyophilized to obtain a powder of the nanostructure for FT-IR analysis.
Also, empty emulsion-gelated alginate particles, and simple gelled alginate particles
were prepared and analyzed to obtain their spectrum using a step size of 1 cm! from
4000 to 400 cm™ and 64 scans.

Chapter 3. Results & Discussion

To develop an effective delivery method of curcumin to the lung epithelium tissue,
there were prepared alginate particles loaded with curcumin via the emulsion-
gelation method. Two main variables were investigated, the concentration of alginate
solution (the amount of alginate available), and the surfactant concentration of the
oily phase (forming a micelle around the disperse phase and stabilizing the
emulsion). Whereas curcumin amount, emulsion speed, addition rate, and ionic
crosslinker concentration kept constant. The results from particle characterization
for the different treatments are presented in the next sections.

3.1 Effects of alginate and surfactant concentration in curcumin loaded
particles synthesis

The results according to the experimental design (refer to Table 1) are presented in
Table 2. The mean hydrodynamic size and z potential were determined by dynamic
light scattering (DLS). According to the measurements, the mean hydrodynamic
diameter varied from 500.8 nm up to 2851.0 nm. The combination of parameters 1%
v/iv of Tween 80 and 0.1% w/v of sodium alginate resulted in the smallest
hydrodynamic diameter of 500.8 nm, these particles still presented a greater
hydrodynamic diameter than those obtained by Kiarnesi et al. using its water in oll
emulsion, being oil-to-water phase ratio, agitation speed, and oil phase component
(olive oil for the mentioned work) the main differences from the ones synthesized in
this project (Kiarnesi et al., 2021). It can be observed that the concentration of
alginate in the aqueous phase leads to higher particle size, this can be attributed to
changes in the viscosity of the aqueous phase, modifying the rheological behavior
of the emulsion, and reducing the capacity of disperse phase to divide into smaller
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aqueous droplets. Also, the increase of alginate available for CaClz gelation bonds
can lead to a significant aggregation of droplets during the gelation process. Similar
behavior has been observed in works such as Mokhtari et al. synthesizing alginate
particles by emulsion/internal gelation method for peppermint phenolic extract
encapsulation (Mokhtari et al., 2017). Additionally, it can be observed that the
increase of surfactant v/v% in the oil phase suggests an increase in the size of the
particle. This occur when the excess surfactant goes into the formation of
aggregation of surfactant particles, and finally increases the size of the disperse
phase droplets (Sarheed et al., 2021). Moreover, the agitation energy administered
to the systems during synthesis can be a relevant factor influencing the particle size,
for example, Sheir et al. obtained alginate-chitosan particles below 300 nm by the
sonication of the precursors during the gelation (Sheir et al., 2021).

In this study, the concentration of the gelation agent was fixed at 3% w/v to provide
excess Ca?*, to ensure the full gelation of the alginate available in the aqueous
phase. Notably, other studies where ionic gelated alginate particles were
synthesized, suggested that the concentration of Ca?* ions can also affect the
particle size (Thomas et al., 2020), representing an important factor to review in
future research to obtain smaller particles than the ones obtained in this work.

The surface charge of particles round from -13.9 mV to -27.4 mV, this was expected
due to the electronegativity of alginate hydrogels. Other works of alginate particles
have presented similar Z potentials, such as the ones used by Bakhshi et al. to
encapsulate immunoglobulin in alginate by ionic gelation with Z potentials from -26
to -36 mV (Bakhshi et al., 2017). The strong electronegativity of synthesized particles
can have a positive effect on nanoparticle stability, due to the repulsive electrostatic
forces.

Table 2. Synthesized curcumin-alginate particles characterization by DLS.

Alginate Tween 80 Particle Pdl Z potential
(Wiv%) (VIV%) mean size (mV)
(nm)
0.1 1 500.8 £ 127 0.603 -23.5+23
0.5 1 894.3 + 289 0.926 -21.0+1.7
1.0 1 911.9 £ 69 0.704 -22.7+1.3
0.1 2 992.0 + 284 0.790 -16.5+1.1
0.5 2 1623.3 £ 144 0.671 -13.9+1.0
1.0 2 1543.0 £ 128 0.551 -18.8+0.6
0.1 3 1716.0 £ 198 1.000 -23.1+£0.3
0.5 3 2277.0 £ 690 0.861 -24.1+£3.7
1.0 3 2851.0+£ 172 0.997 -27.4+51

DLS: dynamic light scattering
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3.2 Curcumin encapsulation efficiency in alginate by the emulsion-gelation
method

The encapsulation efficiency was found to vary from 20.39% to 81.23%. The
maximum encapsulation efficiency corresponds to the combination of 1.0% of
alginate (w/v) and 1% of surfactant (v/v). The results suggest that the amount of
alginate does not have a direct effect on the encapsulation efficiency. Otherwise, the
amount of curcumin entrapped can be related to the amount of surfactant used,
showing that more surfactant results in less curcumin being entrapped. This can be
due to the saturation of disperse phase surface with the surfactant, blocking the path
of curcumin to the gelled alginate particles. Other studies using alginate in
nanoparticle composition have obtained similar curcumin encapsulation efficiencies;
for example, encapsulation efficiency of 76.06% was obtained using zein particles
double-coated with sodium caseinate/sodium alginate (Liu et al.,, 2019);
Sorasitthiyanukarn et al. reached an encapsulation efficiency of 85% for curcumin
diethyl diglutarate using alginate/chitosan particles synthesized by a similar O/W
emulsion and ionotropic gelation (Sorasitthiyanukarn et al. 2019); and a
encapsulation efficiency of 95% was obtained with bovine serum albumin/alginate-
modified Fes3O4 particles (Amani et al., 2019) while using different matrixes have
obtained encapsulation efficiencies from 50% to 100% for systems like liposomes
and cubosomes synthesized by reverse phase evaporation (Chang et al., 2021), and
encapsulation efficiency of 67% for microfluidic PLGA nanoencapsulation of
curcumin (Lababidi et al., 2019).

Table 3. Curcumin encapsulation efficiencies in particles as a function of alginate and surfactant
concentration in emulsion-gelation method

Alginate Tween 80 | Encapsulation
(wWiv%) (vIv%) efficiency
(%)
0.1 1 80.10 £ 0.95
0.5 1 78.64 £ 0.35
1.0 1 81.23+1.63
0.1 2 60.33 +2.02
0.5 2 66.05 + 2.66
1.0 2 63.86 + 2.03
0.1 3 2210+ 2.10
0.5 3 20.39+0.14
1.0 3 25.35+2.10

UV-vis: UV-visible spectrophotometry.
3.3 Release profile of curcumin-loaded alginate particles

Understanding the drug release kinetics is an important factor in the development of
drug delivery systems. To evaluate our particles kinetics a standard drug release
assay was performed under the typical conditions, using PBS at pH 7.4 at a
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temperature of 37 °C. Low agitation was used to model the mechanical conditions
in the lungs for patients in rest conditions. In Figure 4 the experimental release
profile is presented, it can be observed an initial burst of curcumin release at the first
2 hours, followed by a sustained release for the following hours up to 72 h. This type
of release is usually present in drug release mainly conducted by diffusion. To
confirm that, and for a better understanding of kinetics, different mathematical
models were tested to describe the experimental behavior obtained. Four
mathematical models were tested, zero order, first order, Higuchi’s model, and
Korsmeyer-Peppas model; the constant values and R? values obtained after curve
fitting are presented in Table 4. The model that better describes the system was
Korsmeyer-Peppas, presenting an R? value of 0.9294, this can be confirmed in the
model graphic presented in Figure 4. The Q, coefficient value (7.440674) can be
related to the curcumin equilibrium concentration for the system, while the n
exponent value (0.093324) can be correlated to the dominant release mechanism,
that according to the literature, an n < 0.43 is related to a Fickian-diffusive driven
process (Siepmann & Peppas, 2012). This type of release can be suitable for
prolonged administration of curcumin to the tissue.

Table 4. Drug release mathematical model constants fitted for curcumin loaded-alginate particles

Model Constant values R?
QO KO
Zero order
6.621735 0.084599 0.5953
Ceoq K
First order
9.681764 1.295099 0.8519
Ky
Higuchi
1.827163 0.3818
Qo n

Korsmeyer-Peppas
7.440674 0.093324 0.9294
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Figure 4. Curcumin release kinetics in PBS at 37 °C and pH of 7.4. Different mathematical models
were tested to describe the release behavior of curcumin-loaded alginate particles.

3.4 FT-IR analysis of curcumin-loaded alginate particles

To investigate the possibility of an interaction between alginate and curcumin for the
encapsulation mechanism a FT-IR was conducted. In Figure 5 the spectrums for
different samples are presented. In green is shown the spectrum for alginate gel
particles synthesized by the dropwise addition of CaClz solution to a 0.1% solution
of sodium alginate. The spectrum shows an O-H stretching vibration band at the
range from 3600 up to 3200 cm~"! which can be attributed to the remaining water in
the sample. The absorption peaks at 1595 cm™ and 1416 cm™ correspond to
asymmetric and symmetrical elongations of carboxylate groups of the alginate
polymer, respectively; and the symmetrical deformation band of the COO~ group
appears around 1027 cm™'. Results are comparable to the alginate gel spectrum
obtained by Siqueira et al., where characteristic peaks were reported at 1594 cm’,
1410 cm™', and 1424 cm™' (Siqueira et al., 2019), small differences in peaks can be
attributed to the difference in equipment, and precursor reagents.

Red spectra correspond to alginate particles synthesized by the full emulsion-
gelation method used in this study by omitting the addition of curcumin in the
dichloromethane. Spectra remains like the alginate gel spectrum, but an absorption
band appears around 1676 cm™' to 1779 cm™', with its peak at 1738 cm'. Also, one
of the characteristic peaks of alginate suffered a small displacement to 1591 cm’,
this small differences in spectra can be attributed to the presence of surfactant in the
surface of the alginate particles. Accordingly, to the Tween 80 FT-IR spectra showed
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by Choudhury et al., where a Tween 80-Span 80 complex spectrum showed a
maximum absorption peak at 1742 cm™, corresponding to C=0O bonds stretch
(Choudhury et al., 2013). However, the small ratio of surfactant to alginate, resulted
in the apparition of a small peak at 1738 cm™! for our sample.

The blue spectra correspond to the curcumin-loaded alginate particles synthesized
with the same alginate concentration (0.1% w/v) and surfactant concentration (1%
v/v). Here curcumin’s characteristic peaks were found at 3394 cm'; 1624 cm™', 1585
cm™, and 1513 cm™; 1425 cm cm™', and 1276 cm™'; and 961 cm™'. Therefore, the
curcumin spectra are comparable to the one obtained by Chen et al. (Chen et al.,
2015). Additionally, we can observe that the alginate spectra are covered by
curcumin, even though, the small peak attributed to the surfactant still present in the
sample, denoting the presence of alginate particles. Results suggest the interaction
of curcumin with the nanostructure, nonetheless, more characterization is required
to confirm the interaction between nanostructure components and the curcumin.

——\/- \m
]595 -1
c ]4]6 cm-l

—_—— 1028 cm™?

1738 cm?

1425 cmt || 1276 cm™

3394 cm! [’\V
1624 cm?

1585 cm!| 1513 cm! 961 cm?

Transmitance % (a-u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™1)
——Cur-Alg ——Empty-Alg ——Alg Gel

Figure 5. FT-IR analysis of particles. Alg Gel (green) = alginate gel prepared by ionotropic gelation,
Empty-Alg (red) = alginate particles synthesized by emulsion-gelation method without the addition of
curcumin, Cur-Alg = curcumin-loaded alginate particles. Transmittance spectrums were displaced in
50% to have a better visualization of the curves.
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Chapter 4. Conclusions & Future Perspectives
4.1 Conclusions

Pulmonary diseases still represent a major burden on public health. Lung tissue
inflammation and mucus overproduction are common symptoms of a variety of
pulmonary diseases such as COVID-19, asthma, chronic obstructive pulmonary
diseases, pneumonia, influenza, and many other. However, treatment of those
symptoms is not a trivial task, due to the different metabolism mechanisms that
inhibit or reduce the therapeutic effect of traditional treatments. This work explored
the possibility of using a biopolymeric-based nanostructure to encapsulate curcumin,
an anti-inflammatory molecule, and deliver it to the lung epithelium to treat tissue
inflammation. Different conditions were tested to obtain the best results in particle
size, z potential, and encapsulation efficiency of curcumin when alginate particles
are synthesized by emulsion-gelation method. From the different combinations in
alginate and surfactant concentration, a high encapsulation efficiency reached up to
81%, being comparable to other nanostructures such as liposomes and micelles.
Even though, particle size still represents an improvement area, the best results
presented particles with a mean hydrodynamic diameter of around 500 nm, which is
still above the ideal particle size range of 100 to 200 nm. Release kinetics described
by the mathematical model of Korsemeyer-Peppas showed a Fickian-diffusion drug
release process which can ensure a prolonged release of curcumin through time,
this is desirable due to the translation to smaller administration dosages and simpler
administration schedules. In summary, the encapsulation method presented here
remains a promising method to synthesize curcumin-loaded particles in the
treatment of pulmonary diseases.

4.2 Future perspectives

The reach of this work allows to understand some of the interactions among the
components of this system, specifically, alginate concentration and surfactant
concentration. High encapsulation efficiency and the slow and sustained release of
curcumin highlights the capacity of the system proposed for enhanced curcumin
delivery using biopolymeric matrices.

Even though, other important aspects still required to investigate, such as the
efficacy and cytotoxicity tests, those are essential aspects to review in novel
therapeutics development. The size of the particles still above the definition of
nanoparticles, therefore, it is recommended to run more test by varying other
parameters such as the agitation speed, concentration of ionic solution, and the ratio
between the disperse and continuous phase. Those parameters can be critical to
obtain particles below 200 nm in size. Also, due to the time restrictions, SEM
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micrography still pending to characterize the real size and morphology of the
synthesized particles.

Additionally, in this work was proposed that the double encapsulation of particles
with papain inside of pectin microstructures can be used for the double purpose of
enhancing the particle deposition and mucus degradation in lungs. To reach this
goal, it was proposed to use a microfluidic droplet generator that allow to
microencapsulate curcumin and papain inside of pectin capsules using ethanol and
ionic gelation. Therefore, the droplet generator design was prepared using
AutoCAD. Then, the devices were constructed using laser cutting and soft
lithography techniques. Initial tests on the basic functionality of the device were
made to test its quality. However, time was a critical factor that affect the reach of
this phase of the project. Future work in this should focus in obtaining a fully
functional microfluidic droplet generator. In order that goal, computational modeling
can be used to make and initial screening of the proposed designs. What is more,
the use of laser cutting can be a limiting factor to resolution in design engraving,
therefore, other fabrication methods should be revised.

In summary, this project comprises the first steps to develop a pulmonary drug
delivery nanostructure.
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Appendix A. Supplementary material
Methodology supplementary material

To determine the effective amount of curcumin in the supernatant collected and the
released curcumin, a standard curve was prepared at a range of concentrations
between 10 pg/mL and 1 pg/mL of curcumin. The resulting standard curve at a
maxima wavelength of 427 nm is presented in Figure A1.
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Figure A1. Curcumin standard curve at 427 nm. The range of concentrations used was 10 yg/mL to
1 pg/mL, the measurements were made in triplicated.

During the release profile studies due to the low solubility of curcumin in the media,
it was required to prepare a standard curve for lower concentrations. Therefore, it
can be observed in Figure A2 the prepared standard curve between 1 pg/mL to 0.1
pug/mL of curcumin. Standard curve was prepared at the standard curve at a maxima
wavelength of 427 nm.
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Figure A2. Curcumin standard curve at 427 nm. The range of concentrations used

was 1 ug/mL to 0.1 yg/mL, the measurements were made in triplicated.
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Fyworls: Eespiratory diseases are leading causes of death and disability in developing and developed countries. The
Direy dedivery barden of acute and chronic respirabory diseases has been nising throughout the world and represents a major
MesemeSeine

problem in the public bealth system. Acute respiratory dissases inclode pneamonia, influseen, SARS.CoV.2 and
MERS viral infections; while chronic ohstructive pulmonary dissase (OOPD), asthma and, occupational lumg
diseases (ashesicsis, pneumoccniosis) and other parenchymal lung diseases namely lung cancer and tuberculosis
are examples of chronic respimtory diseases. Importantly, chronic respimatory diseases are not curable and
treatmients for acute pathologies ane particularly challenging. Far that reason, the integration of nanotechnalogy
to existing drugs or for the development of new reatments potentially benefits the therapeutic goals by making
dnags more effective and exhibit fewer undesirable side effects to treat these conditions. Maoreover, the inte-
gration of different nanostractures enables improvement of drasg bisavailabilicy, transport and delivery
campared to smnd-alone drugs in maditioal respiratory therapy. Notably, there has been grear progress in
translating manctechnology-based cancer therapies and diagnostics into the clinic; bowever, researchers in recent
years have focused on the application of panostnachares in ctber relevant palmonary dissases as revealed in our
database search Furthermore, palymeric nanoparticles and micelles are the mast studied nancstrucnares in a
wide mange of dismses; howewer, liposomal nanostructures are recognized to be some of the most successfl
commercial drug delivery systems. In conclusion, this review presents an overview of the recent and relevant
research in drug delivery systems for the ireatment of different pulmonary diseases and outlines the trends,
limitaricns, importance and application of nanomedicine technology in reatment and diagnosis and future work
in this field
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canses of death [7]. Regardless of the mumber of advances in medicine
and development of new treatments, their sficacy in diferent mumbers
of pulmonary diseaces iz atill limited [3].

1. Introduction

Pulmonary dizeases ztill remain a critical challenge for actual ther-
apy, according to the report of Heron [1] by the end of 2017 in the
United  States, chromic  lower respiratory  diveaser  and
influenza-pneumonia keep 2 place between the 10 leading causes of
death, with 2 5.7% and 209 of the total deaths per year, respectively.
Ani thiz cimation can get worse in the case of developing countries,
where respiratory infections can be found leading the lizt of the principal
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found tubesculogis (TB) still kaving approximately 10 million cases re-
ported by the year of 2017 with a rate of reduction in new cases of 1.5%
per year [4], in spite of thiz reduction in annual cases the acmal treas-
ment for latent TB remaing a challange for medicine [5]. It iz well known
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Abstract:

Treatment of pulmonary diseases still represents a challenge for the public health
sector, and this has been aggravated by the current COVID-19 pandemic. In this
sense, nanotherapeutics have the chance to create new treatment platforms with
enhanced bioavailability and compatibility. Herein, in this project curcumin {(used as
anti-inflammatory agent) was nanoencapsulated with alginate via emulsion-gelation
method, and then co-encapsulated with papain using pectin via microfluidic droplet
technology. Characterization of curcumin nanoparticles showed a mean particle size
of — nm and a surface charge of —, also obtaining an encapsulation efficiency of —
%, while pectin microparticles showed a mean particle size of — nm. In conclusion,
the developed nano-in-micrastructure has the potential to be used in the treatment
of pulmonary diseases presenting inflammation and mucus overproduction, even
though, in vitro, and in vivo test still required to evaluate biocompatibility and efficacy
of the proposed platform.
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