Journal of Molecular Liquids 343 (2021) 117598

journal homepage: www.elsevier.com/locate/molliq —

Contents lists available at ScienceDirect

Journal of Molecular Liquids =

journal of

LIQUIDS

The design and green nanofabrication of noble hydrogel systems with
encapsulation of doped bioactive hydroxyapatite toward sustained drug

delivery

Check for
updates

Ramén Rial *, Natalia Hassan ", Zhen Liu ¢, Juan M. Ruso?

2 Soft Matter and Molecular Biophysics Group, Department of Applied Physics, University of Santiago de Compostela, 15782 Santiago de Compostela, Spain
b programa Institucional de Fomento a la I+D+i, Universidad Tecnolégica Metropolitana, Ignacio Valdivieso 2409, San Joaquin, Santiago, Chile
¢ Department of Physics and Engineering, Frostburg State University, Frostburg, MD 21532, USA

ARTICLE INFO ABSTRACT

Article history:

Received 16 July 2021

Revised 14 September 2021
Accepted 15 September 2021
Available online 20 September 2021

Keywords:
Microfluidics

Tissue engineering
Regenerative medicine
Hydrogels

Finding a bioactive hybrid material with the potential for a controlled drug release has been one of the
major targets of tissue engineering in the recent years. In this line, the present work describes a new
approach for producing singular hydrogel microparticles (HMPs) with different morphologies and
compositions by combining experimental and computational methods. Calcium-Alginate microparticles
(Ca-ALG) and core-shell Alginate-Chitosan microspheres (Ca-ALG-CHI) were synthesized with the
presence of drug-doped Hydroxyapatite (HA) in their inner matrix. The methodology relies on the use
of a microfluidic system to obtain crosslinked HMPs with homogeneous sizes and morphologies, integrat-
ing external and internal gelation. The impact of the water-to-oil volume ratio, as well as variations in the
collecting baths, morphology, and dispersion, were considered. The drug models chosen were Propranolol
hydrochloride and Cloxacillin sodium salt monohydrate. Avrami’s parameters were used to study and
address the adsorption kinetics of each drug onto the bioactive HA, and the Korsmeyer-Peppas model
was used to analyze the posterior desorption profiles. The conception and development of this type of
hydrogel microparticles with improved functionalities are essential for the creation of granular hydro-
gels, which are an innovative, green, sustained and highly promising solution for different therapies in
regenerative medicine areas.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the past decade, there has been a rising interest in the study
of inorganic nanoparticles in the field of medicine, due to their
multiple functionalities. In particular, nanosized hydroxyapatite
(HA) has attracted significant attention, as its chemical composi-
tion, improved biocompatibility and great mechanical properties,
place it as a satisfactory solution for a wide variety of problems
that require filling or coating of hard tissues. Furthermore, HA
has the potential of being used as a drug carrier [1-3] and has also
been effectively used for the sustained release of multiple antibi-
otic and anti-inflammatory drugs [4-7]; attributes that can be of
a huge impact in partially alleviate or completely avoid some of
the infections and diseases that could derive from orthopaedic
implant surgeries. For their part, alginate (ALG) and chitosan
(CHI) are natural polysaccharides derived from brown algae and
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from the partial deacetylation of chitin [8,9], respectively. Both
compounds present great biocompatible and biodegradable prop-
erties, which added to their relatively low price and accessibility,
make them especially appealing materials in the fields of tissue
engineering and drug delivery systems [10-14]. Currently, some
authors have focused on different combinations of them, with bone
regeneration purposes [15-20]. Still, there is a wide room from
improvement in the research and development of complex hybrid
materials with advanced applications for bone and drug delivery.

Usually, hydrogels are created as continuous materials with its
external dimensions in the macroscale and an internal mesh size in
the nanoscale. It is also common to add a certain degree of porosity
to their inner matrix, using different processing approaches [21].
Nevertheless, bulk hydrogels present disadvantages for certain
applications like injection or extruded-based 3D printing. To
address this question, the fabrication of hydrogel microparticles
(HMPs) is gaining major attention, as they can be created from a
wide diversity of synthetic or natural polymers and their shapes
and morphologies can be adjusted according to the requirements.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Among the most important properties of HMPs are: their inher-
ently modular nature, allowing to create materials with mixed
composition [22], the adjustability of the level of porosity, just
by varying sizes and packing density [23], and, as exposed, their
ability to flow through small needles or catheters.

There are different alternatives to fabricate HMPs depending on
the materials or the crosslinking processes, namely: batch emul-
sions, lithography or mechanical fragmentation. Nevertheless, the
application of microfluidic emulsions is the most effective in terms
of the low dispersity indexes of particle populations obtained and
its compatibility with particle, protein or drug encapsulation. The
versatility, efficiency and the possibility of having a great control
of the processes [24-26], has converted microfluidic technology
in a growing discipline for multiple applications related to this
field, like tissue engineering [27,28], drug encapsulation [29,30]
chemical processing [31] or novel methods of synthesis [32].

As reported, the shape as well as the size and size distribution
are crucial factors in properties like the rheology [33,34] or the
biodistribution after intravascular injections [35]. The behaviour
of spherical microparticles is more homogeneous and predictable
than non-spherical ones, which will have a natural tendency to
align or agglomerate in flowing processes [36]. Thus, if the desired
material is thought to be used in 3D printing, injected through nee-
dles, in microcatheters, or in a similar technique of interventional
therapy, microspheres are always the preferred choice [37]. Simi-
larly, if the hydrogel has the potential to be used as a drug carrier,
the lack of uniformity will lead to notable differences in thickness;
which, ultimately, will produce uncertain and unstable release pro-
files [38]. Thereby this work presents a novel method, combining
external and internal gelation. External gelation will be attained
by means of two different external baths, and internal will be
caused by the bonding formed between Ca?* present on the HA
surface and the oxygen sites of COO~ groups of ALG [39]. The idea
is to obtain Ca-ALG microparticles and core-shell Ca-ALG-CHI
microspheres with homogeneous sizes and morphologies and load
them with doped HA. Propranolol hydrochloride (Prop) and cloxa-
cillin sodium salt monohydrate (Clox) were used as the drug mod-
els. The adsorption kinetics for each drug onto bioactive HA has
been studied and discussed using Avrami’s parameters [40] and
the posterior desorption profiles have been analysed through the
Korsmeyer-Peppas model [41].

2. Materials and methods
2.1. Materials and reagents

Hexadecyl-trimethyl ammonium bromide (CTAB, ref. n. H6269,
Sigma-Aldrich), polypropylene glycol (PPG, ref. n. 202304, Sigma-
Aldrich), sodium phosphate, (NasPO, ref. n. 342483, Sigma-
Aldrich), calcium chloride (CaCl,, ref. n. C1016, Sigma-Aldrich),
sodium nitrite (NaNO,, ref. n. 237213, Sigma-Aldrich), Alginic acid
sodium salt (ALG, ref. n. 180947, Sigma-Aldrich), Chitosan (CHI, ref.
n. 448877, Sigma-Aldrich), Cloxacillin sodium salt monohydrate
(Clox, ref. n. €9393, Sigma-Aldrich), Propranolol hydrochloride
(Prop, ref, n, P-0884, Sigma-Aldrich), Acetic acid (C;H40;, ref. n.
A6283, Sigma-Aldrich), Sodium acetate trihydrate (C;H3NaO,-3H,-
0, ref. n. S8625, Sigma-Aldrich), Sunflower seed oil (S_Oil, maxi-
mum acidity 0.2°, commercial) were used without further
purification. For solution preparation, only triple-distilled water
was used.

2.2. Computational simulations

In order to anticipate and predict the behaviour of the two
immiscible phases, COMSOL Multiphysics was used to model the
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droplet formation and study the dependence on the physical
properties and the rates of the respective flows. This method
involves the well-known procedure of modelling with finite ele-
ments [42]. In particular, in this study, the two-dimensional geom-
etry was built respecting the real scale of the microfluidic chip as
well as the angles of the channels in the intersection point. Three
- dimensional structures were computationally built for visualiza-
tion and representation purposes only. The corresponding values
for density and viscosity of water and vegetable oil were used as
provided in the database of the software, while the chosen surface
tension was pre-set as corn oil/water (Results shown in Table 1).
Even though it is true that the vegetable oil used in the laboratory
assays was from sunflower seed origin, this configuration provided
a more than adequate approximation. Mass balances were
modelled by the Navier-Stokes equations and the interface of each
fluid was calculated by a level set method [43]. This approach
studies the evolution of the interface creating an isocontour curve
of the level set function ¢. In this case, the interface was set to
Qoil = Pwater = 0.5. Droplet diameter was obtained by the following
expression:

" dQ
dy =2 A? (1)

Being d; the droplet diameter, and Q the generating zone of a
single droplet.

Calculations were run introducing fixed values for the normal
velocity of the flow inlets, and the domain elements defined by
the mesh were solved through Finite Element Method. As the study
is time-dependent, the software required a time range, which in
this particular case was from 0 to 3 s, with a time step of 0.02 s,
to assure the convergence.

2.3. Microchip fabrication

The microfluidic devices were created by lithography. The
mould was obtained by exposing a 2” diameter silicon wafer to
oxygen plasma to clean its surface, and then spin coating it with
an epoxy resin at 500 rpm for 75 s to control the size of the chan-
nels. Under these conditions, square-section channels of 700 pm
length were created. The solvent of the resin was removed by a
pre-baking procedure carried out in a hot plate at 60 °C for
8 min and 95 °C for 15 min. When the resin solidified onto the sub-
strate, a mask was placed and the resin was cross-linked by UV
lamp (365 nm) for 4 min.

Next, the substrate was submerged in propylene glycol mono-
methyl ether acetate (PGMEA) for 10 min in order to discard the
non-exposed resin of the substrate. Then, to achieve a better
robustness of the mould, it was baked at 135 °C and 2 h. Afterward,
polydimethylsiloxane (PDMS) was inserted into the generated
mould and left for 45 min in an oven at 60 °C until complete solid-
ification was achieved. Once the PDMS chips were obtained, the
concluding step was to assemble them to the surface of microscopy

Table 1

Parameters used for simulations. Density and
viscosity values obtained from the COMSOL
material library. Interfacial tension from works
by Fischer et al. [44].

Parameter Value
Density of water (p,,) 999.62 kg/m>
Viscosity of water (1) 0.0010 Pa-s
Density of oil (po) 879.01 kg/m?
Viscosity of oil (no) 0.0208 Pa-s

Contact angle 108°
Interfacial tension (o) 0.0239 N/m




Ramoén Rial, N. Hassan, Z. Liu et al.

slides. To do so, the surfaces of the slides were also covered with
PDMS and cured. Then, both the chips and the slides were put in
a plasma cleaner for 1 min to activate their surfaces. Once in con-
tact, the microscope slides and the chips were merged correctly
and consolidated, ending the process and obtaining the final
microchips.

2.4. Preparation procedure for calcium alginate microparticles (Ca-
ALG) and chitosan-covered microspheres (Ca-ALG-CHI)

To prepare the disperse phase, a known amount of sodium algi-
nate was dissolved in triple distilled water for 3 h at 37 °C and
250 rpm, until obtaining a homogeneous and viscous solution with
a 2 wt% concentration. This solution was pumped into the system
through the first inlet (Fig. 1, inlet A).

For its part, crystalline hydroxyapatite-nanoparticles (HA),
measuring 99 * 16 nm length, were obtained by a method devel-
oped by us. The synthesis involves the use of a microfluidic system
created ad hoc that allows controlling particle morphologies in real
time and in a single step. A full description of the procedure can be
found elsewhere [32]. Synthesized HA particles were drug-loaded
as described below and dispersed in water with a concentration
of 0.7 mg/ml. Then, they were introduced in the microchip through
the following middle inlet (inlet B) in such a way that the particles
were wrapped up by the alginate solution in the point P1 (Fig. 1),
obtaining spherical microdroplets with drug-loaded nanoparticles
in their centre. The continuous phase was inserted through the C
and D side inlets (Fig. 1) and consisted of a solution of sunflower
seed oil with 2 wt% Span 80 pre-dissolved. The use of this surfac-
tant regulates the interfacial surface tension of the oil/water sys-
tem, helping to obtain less fragile droplets and avoiding
coalescence.

a)

50 ym
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The inputs were attached to two syringe pumps (KDS 101
Legacy Syringe Pump) configured in such a way that allowed main-
taining a precise and controlled flow in each inlet. After any mod-
ification in the flow rate of the oil or water phases, the system was
stabilised for a minimum of 5 min in order to assure stationary
state and to avoid instabilities or inhomogeneous flows, before
removing droplets for gelation or for imaging.

In a typical experiment, doped HA-ALG droplets were formed
inside the main channel of the microfluidic chip. These micro-
droplets were transferred through a silicone tube to the respective
gelation baths. The end of this collecting tubing was maintained at
the surface of the bath to avoid deformation on the dripping pro-
cess. The collecting baths were composed by: 20 mL of a 20% (w/
v) CaCl, water solution (to obtain Ca-ALG tear-shaped microparti-
cles) or 20 mL of a 20% (w/v) CaCl, and 0.1% (w/v) Chitosan in a 1%
(v/v) acetic acid solution (to obtain Ca-ALG-CHI core-shell
microparticles). A period of 24 h was allowed for complete gelation
before the synthesized microgel particles were further
characterized.

2.5. Adsorption, kinetic and desorption processes and their assessment
by means of models

The drug loading for both the active principles, Propranolol and
Cloxacillin, was carried out by incubation of the HA nano-rods in
solutions of the drugs for 7 days. Specifically, known amounts of
Prop and Clox were weighed and dissolved in 20 mL of water to
obtain initial concentrations (Cp) of 0.05 mM and 0.1 mM, respec-
tively. Next, 3.5 mg of the nano-rods were added to the solutions
and left at room temperature. At each time point, samples were
centrifuged at 5000 rpm for 5 min and a small aliquot (3 mL) of
the supernatant was collected. The concentrations of drug in the
supernatant, ¢, were then determined by UV-Vis spectroscopy

c)

Puater  Velocity [m/s]
0,85
0.50——

015——

LS

Fig. 1. a) Three-dimensional representation of the microfluidic device. b) Schematic representation. Geometry, inlets, outlets and significant points are depicted. c)
Computational simulations results. d) Optical images. The continuous formation of the droplets as well as the nanoparticle flow can be tracked in this point.
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(Cary 100 Bio UV-vis spectrophotometer) by measuring
absorbance at Apax, 290 nm for Prop [45] and 344 nm for Clox
[46]. Standard curves in the concentrations range for each of the
active ingredient were previously performed. Then, the adsorption
kinetics was evaluated using Avrami’s model.

Similarly, for the desorption studies, samples of loaded HA
nano-rods, Ca-ALG microparticles and Cal-ALG-CHI microspheres
were left in the same amount of media (triple distilled water) at
room temperature and UV-Vis spectra of the supernatants were
collected for each time point for 60 days. Finally, the results were
fitted to the Korsmeyer-Peppas model.

The adsorption quality of the drugs was determined by the fol-
lowing expression:

(co—c¢ct)-V
m

Qr = (2)
where Q; is the amount of drug adsorbed on HA nanoparticles
(mmol-g~1), ¢, and c; are the initial and residual concentrations of
the drugs in the supernatant at time t (mM), respectively; V is the
volume of the drug solutions (L), and m is the mass of HA added (g).

2.6. Loading and release efficacy

The adsorbed and released percentages for both drugs were
obtained as follows:

All. — AT
LA,%:%X 100 3)
Ru% = [[21’]]; x 100 (4)
[All, = [AI]; - [Al]; (5)

Being, [Al], and [Al], the adsorbed and released concentration of
active ingredient (Prop or Clox), Lai% and Ra;% the percentage of the
active ingredient, adsorbed onto the hydroxyapatite nano-rods and
released, respectively, and [Al]; , [Al]¢ the initial and final super-
natant concentration of active ingredient in which HA nano-rods
were incubated.

3. Results and discussion

3.1. Flow simulations and influence of flow rates on the microdroplet
generation

When two immiscible liquids are in contact, they maintain their
interphase as small as possible, due to the natural tendency of sub-
stances to keep the minimal energy on the surface. This physical
phenomenon plays a crucial role in the process of emulsification,
in which an immiscible liquid gets dispersed in another insolvable
fluid by the formation of droplets. To analyse and study the emul-
sification process under different conditions COMSOL software was
used. The two-phase flow simulation results as well as their exper-
imental counterparts are shown in Fig. 2. The volume fraction of
the two phases is represented, being the blue colour corresponding
to ¢oii = 1, red corresponding to pure water phase and light green to
the interphase or @i = @water = 0.5.

Results of the simulations show a clear relation between veloc-
ity, size and rate of droplet formation. As the continuous phase
flow increases, the viscous shear-stress augments, overcoming
interfacial tension and “breaking” the water droplets with higher
frequency and thus obtaining smaller droplets with a larger
distance between them. At smaller Oil/Water ratios, Rayleigh-
Plateau instabilities start to appear and the water phase develops
undulations. If this ratio descends to a limit, the water phase
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reaches a stable parallel regime flow, known as jetting, and the
droplet formation is not achieved, which is in good agreement with
theory [42,47].

The microdroplet formation in a T or Y-junction is a common
topic of research and has been already discussed in detail
[48,49]. From those studies it is known that diverse factors such
as the geometry of the chip, dispersed solution viscosity or flow
rates, as mentioned in the previous section, affect the size and
shape of the droplets. Usually, in flow-focusing devices as the
one presented here, the shearing responsible of the droplet forma-
tion is due to the relative magnitude of the co-flowing streams of
the two immiscible liquids. In other words, the breakup in flow
and droplet generation is the result of the competition between
viscous stresses or shearing forces caused by the flow field and
capillary stresses caused by the surface tension between phases.
Numerically, the shearing force can be defined as the product of
the average velocity (u.) and the viscosity of the continuous phase

(1) [50].
Fs = uc”lc (6)

The capillary stresses, for their part, can be defined in function
of the surface tension (¢) and the diameter of the droplet (D) and
they scale as /D [51]. Then, the ratio of viscous-to-capillary stres-
ses can be defined as follows:

ca = "D )
o

Ca is known as the Capillary number, and it is a dimensionless num-

ber representing the ratio of viscous stress to interfacial tension and

it is very useful to identify the droplet formation. For its part, in

channels like the ones present in the microfluidic chips, the velocity

gradient can be estimated as:

Q.
~ 3

h

(8)

Being Q. the flow rate of the continuous phase and Dj, the hydraulic
diameter of the channel. So, taking into account these considera-
tions, the relationship between the size of the droplet formed and
the flow rate can be basically estimated by:

oD;
7.Qc

This expression demonstrates that the diameter of the final dro-
plets increases inversely to the flow of the continuous phase, Q..
Nevertheless, in the present case, the two immiscible phases are
continuously injected at different flow rates so it is essential to
define two new dimensionless parameters to characterize the dro-
plet breakup: Ratio of flow rates (¢ = Q4/Q.) and Viscosity ratio
(oe = ny4/n,)- Subscripts d and c referring to dispersed and continu-
ous phase, respectively. Numerous experimental and computa-
tional studies have delved into this topic and effectively
confirmed this relationship [52-56]. Here, the chip design was
fixed, the concentration of sodium alginate was maintained con-
stant at 2 wt%, and the composition of the oil phase was the same
in all experiments, so the viscosity ratio was invariable and the
flow rates were the only factors to manipulate.

As shown in Fig. 6, different patterns of droplet generation
could be differentiated depending on the flow rate ratio at a fixed
C,. At higher Q values, droplets “break” at the junction due to the
squeezing forces. When the value of Q increases, the distance at
which droplets pinch-off also gets bigger until becoming a contin-
uous flow when Q reaches the critical jetting value, where the oil
and water streams co-flow parallelly without pinching. Simula-
tions and the following studies are focused on the dripping regime
so that they can be correlated with the experimental work.

D

9
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O/W Ratio =4

b) |/ c)

e)

O/W Ratio =8

h)H

e) f) 9)

DRrauno

Fig. 2. Droplet generation inside the microchannels depending on the Oil/Water phase flow rate. Optical images of the experimental assays from a) to d), and their respective
counterparts using COMSOL Multiphysics simulation software from e) to h). Colour legend corresponds to the molar fraction of oil phase.

Gartescki et al. [57] postulated that, when the Capillary number
is low enough, the final length of the droplets formed in T-
junctions can be defined by two separated steps. First, the dis-
persed phase grows until blocking the continuous phase liquid.
At this specific point the “blocking length” equals the width of
the chip microchannels: Ly, = w,. Later, the continuous phase
starts to apply a squeezing force to the dispersed stream. Under
these circumstances the droplet keeps augmenting its length at
rate ug = Qq/(h-wc) and its volume at a rate Qg Then, if d is
defined as the characteristic width of the neck squeezing at a rate
virtually equal to the velocity of the continuous phase (u.); a new
magnitude could be defined as “squeeze length”:
Lsqueze = d/uc -uy; =d-Qq/Q.. Having these considerations into
account, the final length of the droplet (L) can be obtained by:

L _ Lblock + quueze _ We + d . Qd/QC
W We We
=1+w-¢

=1 +w'Qd/Qc
(10)

L/w, is known as the dimensionless length and w is a fitting con-
stant related to the thinning width. Data obtained by Gartescki
and co-workers fits well to this expression, nevertheless further
studies served to improve the numerical characterization. Xu et al.
[58] discovered that the “blocking length” Ly, and w, are not equal
in every case, but they are dependent on the geometry (Lpjock=€ - W¢).
All things considered; a better approximation would be:

Lo eio
W ®

c

(11)

being ¢ a fitting constant that is related to the geometry of the
microchannels.

Experimental measurements for a fixed Ca. = 0.0025 resulted
in monodisperse droplets created in a regular manner. As expected,
the droplet length increased with Q and started to show typical
behaviours of the jetting regime when this value got close to 2.
For this specific capillary number, experimental data fitted well
to the scaling law exposed above. However, modifications in Ca,
also provoked changes in the resulting fitting parameters. This fact
clearly indicates that the L/w, is not only dependent on the flow
rate ratio but also the Capillary number, being the ¢ mainly
responsible for the dynamic break-up of the interface and the Ca,

playing an important role on the equilibrium between shear force
of the continuous flow and interfacial force.

Recently Wu et al. [59] explored the droplet formation in
microchannels following a similar approach and proposed that
the nondimensional length of droplets L/w, exhibits a power-law
dependence on the capillary number: L/w,. = kCa;'. This behaviour
was previously reported by diverse authors, both in microfluidic
cross-junctions [53,60] as well as in T-junctions [61]. Thus, the dro-
plet size can be predicted by:

L
W:(s+w-go)-€a2”

c

(12)

Data was adjusted to this model and values obtained for the fit-
ting parameters were: € = 0.163, ® = 0.015 and m = —0.209. The
power-law exponent m = —0.209 is very close to the experimental
results obtained previously, both in T-junction [62] and
cross-junction [59,60] geometries. To further test the validity of

+ Particle size | —

-

Oil phase flow
8 (pL/min)

2 (pL/min) 10 (pL/min) 15 (pL/min)

3 (pL/min) 2 (pL/min) 1 (pL/min)

Water phase flow

S (pL/min)

+

Y

Fig. 3. Scheme illustrating the dependence between the water-oil flow ratio and
the droplet size and distribution.
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this scaling law, a parity plot was used, where the match between
predicted and experimental values demonstrates its efficacy (S.
M.5). Fig. 3 shows a diagram representing the relationship between
sizes and flows supported with real optical images of the droplets
(see Figs. 4 and 5).

As expected, mean size of the droplets increases inversely to the
O/W ratio (1) and values are consistent with the numerical pre-
dictions. It is interesting to note that, due to the aforementioned
fluctuations and instabilities in the channel flows when the ratio
is too low or high, the homogeneity of the sizes notably decreases
(see Table 2).

3.2. Gelation and formation of calcium alginate microparticles and
chitosan-covered microspheres

After the droplet formation, alginate needs to crosslink with
divalent ions in order to obtain a stable gelatinous substance.
Recently, various methods for obtaining diverse polymeric alginate
microparticles using microfluidic techniques have been developed.
Fundamentally, the crosslinking reaction of alginate follows the
equation:

2NOC6H706 + CaClz — 2NaCl + CaC12H14012

Commonly, these hydrogel particles are generated by external
[63-66] or internal gelation [67-71]. With internal gelation, the
crosslinking starts, virtually, at the same time than the formation
of the droplets [70,72]. This method is better to maintain a more
evenly distributed and more homogeneous size and shape, result-
ing in particles with spherical structure. On the other hand, inter-
nal gelation is slower, as it depends on the diffusion of Ca®" ions
from their centre to the surface [73], and what is more, the final
particles tend to have a weak stiffness as the crosslinking is usually
incomplete. Furthermore, the internal gelation method is way
more sensitive, with a high degree of dependence on the initial
concentrations and control of the process, since the particle solid-
ification inside the microchip will provoke undesired fluctuations
on the flow or clogging in microchannels. For its part, external
gelation is typically achieved collecting the alginate droplets that
are originated inside the microchip, in a gelation bath with a
moderate-to-high concentration of calcium ions, leading to a
crosslinking reaction of Ca?* and the carboxyl groups of alginate
[66,67]. As the droplets get in contact with the bath, Ca%* ions start
to diffuse through the droplets until obtaining fully crosslinked

50
- [ Ratio 15
454 [ Ratio 10
e B Ratio 8
SN Bl Ratio 5
= 35 B Ratio 3,33
S 4. I Ratio 2
2
= 25 -
-—
5 20
NRER
h -
10 ~
5_
0] H |

1 T

400 500 600 700 800 900 1000 1100
Size (um)

Fig. 4. Droplet size distribution at different Oil/Water ratios. A minimum amount of
40 droplets were measured for each condition.
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hydrogel microparticles. Due to the relatively high speed with
which the crosslinking takes place, added to the gravitational and
interfacial forces when they drip into the bath [63,64], the spheric-
ity of the resulting particles is way more difficult to achieve, com-
monly obtaining pear-like or droplet-shaped morphologies with a
wide size distribution [65,74,75]. The droplet falling in an immisci-
ble liquid due to the gravitational forces is a typical object of study
in fluid dynamics. Specifically, the behaviour of a deformable dro-
plet in sedimentation processes has been well studied in previous
works [76]. The deformation that the droplet interface suffers is a
consequence of the stress in the flowing fluid. As it can be inferred
from the numerical descriptions in the previous Section, both the
Capillary number (Ca) and the Viscosity ratio (o) are closely linked
to this issue. Diverse mathematical characterizations [77] and
experimental tests [78] have been conducted to prove and confirm
the shape transition between the initial sphericity and the final
tear-shaped or tailed morphology. Such a transformation is a
dynamic change resulting from the competition between the vis-
cous deformation and the opposite interfacial stresses that tend
to restore the initial round shape. As exposed, when the sodium-
alginate droplets get in contact with the CaCl, solution the ionic
crosslinking reaction takes place almost instantly [79]. This quick
solidification preserves the tear-shape morphology of the particles
and provokes a notable rise in the microparticle density, accelerat-
ing the sedimentation process. Added to that, the quick gelation of
the surface prevents the Ca®" ions from diffusing to the inner core,
and, in this case, is the centre of the particles which is not com-
pletely solidified [80].

In the more recent years, the interest in this topic of authors like
Wang et al. [81] has led to new processes combining both internal
and external gelation, solving partially the mentioned problems.

In the present case, Fig. 6, the procedure is a combination of
internal gelation caused by the reaction between the Ca?* ions pre-
sent in the HA surface and external, as the crosslinking process is
completed in each respective collection bath. As explained, the
gravitational and interfacial forces when the droplets drip into
the first bath results in teardrop-shaped Ca-ALG microparticles
(Fig. 7e)). In the second case, the addition of CHI and the acidic
environment to the gelation bath provokes changes on the system
properties. Values of Capillary number, Viscosity ratio or interfacial
tension get modified, causing a rather different response. In this
instance, the interfacial tension between the oil and water phases
in the collecting bath is high enough to prevent the sodium algi-
nate droplets from immersing in the bottom phase. Then, the
crosslinking gets started while the droplets are still floating in
the interface. Besides, chemical interactions occur between the
two oppositely charged polymers creating fine fibrous Alg-Chi
coacervates [82,83]. This electrostatic attraction creates a superfi-
cial layer of Chitosan around the spherical Alginate droplets. This
layer slows down the diffusion of Calcium ions through the droplet,
and when the weight of the solidifying droplets is high enough to
surpass the interfacial tension and to submerge them into the
water phase of the external bath, they have enough consistency
to not get deformed by the stress caused by sedimentation flow.
As one can appreciate on Fig. 7, resulting HMPs from this method
exhibit a spherical core-shell structure, with presence of a fibrous
surface that will play a major role diminishing the hydrogel degra-
dation and modulating the delivery of drugs.

3.3. Kinetic adsorption assessment of Prop and Clox onto HA
nanoparticles

Hydrogels are an encouraging solution for delivery of drugs
such as small-molecule active principles or growth factors. Their
suitability for these purposes is rooted in their capability to pro-
tect, deliver and locally release bioactive factors in a partially
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Fig. 5. Optical images of the Alginate droplets before crosslinking. It can be clearly seen that they maintain the spherical shape before they drip in the collecting bath.

Table 2

Size distribution. Mean and standard deviation.
O/W Ratio Mean Size (um) SD
2 908,47 110.21
3.33 753.03 69.43
5 681.69 34.23
8 673.86 83.44
10 620.63 80.02
15 573.09 74.83

adjustable way [84], improving the results obtained by traditional
drug-administration methods which usually need high and
repeated dosage. The aforementioned advantages of the granular
hydrogels over the bulk material are responsible for the growing
use of HMP systems in delivery purposes. Their small sizes make
them propitious for minimally invasive procedures using needles
or catheters [85], and also, their versatility enables the possibility
of combining various components, unifying multiple release pro-
files in a unique injection [22]. In this work, drug adsorption was

performed onto the Hydroxyapatite nanoparticles. To analyze pro-
cess, results were fitted to the Avrami’s equation:

q. = q.(1—e ") (13)

The relationship between time and adsorbed concentrations of
Prop and Clox is depicted in Fig. 8. With a first quick glance at
the curves it can already be noticed that both drugs follow a similar
behaviour, reaching the adsorption equilibrium at around
2000 min. The results of the fittings for the order of the kinetic pro-
cess (n) and its constant (Ky,) are shown in Table 3.

Data show a satisfactory fit with correlation coefficients close to
1. As observed, n values for both drugs are low (0.2-0.8) suggesting
that distribution of drug to the support is homogenous and adsorp-
tion does not occur with constant growth rate. At the same time,
the values obtained for the K, indicate that the adsorption, while
relatively low in both cases, is notably higher in the case of Prop,
probably due to the better affinity of this drug to the negatively
charged surface of the hydroxyapatite nanorods (see Fig. 9).

Hydrogel microspheres in Oil phase

Alginate

Sunflower seed Oil +
Span 80

Doped HA

Sunflower seed Oil +
Span 80

20 % (wiv) CaCl, + 0.1% (wiv)
chitesan in 1% (v/v) acetic acid

Oil phase

20 % (wiv) CaCl,

Fig. 6. Schematic representation of the microfluidic system used for obtaining hydrogel microparticles. Spherical droplets are formed before the collection in the gelation

baths.
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Doped HA nanorods ...
_ . oy ‘,@’
Ca-Alginate particle .

._.~.

f) Chitosan outer layer ..

Doped HA nanorods -.._*
Ca-Alginate particle .. .

Fig. 7. a-b) Optical images of the crosslinked Ca-ALG microparticles. The teardrop shape can be clearly identified. c-d) Chitosan-covered microparticles. In this case, samples
exhibit spherical or spheroid shape. All images were taken after crosslinking in the external gelation bath, and then filtered and dried with blotting paper. e-f) Schemes

representing the two different microparticle shape and composition.
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Fig. 8. Kinetic adsorption studies for a) Prop and b) Clox. Avrami’s model at 37 °C.

Table 3
Kinetic adsorption parameters of Prop and Clox onto HA, obtained using Avrami equation at 37 °C.
qe (mmol/g) Kay (min™") n R?
Propanolol 0.113 £ 0.014 1.03-103+75-10* 0.394 + 0.096 0.995
Cloxacillin 0.0350 + 0.0010 6.37-102+1.0-10"* 0.758 + 0.076 0.998

3.4. Desorption/release profiles

When a drug or an active principle is introduced in the
inner matrix of a polymeric network, the consequential drug
release is governed by the water transport. Hydrogels have dis-
tinctive and characteristic swelling kinetics, then; the so-called
release by swelling-controlled mechanisms is mediated by the
equilibrium between the drug diffusion through the polymer
matrix and the opposite flow of water or biological fluid into
the polymer. Initially, the drug is dispersed in the gel. Then,
the solvent starts to evaporate at the same time as the disso-
lution medium penetrates the polymeric network, and the
solvent-free polymer starts swelling. Therefore, depending on

the relation of mobility between the dissolution media and
the drug and the dynamics of polymer swelling, different
transport profiles may appear: Fickian and non-Fickian or
anomalous [86,87].

Following the theories proposed by Korsmayer - Peppas [88],
the ratio between the amount of drug released to the medium at
a time t (M,) and the total amount of drug released (M,,) can be
approximated by an exponential expression, which describes the
drug release from a matrix without taking into account the mech-
anisms of the release:

_ M

Q= =k

(14)
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Fig. 9. Desorption studies a) Propranolol and, b) Cloaxacillin. All data fit to Korsmeyer-Peppas model. The fitting expressions for each particular case are shown in the graph.

Thus, M¢/M represents the fractional solute release by desorp-
tion at time t. k is a constant incorporating characteristics of drug
and the macromolecular network system, and n is the diffusion
exponent, which is indicative of the transport mechanism. All
parameters are shown in Tables 5 and 6.

Peppas et al. have demonstrated that the morphology of the
structure of release has a notable impact in the desorption process
[41,88]. In the present case, as desorption occurs from nano-rods,
tear-shaped morphologies and spheres, n values will depend on
the relation between length and diameter. Apart from that, it
should not be forgotten the fact that the homogeneity of the
nano-rods in aqueous solution can be variable due to their instabil-
ity and tendency to agglomerate. Furthermore, and based on their
works, the first steps of the release are predominantly directed by
the smaller particles, while the bigger ones have a more notable
impact in the rest of the process. Having this into account it is safe
to assure that the behaviour of the HA in water influence the whole
desorption activity, which is probably why the diffusional expo-
nent do not reach the values of n = 0.451 for Fickian release from
cylinders and n = 0.432 for spheres that Peppas and coworkers
reported [88]. Furthermore, it was also theoretically postulated
[89] and experimentally probed [90] that values of n can get in
the range ~0.2 due to irregularities on the particles shape. It is
interesting to note that for both drugs, n is in the same range, sug-
gesting that the transport mechanism is similar in the two cases,
but the release rates are dependent on the crosslinking method.
The desorption profiles of the particles alone was assessed as well
for comparative purposes. In the case of the nano-rods alone, the
total desorption occurs within 7 days for both drugs. On the con-
trary when the particles are wrapped in the hydrogel matrix, the
stability in water of crosslinked alginate and chitosan prevents
the drugs from be released to the media. As Tables 4, 5, and 6 show,
within the time range studied, 60 days, Chi-covered spheres have a

Table 4

Cumulative in vitro release of Propranolol
and Cloxacillin from HA nanoparticles, ALG
micropartiles and CHI-ALG microspheres.

Cumulative Release

HA-Prop 100.00%
ALG-Prop 86.60%
CHI-ALG-Prop 38.31%
HA-Clox 100.00%
ALG-Clox 87.27%
CHI-ALG-Clox 45.46%

Table 5
Desorption studies for Prop. Parameters of Korsmeyer - Peppas model for the three
different samples.

K(s™") n R?
HA-Prop (3.0+12)- 103 0.181 + 0.030 0.985
ALG-Prop (1.41 + 0.39) - 103 0.200 + 0.020 0.962
CHI-ALG-Prop (2.94 + 0.86) - 10~ 0.101 £ 0.021 0.944

Table 6
Desorption studies for Clox. Parameters of Korsmeyer - Peppas model for the three
different samples.

K(s™") n R?
HA-Clox (6.8+23)-1073 0.203 * 0.026 0.989
ALG-Clox (4.61£0.75)- 103 0.193 £ 0.011 0.990
CHI-ALG-Clox (5.6 +2.0)-1073 0.142 £ 0.026 0.942

cumulative release of 38.31% and 45.46% for Prop and Clox, respec-
tively; while values for Alginate tear-shaped particles are substan-
tially higher reaching 87.27%. The fibrous surface arising from the
electrostatic interactions between Chitosan and Alginate effec-
tively slows down the release by hampering the diffusion of the
drug into the dissolution medium. This fact highlights the versatil-
ity of this kind of complex hybrid HMPs that can be manipulated in
order to regulate the release behaviour. Further studies are on their
way to improve the release response and to develop granular
hydrogels from the obtained HMPs. The properties and knowledge
arising from this study of the micro and nanoscale structures will
be decisive in understanding the response of the macroscale con-
structions on the human body.

4. Conclusions

In this work, two different types of green, sustained and multi-
faceted HMPs have been created using Chitosan, Alginate and drug
doped Hydroxyapatite. Results from the computer modelling were
in a notable accordance with the real behaviour of the two immis-
cible phases and allowed to demonstrate the dependency between
flow ratios and geometry of the microchip with the final sizes and
shapes of the obtained HMPs. This relationship has been further
confirmed both numerically and experimentally with outstanding
reliability. For its part, the combination of internal and different
compositions of an external bath has been proved to be highly use-
ful for manipulating the morphologies and for obtaining a superior
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degree of homogeneity. Finally, the assessment of drug loading and
delivery using specific models reveals that drug delivery ratios can
be partially controlled depending on the structures designed and
the applications purposed. The promising properties of obtained
hydrogel microparticles make them a more than adequate candi-
date for the construction of diverse granular hydrogels with
numerous tissue engineering applications, promoting bone healing
while avoiding bacterial infection.
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