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Diatoms have the peculiarity to synthesize amorphous silica around the cell wall. Frustules (empty silica shells)
have the advantages of being biocompatible, biodegradable, nontoxic and rich with hydroxyl groups on the
surface. Frustules have been used in diverse fields, but recently their application in the biomedical field has been
investigated. Drug delivery systems (DDS) have been studied to improve the therapeutic effect of different drugs,
especially hydrophobic drugs. Different encapsulation methodologies have been used to load the drug in a
carrier such as drop-wise methodology or solvent evaporation. However, a reproducible methodology that re-
duces handling error must be explored. Herein, a novel technique ESCARGOT (Embedded SCAffold RemovinG
Open Technology) was used to fabricate the microfluidic device and exploited as a novel tool to encapsulate
hydrophobic drugs into the in-house developed biogenic silica from Cyclotella sp. Isorhamnetin was used as a
model drug with hydrophobic in nature. Three different concentrations were studied: 20, 60 and 100 pg/mL, and
three different resident times in the device (0.4, 1 and 2 min). The highest encapsulation efficiency (EE%) and
loading capacity (LC%) were 17.92% and 1.63% respectively. According to the statistical analysis, the optimum
conditions to obtain a maximum EE% were 2min and 20 pg/mL. The isorhamnetin release behavior was ob-
served with a burst release in the first hour with 48.26%, while the total amount of drug was delivered in 3 h.
The feasibility of frustules as carriers and the microfluidic device as a mixer was successfully accessed. This
methodology could be used as a standardization technique to obtain reproducible results.

1. Introduction

The high-tech advancements in polymer science offer notable po-
tentialities which led to their exploration as a novel carrier in drug
delivery systems (DDS) (Igbal and Keshavarz, 2018). Drug delivery can
be defined as a sustained distribution of drugs in a controlled way at a
specific target site (Xin et al., 2016; Raza et al., 2019a). The controlled
delivery is achieved by taking advantage of the biochemical char-
acteristics of a drug-loaded carrier and environment of the target site.
This also additionally benefits an effective drug exposure which
maintains the drug in the tissue for longer times giving, in this way, a
broad therapeutic window. The attachment or encapsulation of the
drug in a carrier allows the protection of it in the physiological en-
vironment (Rasheed et al., 2018; Raza et al.,, 2019b). The main
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advantages of encapsulation are the enhancement of sensitivity of
tumor tissue to drugs, the increment of the drug solubility, bioavail-
ability, drug stability, prolonged half-life, reduction of dose, and the
possibility to include two or more drugs into the same carrier (Dong and
Mumper, 2010; Fonseca et al., 2015; Vishnubhakthula et al., 2017).
Wide-ranging materials have been used to encapsulate biomolecules
such as metallic materials (Hashemipour and Panahi, 2017), polymeric
micelles (Logie et al., 2017), liposomes (Joseph, 2018), nanotubes
(Liang et al., 2017), dendrimers (Amreddy et al., 2018), biodegradable
materials (Graves et al., 2015; Ruiz-Ruiz et al., 2017), and silica par-
ticles (Schultz et al., 2018). From all these, silica (silicon dioxide, SiO,)
has been widely studied due to biocompatibility, biodegradability,
chemical stability, capacity to change the chemistry of the surface, and
large surface for adsorption processes (Diab et al., 2017; Kumar et al.,
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2017; Tian and Guo, 2017). Usually, synthetic particles have been used
as a mesoporous silica material (de Jestis Rostro-Alanis et al., 2016).
However, the production of these particles involves the use of toxic
solvents, difficulty to produce uniform pore size and ordered porosity
on the surface (Napierska et al., 2010). Hence, biogenic silica from
marine organisms provides no toxicity, uniform pore size, biocompat-
ibility, and biodegradability. Diatoms are being the largest producers of
silica in water bodies by representing the 45% of total oceanic primary
production (Barsanti and Gualtieri, 2014; Javalkote et al., 2015). Dia-
toms are photosynthetic eukaryotic microorganisms that have the pe-
culiarity to synthesize amorphous silica around the cell wall. The
synthesis is performed in a specialized organelle called silica deposition
vesicle (SDV). Silicic ions are transported through the membrane with
transmembrane proteins called silicic acid transporters (SAT). Once the
silicic ions are deposited, peptides such as long-chain polyamines
(LCPA), silaffins and silacidins perform hydrolysis and polymerization
reactions in an acidic environment. The amount and type of these
peptides differ from each diatom species, and they will dictate the
diatom shape either centric or pennate (Zhang et al., 2012). Biogenic
silica is obtained after cleaning methodologies to remove organic ma-
terial are completed. Well-established methodologies that involve oxi-
dation reactions and the use of acids, surfactants, organic solvents such
as methanol or ethanol, or thermal treatment have been described
(Jeffryes et al., 2008; Giiltiirk and Giiden, 2011; Jiang et al., 2014).
Different microencapsulation techniques involve the binding or ad-
sorption through electrostatic forces between the particles and the
carrier. Most of the common techniques involve the stirring and eva-
poration. One of the main advantages of traditional techniques is the
constant contact between the drug and the carrier which enhances the
adsorption process. Nevertheless, the use of toxic solvents, the difficulty
of incorporate hydrophilic drugs (depending on the carrier nature), and
a time-consuming process have led to the researchers to look for novel
solutions (Hans and Lowman, 2002). Microfluidic-based devices allow
to study the behavior of fluids in microchannels. One of the main ad-
vantages of these devices is the easiness of creating a wide range of
microsystems by changing parameters such as flow rate, solvent con-
centration, solvent nature, channel size and geometry pattern of the
device (Ahmed et al., 2018a, 2018b; Sosa-Hernandez et al., 2018).
While most of the studies have focused the research on the production
of tailor-made micro and nanoparticles; microfluidic devices can be
used as mixers and microreactors (Mancera-Andrade et al., 2018). For
this study, we hypothesize that the use of a microfluidic device as a
mixer can address the drawbacks of the traditional encapsulation
methodologies.

The most used methodologies for microfluidic device fabrication are
lithography, micro milling, micromachining and mold replication
(Khan et al., 2013). However, most of these techniques are expensive,
time-consuming and the use of specialized equipment. A novel micro-
fluidic fabrication technique using a 3-D mold called ESCARGOT
(Embedded SCAffold RemovinG Open Technology) was developed
(Saggiomo and Velders, 2015). It involves the use of a 3-D mold of
acrylonitrile butadiene styrene (ABS) polymer, that is immersed in
polydimethylsiloxane (PDMS), once the PDMS is cured (solidified), the
mold is dissolved using acetone. One of the main advantages of this
technique is the possible standardization and reproducible process for
the fabrication because nowadays 3-D printers are widely used, and the
freedom to choose and design the best geometry pattern for the device.

On the other hand, PDMS has been widely used for biomedical
applications due to their excellent characteristics such as gas perme-
ability, optical transparency, and chemistry change of the surface with
functional groups (Abdallah and Ros, 2013). Isorhamnetin (C;6H;207)
is commonly found in yellow flowers. Endogenous Mexican plants such
as Tagetes lucida flowers and Opuntia ficus-indica contain this flavonol
among others. As a member of the flavonoids, the activity of the mo-
lecule depends on the functional groups available on the substitutions
(Wang et al., 2018). It has been studied that isorhamnetin exhibits
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different biological activities such as anticoagulant (Ku et al., 2013a),
anti-thrombotic (Ku et al., 2013b), antitumoral (Teng et al., 2006), and
anti-inflammatory (Antunes-Ricardo et al., 2015). This work aims to
evaluate the feasibility to use a microfluidic device as a mixer for the
microencapsulation of isorhamnetin into biogenic silica from Cyclotella
sp. for drug delivery applications.

2. Materials and methods
2.1. Chemicals and reagents

Isorhamnetin was purchased from Sigma-Aldrich, USA. SYLGARD
silicone elastomer 184 and SYLGARD silicone elastomer 184 curing
agent (Dow Corning Corporation, United States) was generously gifted
by Dr. Sergio O. Martinez-Chapa from Tecnologico de Monterrey. All
other chemicals and reagents were of analytical grade and were pur-
chased from Sigma-Aldrich (United States).

2.2. Diatom cultivation

Cyclotella sp. was cultivated in a 500 mL non-agitated Erlenmeyer
flask with 90 mL of Harrison's Artificial Seawater medium enriched
with f/2 nutrients (Harrison et al., 1980) and 10 mL inoculum. The
inoculum medium was comprised of: 347 mM NaCl, 23.8 mM Na,SO,,
7.68 mM KCl, 1.97 mM NaHCOs3, 690 uM KBr, 354 uM H3BO3, 63.3 uyM
NaF, 45.1mM MgCl,6H,0, 8.74mM CaCl,2H,0, and 78.0uM
SrCl,,6H,0. The f/2 enrichment medium components consisted of
35.9nM N32M004'2H20, 0.954 nM NaZSeO3, 6.0 nM NiC12-6H20,
165nM ZnSO47H,0, 45.3nM CuSO45H,0, 24.7, nM CoSO47H-0,
2.31 yM MnSO44H,0, 19.7 uM FeCl;3-6H,0, and 21.9 uM ethylenedi-
nitrol tetraacetic acid disodium salt (C;oH;40gNsNay2H,0). Vitamin
solution consisted of 1.15 uM thiamine, 0.0005 nM biotin and 0.004 nM
vitamin B12. The macronutrient medium consisted of 5.32 mM NaNOs,
242 uM NaH,PO4H,0 and 200 mM Na,SiO39H,0.

Culture media was sterilized by filtration using a 0.2 um pore size
filter (VWR Vacuum Filtration Systems, VWR, United States). Cultures
were maintained at 22 °C, with a light intensity of 50 uE/m?3, and a
photoperiod of 14 h light and 10 h darkness. The cell suspension was
subcultured every 3 weeks with 10% v/v inoculum. After three weeks,
the flasks were gathered together in one sterile Erlenmeyer flask under
similar conditions. Cell density and cell diameter were measured by
triplicate using a cell counter (Z2 Coulter Particle Count and Size
Analyzer, Beckman Coulter, United States) with a range of minimum
threshold of 6 um-19 pm. A dilution factor of 100 was used to measure
cell density (100 pL cell suspension and 9.9 mL diluent).

A 5L bubble column photobioreactor was used to study the growth
kinetics of Cyclotella sp., characteristics and configuration mentioned
elsewhere (Chiriboga and Rorrer, 2017). The culture media for the
photobioreactor was the same as mentioned above, but changing the
macronutrient solutions to 7mM NaNOj, 15uM NaH,PO,H,O and
1 mM Na,Si039H,0. The bubble column photobioreactor was initially
inoculated with 60mL cell suspension with a cell density of
1.06 x 10° + 8.30 x 10> cells/mL. Filtered air and CO, were provided
to the photobioreactor at a flow of 2.4L/min, and 380 ppm respec-
tively. Daily samples were taken to monitor cell density, pH and silicon
concentrations in the reactor. Samples were taken by using a 60 mL
sterile syringe with a withdrawn volume of 5 mL.

When the stationary phase was reached, the cell suspension was
kept in starving conditions of two photoperiod cycles to synchronize all
cells and to obtain a uniform material (Jeffryes et al., 2013). A cen-
trifugation process was performed to harvest the diatoms by using
250 mL vessels and were centrifuged for 10 minat 1500 g (IEC CL30,
Thermo Electron Corporation, United States). Dissolved silicon was
measured by spectrophotometric assay: 5 mL of sample was mixed with
200 pL of 13% w/v ammonium molybdate solution in water, and 100 pL
of 18.7% v/v hydrochloric acid (HCl). The reaction was left still for
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10 min, 3mL of the sample was transferred to a quartz cuvette and
measured at 360 nm (Fanning and Pilson, 1973). Measurements were
performed in duplicate. A dilution factor of 5 with distilled water was
used when necessary. A standard curve of six points was done using
Na,SiOs as a standard.

2.3. Frustule isolation and preparation

Around, 115 mL of culture media with approximately 1 x 10° cells/
mL was centrifuged at 1500 g for 15 min. Three washes with distilled
water were performed. Cells were placed in a 50 mL centrifuge tube
following the addition of 29.750 mL of 30% hydrogen peroxide (H,05)
and 250 pL of a 37% hydrochloric acid (HCI) solution. The mixture was
inverted gently twice to allow the reagents mix with the cells. The
centrifuge tube was placed in a vacuum for 1 h to eliminate bubbles. To
avoid frustule breakage, the solution was maintained uncapped and
without stirring for 42hat room temperature (22 °C). The HCl/H,0,
solution was removed from the centrifuge tube using a pipette, 30 mL of
distilled water was added, the mixture was inverted gently to wash
cells, and left still for 6 h or until cells precipitated. Water washes were
performed three times. Subsequently, frustules were washed 3 times
with methanol to remove water (Jeffryes et al., 2008). Samples were
kept in methanol under refrigeration (4 °C) until use.

2.4. Frustule characterization

Frustule characterization was performed using scanning electron
microscope (SEM) (EVO MA25, Zeiss, United States). The sample was
placed in the pin using carbon tape to adhere to the surface. One dro-
plet of each sample was placed in the carbon tape and was let dried in a
desiccator. 20 kV of voltage and variable pressure were used. The ele-
mental analysis was determined with energy dispersive spectroscopy
using a detector with a 20-kV accelerating voltage (Bruker XFlash 6/10,
Bruker, United States). FT-IR spectroscopy was used to identify the
typical bonds in the silica structure with a resolution of 4 cm® and range
of 280-4000 cm ™! (Spectrum 400, PerkinElmer, United States).

2.5. Manufacturing of the microfluidic device

The microfluidic device was designed using AutoCAD software. The
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channels had a length of 500 pm and 1000 um of height (Fig. 1). The
device was designed with complex geometry with Y shape and 13 c-
turns. The empty space between each channel is 1000 pm. The micro-
fluidic mold was printed using a 3-D printer (Fortus 400mc, Proto3000,
Canada) with acrylonitrile butadiene styrene (ABS) polymer. PDMS was
used to manufacture the microfluidic device by using the ESCARGOT
(Saggiomo and Velders, 2015). SYLGARD silicone elastomer 184 and
SYLGARD silicone elastomer 184 curing agents were used to produce
the PDMS in a ratio of 10:1 of sylgard 184: curing agent. A 3-D printed
mold was placed in a glass container avoiding touching the base, then
PDMS was poured into the glass container, and placed under vacuum in
a desiccator to remove air bubbles for 1 h. The PDMS and the mold were
cured for 2h at 75 °C. After that, it was left in acetone for 12h to dis-
solve the mold, after which microchannels were cleaned with acetone
and dried passing air.

2.6. Isorhamnetin encapsulation

Three different flows (1600, 1000 and 500 puL./min) were used to
regulate the residence time of frustules and drug inside de device
(0.4 min, 1 min, and 2 min respectively), and three different drug con-
centrations (20 ug/mL, 60 pg/mL, and 100 pg/mL) were studied to
determine the optimal drug encapsulation conditions. A design of ex-
periments was performed to make the statistical analysis of the results.
A multilevel factorial model (3¥) was used and analyzed with the
Desing-Expert software (Version 11, State-Ease, Inc., United States).
Encapsulated isorhamnetin concentration was calculated by absorbance
as follow: samples were recollected from the microfluidic device outlet
in a 2mL Eppendorf tube. Samples were centrifuged at 13,000 rpm
(Prism R, Labnet International, Inc., United States) for 10 min. The
supernatant was discarded, and 1.5 mL of distilled water was added to
remove non-adsorbed isorhamnetin. Samples were centrifuged at
13,000 rpm for 15 min, and the supernatant was removed with a glass
Pasteur pipette. 1.5 mL acetone was added to each sample to desorb the
isorhamnetin, samples were vortexed for 30s, and centrifuged at
13,300 for 15min. Approximately, 700 pL. were placed in a quartz
cuvette and absorbance was measured from 200 to 900 nm, where the
highest peak was detected at 370 nm (DR5000, HACH, United States).
Three standard curves of isorhamnetin in acetone were prepared in a
range from 0.125 to 16 pug/mL. Encapsulation efficiency (EE%) and

Fig. 1. Microfluidic device manufacturing. The
design was performed in AutoCAD software with
the following channels dimensions: 500 um
length and 1000 um of height. The input and
output points had a 1 mm diameter and 2cm
height. These were designed bigger due to
tubing and manufacturing purposes. The design
was printed in ABS polymer using a 3D printer
followed by the pouring and curing the PDMS.
Once the PDMS was cured, the ABS polymer was
removed with acetone. The channels were
cleaned with acetone, and the final configura-
tion of the microfluidic device and the syringe
pump is shown.
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loading capacity were calculated according to the following equations:

EE% = (M) % 100
Da 3

LC (%) = (%) % 100 @

Where

Da: mass of drug added (ug)
De: mass of entrapped drug (ug)
F: frustule weight per sample (ug)

2.7. Isorhamnetin release kinetics

Drug release kinetic experiments were performed using a simulated
colonic fluid (SCF). The main components of SCF were 0.2 g/L po-
tassium chloride, 8 g/L sodium chloride, 0.24 g/L potassium phosphate
monobasic, 1.44 g/L sodium phosphate dibasic at pH 7 (Zhang et al.,
2013). 30 mL of SCF were placed in a 125 mL Erlenmeyer flask and the
samples. Flasks were maintained in agitation for 24h, 37°C, and
50rpm. Sampling was performed every hour by taking 700 pL of
sample, the same volume of SCF was added to maintain the same vo-
lume during the experiment. Isorhamnetin was measured spectro-
photometrically with a range of 200-900 nm, where the highest peak
was observed at 240 nm (DR5000, HACH, United States). A standard
curve with isorhamnetin was done with 6 points with concentrations
ranging from 0.031 to 8 ug/mL using as dissolvent SCF. All experiments
were performed in duplicate.

3. Results and discussion
3.1. Diatom cultivation

Diatoms use dissolved silicon, in the form of silicic acid, to syn-
thesize it into amorphous silica. Hence, silicon is the main factor that
controls the division cell cycle. Fig. 2 shows the typical sigmoidal
graphic for diatom cultivation. Cyclotella sp. was grown in a 5L pho-
tobioreactor in an excess soluble medium to avoid cell stress (Jeffryes
et al., 2013). In this study, diatoms exhibited a typical growth sigmoidal
profile. A final cell density of 1.16 x 106 cells/mL was achieved after
87 h of cultivation. The maximum growth rate under the conditions
mentioned was of 0.068 h ! at 40 h. In comparison with other studies,
the maximum growth achieved by Cyclotella sp. was 0.023 h™' with
perfusion of Si during semi-continuous cultivation (Jeffryes et al.,
2013), and 1.45 d ! with an initial Si concentration of 6.6 mg/L (Shafik
et al., 1997). It has been studied that to achieve higher cell densities a
multi-stage silicon addition where diatoms are cultivated in a silicon
starvation phase and continue the second stage with a higher con-
centration of silicon. Additionally, a change in the light intensity and
CO,, to improve the photosynthesis assimilation was used (Ozkan and
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Fig. 2. Cyclotella sp. growth kinetics.
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Rorrer, 2017).
3.2. Frustule isolation and preparation

The organic material removal from frustules is a key component for
the further applications such as carriers for medical applications where
the frustule must be clean without losing the surface charge or bio-
sensor for optical applications where the frustule has to be intact with
no wrecks on the surface. Depending on the type of application, the
methodology must be selected. Some methodologies can cause a change
the softness or roughness of the structure, while others can modify the
active groups in the surface. The hydrogen peroxide-hydrochloric acid
(H,0--HCI) through an oxidative reaction can remove most of the
polysaccharides, proteins, and some metal ions on the structure; while
producing a stiffer structure (Romann et al., 2016). SEM images showed
an intact structure (Fig. 3A). Control sample consisted of the frustule
with no treatment, it had all the organic material. Fractured structures
were not observed; the complete valves were detected. Diatom cells had
an average size of 10.96 * 0.02pum, the nanopores from the surface
were measured at 180nm on average. Both valves are connected
through girdle bands which can be observed as horizontal circumfer-
ences (Fig. 3B).

According to the elemental analysis, frustules were composed of
30.53% silicon, 48.84% oxygen, and 20.63% carbon (Fig. 3C). Ac-
cording to literature, frustules are composed around 90% of silicon and
other metals in trace amounts such as aluminum, iron, magnesium, ti-
tanium, sodium, phosphorus, manganese, potassium, chromium and
calcium (Yuan et al., 2004; Giiltiirk and Giiden, 2011). The FT-IR
analysis was performed in a range of 4000-380cm ™! (Fig. 3D). The
typical peaks of Si-O-Si at 461 (bending), 796 (symmetric stretching)
and 1100 (antisymmetric stretching) that corresponds to amorphous
silica were observed. The crystallization of silica peak appears at
617 cm ™! (Giiltiirk and Giiden, 2011), but in the current spectra, the
peak is not shown indicating that the amorphous phase was kept during
the acid cleaning methodology. The peak at 1632 cm ™! corresponded
to deformation of an OH bending in water where Si-OH is included as
well at the peak 3434 cm ™' (Jiang et al., 2014; Qi et al., 2017). The
peak at 2919 cm ™! corresponded to alkanes (Gnanamoorthy et al.,
2014). Depending on the resolution of the equipment and the cleaning
methodology, usually with a thermal methodology, a peak from 3745 to
3750 cm ! and peak at 3740 cm ™! can be observed individually and
corresponds to isolated hydroxyl groups (Si-OH) OH vibration of si-
lanol groups (Yuan et al., 2004).

3.3. Isorhamnetin encapsulation and SEM analysis

The encapsulation was performed by using a microfluidic device.
Traditional methodologies involve the use of stirring and evaporation
methods that can last several hours (Table 1). With this methodology,
we expected to reduce the encapsulation time, while providing an ef-
ficient EE% and LC%. EE% describes the amount of drug that is en-
capsulated in the carrier in comparison with the initial drug con-
centration added. LC% indicates the mass percentage that corresponds
to the drug in the total mass of the system (carrier and drug). The en-
capsulation was performed by adsorption on the surface. Therefore, the
drug could be easily adsorbed or desorbed from the structure. By in-
creasing the flow, the mixing between the drug and the frustules could
have a higher diffusion rate. It is important to note that the diffusion
rate is dependent on the solubility of the drug with the surface of the
frustule.

The higher EE% was observed at 2 min as resident time and 20 pg/
mL with a 17.92% followed by 16.40% (0.4 min, 20 ug/mL). According
to the statistical analysis (data not shown), the interaction of the drug
concentration and time resulted significant (p < 0.05) for entrapment
efficiency. It can be observed that for the 100 pg/mL a range of 12-14%
was obtained, while for 60 ug/mL the range observed was 9-14%
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Fig. 3. Cyclotella sp. SEM images. A) Frontal view of the cell where the nanopores are seen. The bigger pores around the circumference corresponding to chitin fiber
emerge points. B) Lateral view of the cell where the two valves are observed. C) Frustule elemental analysis. D) Typical FT-IR spectra of frustules.

(Fig. 4A). Isorhamnetin is a hydrophobic molecule while the surface of
frustules has a hydrophilic. Hence, the low EE% can be attributed to the
physicochemical characteristics of frustules and drug. Additionally, EE
% depends on the surface area of the material, the porosity, and
available functional groups in the surface (silanol, siloxane groups, or
other functional groups added) (Izquierdo-Barba et al., 2005; Lim et al.,
2015). However, other studies have reported the EE% in frustules from
Thalassiosira weissflogii of 0.5% for frustules and 18% functionalized
frustule (Cicco et al., 2015). In comparison with this report, the en-
capsulation efficiencies were similar but without the functionalization
of the surface. Frustules from diatomaceous earth (DE) which are fos-
silized frustules, were found to reach 94% with no surface modification
(Aw et al., 2012). As a continuation of the previous report, Aw et al.,
continued the investigation of 5 different types of surface functionali-
zation methodologies and their effect on EE%; they found a range of
91-97% (Aw et al., 2013). Javalkote et al. (2015) compared the two
encapsulation techniques of curcumin (flavonoid) to frustules from
Nitzschia sp. The results exhibited 73% encapsulation for a non-mag-
netic frustule versus 41% and 49% for the two methodologies to pro-
duce magnetic particles and encapsulate flavonoid at the same time.
Here the decrement of the EE% was due to the mass occupied by the
magnetic molecule (Javalkote et al., 2015).

The loading capacity (LC%) showed an increment when the iso-
rhamnetin concentration increased (Fig. 4B). The highest value ob-
tained was 1.63% (2min and 100 pg/mL) followed by 1.28 (0.4 min
and 100 pg/mL). The interaction of all factors resulted significantly in
the statistical analysis (p < 0.05). The optimum conditions to obtain
the highest loading capacity was 2 min as residence time and 100 pug/
mL. Similar results obtained with frustules obtained from Thalassiosira
weissflogii with an LC% of 0.5% and 1.7% for functionalized frustules
(Cicco et al., 2015). In this case, the encapsulation with the microfluidic

device avoided the modification of the surface by achieving a similar
result as the one reported from Cicco et al. However, other studies
showed a higher LC% as in the case of the indomethacin drug (hydro-
phobic) encapsulation in a frustule of diatomaceous earth (DE) were
22% was reported (Aw et al., 2012). The same research group, in a
further study, provided the information of functionalized DE with 5
types of functional groups and obtaining a range of 15-24% (Aw et al.,
2013). Javalkote et al. (2015) reported the LC% 14.7% of a flavonoid in
frustules, and 8.2 and 9.1% for encapsulation that involved the addition
of magnetic material in addition to the flavonoid. Streptomycin was
encapsulated in Coscinodiscus concinnus frustules by a drop-wise loading
methodology achieving a loading capacity of 33.33% (Gnanamoorthy
et al., 2014). A comparison between the present study and the literature
is presented (Table 1). As previously discussed, the main differences of
the LC% are related to the surface and drug characteristics and com-
patibility among them. Additionally, in the traditional methodologies,
turbulent flows are produced due to the stirring of the drug in solution
and frustules. In comparison, in a microfluidic device, the laminar flow
in the microchannels may not be enough to create the optimum mixing
conditions. The adsorption of biomolecules to frustules relies on the
electrostatic interactions, van der Waals forces, and/or hydrophobic
interactions (Abdallah and Ros, 2013). For hydrophobic drugs, it has
been reported the addition of functional groups to produce a hydro-
phobic surface. In this case, the problem of having a hydrophilic surface
and hydrophobic drug can be minimized, and the encapsulation effi-
ciency and loading capacity can be maximized. In addition, the at-
tachment of specific functional groups can improve the EE% and LC%
due to covalent bonding. SEM images of isorhamnetin encapsulation
are shown (Fig. 5). The brighter points in the surface corresponded to
isorhamnetin attached to the surface. A uniform encapsulation was not
observed, but rather a heterogeneous dispersion of the flavonoid. This
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Table 1

Comparison of EE% and LC% between frustules obtained from different diatom. SF: surface functionalization, ET: encapsulation time, + more than that number of hours.

ET %EE %LC Reference

SF

Drug nature Encapsulation technique

Drug

Frustule shape

Frustule size

Marine organism

Present work

1.63%
0.5%
1.7%

17.92%
6%

2 min
4h
4h
5h
5h
5h

No
No

Microfluidic device
Stirring at 37 °C

Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic

Isorhamnetin

Centric

10.96 = 0.02pum
10-15um
10-15 pym

8um
8um
8um

Cyclotella sp.

Dong and Mumper (2010)
Dong and Mumper (2010)

Ciprofloxacin

Centric

Thalassiosira weissflogii
Thalassiosira weissflogii

Nitzschia sp.

18%

Yes
No

Stirring at 37 °C

Stirring

Ciprofloxacin
Curcumin

Centric

Hashemipour and Panahi (2017)
Hashemipour and Panahi (2017)
Hashemipour and Panahi (2017)

Logie et al. (2017)

14.7%
8.2%
9.1%
22%

73%

Pennate
Pennate
Pennate
Centric

Ferrofluid technique No 41%

In situ technique
Drop-wise loading

Curcumin
Curcumin

Nitzschia sp.

49%

No

Nitzschia sp.

94%

+3h

No

Indomethacin

4-6 um diameter, 10-20 um length

Diatomaceous earth (DE)

Aulacoseira sp.
Diatomaceous earth (DE)

Joseph (2018)

91-97% 15-24%

+2h

Drop-wise loading Yes

Hydrophobic

Centric Indomethacin

4-6 pm diameter, 10-20 um length

Aulacoseira sp.
Coscinodiscus concinnus

Liang et al. (2017)

33.3%

+3h

Drop-wise loading No

Hydrophilic

Streptomycin

Centric

220 ym
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Fig. 4. A) Encapsulation efficiency (%), B) Loading capacity. In both graphics,
three drug concentrations were used (20,60 and 100 ug/mL) and three re-
sidence time (0.4, 1 and 2 min). Error bars represent the standard deviation of
triplicates.

can be attributed to the low intramolecular interactions between the
flavonoid and the available functional groups in the silica surface.

3.4. Isorhamnetin release kinetics

Once the statistical analysis and optimum conditions of encapsula-
tion were obtained, the encapsulation was performed with the optimum
conditions (2 min and 20 pug/mL) for the study of drug release. Drug
release studies were performed in a simulated colonic fluid at 37 °C. A
burst release in the first hour of the study achieving 48.26% was ob-
served (Fig. 6). The total release was accomplished after 3h of the
study. Since the flavonoid was attached to the surface, the release was
faster in comparison with the drug that may be attached covalently to a
specific functional group. When the drug is placed in the inner pores of
the frustule, the release rate from it can be reduced due to the in-
tramolecular interactions between the flavonoid and the silica (Stewart
et al., 2018). It is worth noting that the release rate depends on the
nature of the medium, ionic strength of the surface and the drug, and
pH (Stewart et al., 2018). The hydrophobic state of the medium could
have retained the release of the flavonoid from the surface; however,
due to the low EE% obtained, the drug could have been more prone to
be desorbed. Javalkote et al. (2015) reported the total release of the
curcumin after 12 h of the analysis. Several studies reported by using a
covalent attachment of the drug to the frustule surface showed a slower
and sustained release of the drug of 7 days (Cicco et al., 2015), and 14
days (Aw et al., 2013). It has been studied the isorhamnetin pharma-
cokinetics in beagle dogs and rats. It was found a half-life (t; ») of 5.4 h
for beagle dogs and 5.7 h for rats, while the time to reach maximum
isorhamnetin concentrations in plasma were (Ta) 2.6h for beagle
dogs, and 6.4-7.21 h for rats (Chen et al., 2010; Zhao et al., 2013; Duan
et al., 2016). For this study, the drug release in 3h could represent at
least 8 h of therapeutic effect in plasma due to the protection effect that
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Fig. 5. Isorhamnetin encapsulation in different concentrations in Cyclotella quillensis frustules. A) Control, B) 20 ug/mL, C) B) 60 pg/mL and D) B) 100 pg/mL.
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Fig. 6. Percent drug release. Bars represent the standard deviation of tripli-
cates.

the frustule provides to the drug.

4. Conclusion

This study reported the use of biogenic silica (frustules) obtained
from diatom microalgae to explore their use as a carrier for drug de-
livery. The Cyclotella sp. cultivation in photobioreactors allowed to
obtain a considerable amount of biomass. SEM and FT-IR analysis
techniques allowed the successful characterization of the frustules and
the encapsulated isorhamnetin into frustules. ESCARGOT methodology
represented a cheap, easy and functional methodology to manufacture
microfluidic devices. A novel encapsulation methodology using a mi-
crofluidic device was used to compare its encapsulation efficiency (EE
%) with traditional methodologies. This methodology allowed to per-
form faster encapsulation processes that were performed in minutes
compared with hours from traditional methodologies. The rich OH
groups available in frustules were responsible for the encapsulation
through intramolecular interactions. The highest EE% and LC% were
17.92% and 1.63% respectively. The optimal conditions for en-
capsulation were 2 min as resident time in the microfluidic device and
an isorhamnetin concentration of 20 ug/mL. Drug release behavior in a

simulated fluid was observed to have a burst release in the first hour by
releasing 48.26% of the drug. The total amount of isorhamnetin was
release in 3h. The hypotheses of this work were developed and suc-
cessfully addressed.
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