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Introduction

Electrodynamic assisted self-assembled fibrous
hydrogel microcapsules: a novel 3D in vitro
platform for assessment of nanoparticle toxicityt

Shanta R. Bhattarai, &2 $*2° Sheikh Saudi, @ t© Shalil Khanal,% Shyam Aravamudhan,®
Checo J. Rorie? and Narayan Bhattarai @ *©

Nanoparticle (NP) toxicity assessment is a critical step in assessing the health impacts of NP exposure to
both consumers and occupational workers. In vitro assessment models comprising cells cultured in
a two-dimensional tissue culture plate (2D-TCP) are an efficient and cost-effective choice for estimating
the safety risks of NPs. However, in vitro culture of cells in 2D-TCPs distorts cell-integrin and cell-cell
interactions and is not able to replicate an in vivo phenotype. Three-dimensional (3D) in vitro platforms
provide a unique alternative to bridge the gap between traditional 2D in vitro and in vivo models. In this
study, novel microcapsules of alginate hydrogel incorporated with natural polymeric nanofibers (chitin
nanofibrils) and synthetic polymeric nanofibers poly(lactide-co-glycolide) are designed as a 3D in vitro
platform. This study demonstrates for the first time that electrodynamic assisted self-assembled fibrous
3D hydrogel (3D-SAF hydrogel) microcapsules with a size in the range of 300-500 um in diameter with
a Young's modulus of 12.7-42 kPa can be obtained by varying the amount of nanofibers in the hydrogel
precursor The 3D-SAF microcapsules were found to mimic the
microenvironment for cells to grow, as evaluated using A549 cells. Higher cellular spreading and
prolonged proliferation of A549 cells were observed in 3D-SAF microcapsules compared to control
microcapsules without the nanofibers. The 3D-SAF microcapsule integrated well plate was used to

solutions. in vivo cellular

assess the toxicity of model NPs, e.g., ALOs and ZnO. The toxicity levels of the model NPs were found
to be dependent on the chemistry of the NPs and their physical agglomeration in the test media. Our
results demonstrate that 3D-SAF microcapsules with an in vivo mimicking microenvironment can be
developed as a physiologically relevant platform for high-throughput toxicity screening of NPs or
pharmaceutical drugs.

multiple sources such as consumable products, and air and
water pollution, etc. For example, humans are readily exposed to

Emerging nanotechnology has brought about a great revolution
in the industrial, agriculture, medicine, and public health
sectors for the treatment of diseases, food safety, smart sensors
and packing materials, etc."® The human population has been
constantly exposed to a large variety of nanoparticles (NPs) via
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titanium oxide (TiO,) and zinc oxide (ZnO)** NPs in sunscreens
and lotions, and silver (Ag)® NPs from band-aids and
cosmetics.”® Similarly, aluminum oxide (Al,O;) is a widely used
material in prostheses, bionic implants, dental crowns, and
other dental implants.>*® Although, the role of these NPs (i.e.
TiO,, ZnO, and Ag) in these products is to enhance the photo-
optical or antibacterial properties or to provide inert coating (i.e.
Al,03), these nanomaterials are a health concern." Because of
their small size and enhanced surface interactions, NPs can easily
enter into the human body and cross various biological barriers.”
NPs can also eventually reach and stay for prolonged periods of
time in the most sensitive organs of the human body."**

Invitro toxicity assessment of NPs'**® using two-dimensional
tissue culture plates (2D-TCP) models is one of the highly efficient
and cost-effective choices to remedy this issue,’® and has been
recommended by many regulatory authorities.”>”> However, the
culture of cells in 2D-TCP lacks the proper cell-cell and cell-matrix
interactions and has not been able to replicate an in vivo
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phenotype.* In contrast to 2D-TCP, new 3D in vitro platforms
provide a unique alternative to bridge the gap between traditional
2D in vitro and in vivo models, allowing for better replication of in
vivo tissue function through 3D cell-cell and cell-matrix interac-
tions and prolonged viability.*** A variety of 3D cell culture
approaches are currently being used, including cell-seeded hydro-
gels as well as scaffold-free cellular self-assembly strategies.”**
Alginate hydrogel-based 3D spheroid in vitro platforms offer
a broad range of biochemical and biophysical properties for cell
morphogenesis and function.**** However, they require addi-
tional chemical or physical modification to introduce adhesion
sites for cells.®*** Furthermore, the morphology of alginate
hydrogels often does not mimic the filamentous nature of tissue
extracellular matrix (ECM), which controls the spatial organi-
zation of the cell-adhesive ligands and mechanical signal
transduction from cells to the ECM.** Also, the chemical
modification and functionalization of alginate hydrogels is cost-
and labor-intensive, and they are not readily remodeled by
cells.**** Therefore, current research has been focused to
develop 3D hydrogel scaffolds using polymers of both biocom-
patible and biodegradable origin, such as alginate,”” chitin,*
and poly(lactide-co-glycolide) (PLGA)* as a potential strategy
towards the development of realistic in vivo 3D ECM matrix.
Self-assembled nanofibrous hydrogel microcapsules allow
for spatiotemporal control over chemically crosslinked gels that
do not recapitulate the nanofibrillar structure of the ECM. We
hypothesized that PLGA nanofiber/chitin nanofibrils containing
microcapsules will have closer proximity to natural ECM
features. The first goal of this study was to construct the fibrous
alginate hydrogel microcapsules that have random layers of
both synthetic and natural nanofibers for the purpose of
creating a better microenvironment for cell growth and prolif-
eration. Our research group has been focused on establishing
electrostatic encapsulation, also called electrodynamic tech-
nology, to generate fibrous hydrogel microcapsules as 3D cell
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culture platforms.* This is the first report on the fabrication of
fibrous hydrogel microcapsules containing self-assembled
synthetic and natural nanofibers that are crosslinked, either
chemically or physically, to form a 3D network. The second goal
of this study was to evaluate the feasibility of utilizing hydrogel
microcapsules with cells as a platform for the screening of NP
toxicity. This study is the essential first step for our future work
aimed on developing a cost-effective nano-toxicity screening
device that marries an integrated well plate and fibrous hydro-
gel microcapsule system.

We synthesized various compositions of self-assembled
fibrous 3D hydrogel (3D-SAF hydrogel) microcapsules of alginate
with nanofibers/nanofibrils of PLGA and chitin. Prior to evaluating
the cell encapsulation ability of 3D-SAF microcapsules with A549
cells, the impact of nanofibers on the morphology and mechanical
properties of the microcapsules were thoroughly evaluated. The
cell encapsulated 3D-SAF microcapsules were then used as an in
vitro 3D cell culture model to assess the toxicity of the NPs. This is
a proof-of-concept study on how nanofibrous microcapsules can
provide new insight on 3D in vitro microenvironments that influ-
ence the progression of 3D models for high throughput nano-
toxicity screening applications.

Results

Fabrication and characterization of the 3D-SAF hydrogel
microcapsules

Fig. 1 shows a schematic diagram of the overall design of the 3D-
SAF microcapsules including the capability to engineer materials
and devices using three biopolymers, suitable for the high
throughput toxicity screening of NPs in a microcapsule-based
miniaturized 3D cell culture. The interpenetrating nano-network
structure of chitin nanofibrils and PLGA nanofibers in alginate
microcapsules provides an ECM mimicking microenvironment for
the encapsulated cells that eventually mimics cells in vivo.

Microscopy View Application

3D SAF/A549
Hydrogel Microcapsule

B C

Nano-Toxicity
Assessment

Fig. 1 Schematic diagram showing the overall design and production of electrodynamic assisted 3D-SAF hydrogel microcapsules for toxicity
testing. (A) Synthesis scheme of the 3D-SAF microcapsules, (B) fluorescent dye-labeled A549 cell encapsulated 3D-SAF microcapsules, and (C)
expected capability of the high throughput nanotoxicity screening device. Electrospun nanofibers of PLGA were first converted into cryoground
fiber powder and then dispersed in alginate solution along with chitin nanofibrils. Hydrogel precursor solution was mixed with cell suspension
and then applied for electrostatic encapsulation to prepare cell microcapsules. Cells in the microcapsule were stained with acridine orange and
propidium iodide (AOPI) dye, where green and red colors indicate live and dead cells, respectively.
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Fibrous microcapsules comprising cryoground nanofibers of
PLGA, chitin nanofibrils, and alginate hydrogel were obtained
using an electrospray assisted and divalent cation triggered self-
assembly technique. Electrospray parameters including voltage,
distance to the collector, solution viscosity, and flow rate were
optimized similarly to in our previous publication.”” Composi-
tion dependent surface morphology and size of the microcap-
sules were observed as shown in Fig. 2.

The diameter of the fully swollen microcapsules measured in
the cell culture media was in the range of 300 to 500 um. The
average diameters of the as-prepared microcapsules were
361.38 &+ 17 pm, 328.11 + 14 pum, 353.26 + 14 um, 344.17 + 19
um, 320.87 + 9 pum, and 470.91 + 13 um for SAF-0, SAF-10, SAF-
20, SAF-30, SAF-50, and SAF-100, respectively. Among all the
compositions, PLGA nanofibers containing 3D SAF hydrogel
microcapsules were relatively smaller in size, and several black
patchy structures were observed under an optical microscope.
Upon the addition of chitin nanofibrils into the alginate gel
precursor, the distribution of PLGA nanofibers in the micro-
capsules was improved significantly. The dark black spots of
SAF-10 indicated that PLGA nanofibers alone produced non-
homogenously distributed fibrous microcapsules (ESI S17).
We previously demonstrated”” that using a higher amount of
PLGA nanofibers yields denser fiber-networks in the hydrogel
that produce nonhomogeneous microcapsules with more
compact aggregates of fibers surrounded by a permeable
hydrogel layer. Upon the addition of a different amount of
chitin nanofibrils, the microcapsules turned more compact and
opaque. Under microscopy observation, no out-diffused nano-
fibers were observed from the microcapsules in the media. This
observation further proved that there was no loss of nanofibers/
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nanofibrils during the electrospray process and that almost all
of the nanofibers/nanofibrils were gelled with alginate during
the microcapsule fabrication. More interestingly, the greatest
benefit of the chitin nanofibrils was found to be in maintaining
the aqueous stability, size and structure uniformity, and
promoting greater physio mechanical integrity of the SAF
microcapsules even upon changing the culture medium during
the aqueous stability assessments, for up to several weeks.
These are encouraging steps towards the application of SAF
microcapsules in cell encapsulation study.

Mechanical properties of the 3D SAF hydrogel microcapsules

The mechanical properties of the 3D SAF microcapsules were
studied by analyzing the force-displacement curve, obtained
from compression tests on a single microcapsule (n = 3 for each
composite). A schematic representation of the compression
tests is shown in Fig. 3A, in which a fully swollen microcapsule
in cell culture media was used to sandwich two parallel plates by
moving the top plate while the bottom plate was kept stationary.
The deformation of the tested samples was fixed up to 30% of
their original diameter. The force-displacement curve obtained
from the compression tests showed a hysteresis loop under
compression and release of the force. A smooth hysteresis loop
(Fig. 3B) was observed for pure alginate microcapsules (SAF-0),
whereas the microcapsules with different nanofibers/nanofibril
compositions exhibited a non-uniform deformation loop. One
of the representative samples that shows non-uniform defor-
mation under compression is shown in S2 in the ESL{ Such
non-uniformity was most likely due to the uneven distribution
of compressive force in the presence of nanofibers/nanofibrils
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Fig. 2 Characterization of the 3D-SAF hydrogel microcapsules. Optical images of representative SAF hydrogel microcapsules and their
respective size distribution were thoroughly evaluated. Microcapsules without fibers were soft and transparent (as shown in the SAF-
0 composition), whereas microcapsules with fibers were opaque and hard (as shown in the SAF-10 to SAF-100 compositions). Scale bar = 200

um.
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Fig. 3 Mechanical properties of the 3D SAF hydrogel microcapsules. (A) Schematic representations of the compression tests of the micro-
capsules between two parallel plates, (B) hysteresis loop of force vs. the displacement of a single microcapsule. The upper portion of the graph
(black arrow) is due to compression force and the lower portion (blue arrow) represents the release force, (C) force (uN) vs. displacement (%)
graphs, (D) Young's modulus of microcapsules with different compositions. Compressive properties of the materials were investigated by
subjecting them to a maximum 30% strain corresponding to the original diameter of the microcapsules for 20 seconds.

in the sphere. For a comparison study of the SAF microcapsules,
we compared the force-displacement curves under compres-
sion only (Fig. 3C). The force-displacement curves of the
different compositions indicated that more force was needed
for the same displacement as the concentration of the
nanofibers/nanofibrils increased in the microcapsules.

The Young's modulus (E) of the microcapsules was calcu-
lated using the following equations provided by the equipment
manufacturing company:

3(1-wV)F  f(a)F

E= "% 6 @)
21+ VR (1 —1?)

fla) = (a2+4R2)3/2 (a2+4R2)1/2 (2)

6 = cos” {RT?(S} 3)

a=(R—0)tan ¢ (4)

where ‘R’ is the spherical radius of a microcapsule, ‘0’ is the
displacement, ‘@’ is the radius of contact area, ‘v’ is the Pois-
son’s ratio (0.5), ‘F is the applied force and ‘E’ is the Young's
modulus.

The average modulus of the 3D SAF microcapsules (n = 3 for
each composition) increased significantly from SAF-0 to SAF-

4924 | RSC Adv, 2021, 1, 4921-4934

100, ranging from 12.7 + 4.6 to 42.3 £ 7.3 kPa, respectively
(Fig. 3D), indicates that the mechanical stiffness increased
upon increasing the amount of chitin nanofibrils in the
microcapsules.

Cell encapsulation study of the 3D SAF hydrogel
microcapsules

After analyzing the morphology and mechanical properties of the
SAF microcapsules, a cell encapsulation and viability study was
performed using the human epithelial cell line, A549. As shown in
Fig. 4A, all of the microcapsules were spherical in shape with
densely populated cell aggregates. Highly stable and good
permeable SAF microcapsules were obtained by adding a higher
amount of chitin nanofibrils. Upon changing the culture medium
during the experiments, no phase separation of chitin and PLGA
with alginate was observed in the SAF microcapsules. The size and
stability of the SAF microcapsules were not changed in both under
the preparation conditions and during storage in cell culture
medium with the serum supplements. Some out-diffusion of cells
from the microcapsules was observed in the SAF-0 and SAF-10
hydrogel microcapsules after 10 days of culture (ESI S37).
However, no empty microcapsules were observed microscopically.
For all other compositions, there was no out-diffusion of cells
from the SAF microcapsules and the cells were almost uniformly

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterization of the 3D-SAF/A549 hydrogel microcapsules. (A) Optical images of representative SAF hydrogel microcapsules (left
column) and their respective size distribution (right column). (B) Fluorescence images of AOPI dye stained SAF/A549 hydrogel microcapsules
with different compositions (SAF-0 to SAF-100) at different time points from day O to 7 (DO to D7). The green and red colors indicate live and dead
cells, respectively. Cells were uniformly distributed in all compositions of the SAF microcapsules. Scale bar = 200 pm.

distributed within the microcapsules. No empty microcapsules
were observed microscopically.

Size and morphology of the 3D SAF/A549 hydrogel
microcapsules

In a long term and large-scale culture, keeping the shape, size,
and morphology of the microcapsules intact in the culture
media play an important role. From our earlier systematic
investigations, the effect of processing parameters, including cell
concentration, solution concentration, applied voltage, and flow
rate were investigated for the production of optimal sized SAF
microcapsules.”” A substantial effect of the microcapsule compo-
sition containing both PLGA nanofibers and chitin nanofibrils on
cell growth media was observed up to day 7. Among all the
compositions, the SAF-100/A549 microcapsules showed a very
compact density, which became denser from the outside to the
inside of the microcapsules. Except for the SAF-0/A549 and SAF-
100/A549 microcapsules, all of the other compositions of micro-
capsules showed relatively little change in size, as seen in Fig. 4A.
However, with an increase in the number of culture days, a gradual
increase in the microcapsule size was observed for SAF-100/A549
compared to the control SAF-0/A549 microcapsules (ESI S47).

As a continued advancement of our earlier work on hydrogel
systems,*” the current SAF microencapsulated cells show better

© 2021 The Author(s). Published by the Royal Society of Chemistry

cell-matrix assisted cell growth. All compositions of the SAF/
A549 microcapsules were cultured for up to 7 days and stained
with AOPI dye, as shown in Fig. 4B, in which live and dead cells are
stained in green and red, respectively. The cell image data of the
microcapsules indicates that the encapsulated cells are not
adversely affected by the microencapsulation process. Compared
to the control, all of the SAF/A549 microcapsules are very spherical
in morphology, and the cells are densely packed. However, after
day 10 of culture, some of the cells had diffused out from the SAF-
0 and SAF-10 microcapsules (ESI S37).

Cell viability of the 3D SAF/A549 hydrogel microcapsules

All of the compositions of SAF/A549 microcapsules were
cultured for up to 7 days. Cell viability was evaluated using the
lactase dehydrogenase (LDH) assay, as shown in Fig. 5A. The
dead cells per representative microcapsule were also counted
using the AOPI dye staining method, as shown in Fig. 5B.
Encapsulated cells in all compositions of the microcapsules
were compared with the control and showed higher cell
viability. The data suggest that the microencapsulation
process does not adversely affect cell viability. No viability
difference in the chitin nanofibrils containing the micro-
capsule groups up to day 3 of culture was observed. A
substantial cell growth effect was noticed on day 7 in all

RSC Adv, 2021, 11, 4921-4934 | 4925
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Fig.5 Cell viability in the 3D-SAF hydrogel microcapsules. (A) Viability of the A549 cells cultured in various compositions of SAF/A549 hydrogel
microcapsules for 1, 3, 5, and 7 days (LDH release assay, data were normalized to the values of the SAF-0/A549 microcapsules as a control). (B)
Average number of dead cells per microcapsule measured on day 7. Data are representative of multiple experiments (n = 3) (ANOVA, *p < 0.05,
**p < 0.01, ***p < 0.001).

samples with chitin nanofibrils. SAF-50/A549 microcapsules staining data show that higher cell viability was observed in
show the highest rate of cell growth compared to control the SAF-50/A549 microcapsules, indicating that the optimal
(SAF-0/A549) microcapsules, as shown in Fig. 5A. However, chitin nanofibril composition in the SAF/A549 microcapsules
among all the tested compositions, both the LDH and AOPI  promotes cell proliferation, as shown in Fig. 5A. Compared to
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Fig. 6 Fluorescence imaging of the 3D SAF/A549 hydrogel microcapsules after long-term culture. Upper panel: fluorescent images of dye-
labeled 3D SAF/A549 hydrogel microcapsules (compositions; SAF-0 and SAF-50) on day 31. The green and red colors indicate live and dead cells,
respectively, and cells were uniformly distributed in the SAF microcapsules. Scale bar = 200 um. Lower panel: the bar graph represents the
counted number of live and dead cells in the representative microcapsule fluorescent images shown in the upper panel (n = 3).

4926 | RSC Adv, 2021, 11, 4921-4934 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09189h

Open Access Article. Published on 26 January 2021. Downloaded on 4/17/2026 2:26:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the control, all of the microcapsules showed significantly
elevated cell growth.

Long-term culture of the 3D SAF/A549 hydrogel microcapsules

Most 2D in vitro systems are limited to short-term cell culture
due to the lack of a 3D supporting environment in which to grow
and differentiate cells. Various 3D in vitro systems have been
utilized for long-term cell culture to establish prolonged cell
culture conditions that mimic iz vivo phenotypes such as autopha-
gic, differentiation and lipogenic character that require a contin-
uous source of ECM-like support. On day 3, apart from the 3D SAF-
50/A549 microcapsules, all the other microcapsule compositions
showed high cell viability, as shown in Fig. 5A. More dead cells (red
color staining) were observed from day 7 (Fig. 4B) and their number
continuously increased up to day 31. Compared to the control
microcapsules, cell death within the 3D SAF-50/A549 microcapsules
was less pronounced up to day 31, indicating the beneficial effect of
the chitin nanofibrils in the microcapsules, as shown in Fig. 6.

Nanoparticle preparation for toxicity testing with cell
microcapsules

To determine the NP toxicity, a great deal of effort has been
spent on the characterization of NPs. Primarily, the size,
morphology, and aggregation state of NPs in aqueous test
solutions has been considered. DLS and zeta potential
measurements were conducted to determine the size and
agglomeration of NPs, and their surface charge in aqueous
media, respectively. DLS data (Fig. 7A and B) indicate that the
hydrodynamic size of both types of NPs increased with their
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increasing concentration. The aggregate size was in the range of
30.01 + 4.08 to 441.7 + 22.79 nm for ZnO and 17.66 £ 1.58 to
743.9 £ 116.13 nm for Al,O; under the tested media conditions
at concentrations of 5 to 1000 pug mL ™", respectively. The data
also indicate that the aggregate size of Al,O; is much larger than
that of ZnO in the aqueous test media solution. The zeta
potential of the NPs with increasing concentration was initially
increased slightly for Al,O; and continuously decreased for
ZnO, as shown in Fig. 7C. However, both the size and negative
zeta potential of the aggregate particles are highly unstable.

Nano-toxicity testing of the 3D SAF/A549 hydrogel
microcapsules

SAF-50/A549 microcapsules were selected to assess their nano-
toxicity. After culturing the microcapsules for three days, the toxic-
ities of various concentrations of Al,0;, and ZnO NPs (0-250 pg
mL ") were assessed. All of the NP treated microcapsules were
analyzed using the Alamar Blue assay. A more pronounced sensi-
tivity of cell toxicity was found in the ZnO rather than Al,O; NPs
(Fig. 7D). Comparatively, the SAF/A549 hydrogel microcapsules
allow the cells to adapt an ECM mimicking microenvironment that
could be closer to the in vivo conditions. Both types of NPs induced
the dose dependent toxicity with the 3D SAF-50/A549 microcapsules.

Chemistry of 3D SAF-hydrogel microcapsules for nanoparticle
assessment applications

A major component of the 3D SAF-hydrogel is a natural poly-
anionic linear block copolymer, sodium alginate, which
contains (1-4)-linked B-p-mannuronic acid (M) and o-1-

B g
£ 40
8 =Zn0  =AI203 _
3
_g 20
=
o0
2 0
%
< 10 5
S0 100
Concentration of nanoparticles (ug/mL)
D 1004
=
2 S ?283
@ 504
>
©
(&
0
0 100 200 300

Concentration of nanoparticles (ug/mL)

Fig. 7 Physiochemical characterization and toxicity of the NPs. Aqueous aggregation behavior and surface charge of the NPs in cell culture
media solution; (A and B) hydrodynamic size of the aggregated NPs (DLS measurements), and (C) Surface charge of the NPs (zeta potential ({)
measurements). The concentration of the NP suspension was 5 to 1000 pg mL™t in complete cell-culture media. Nano-toxicity tests; (D) cell
viability (Alamar Blue) after 48 h of exposure to 0-250 ug mL~* of the NPs (Al,Os, and ZnO). The aggregate size was from 30.01 + 4.08 to 441.7 +
22.79 nm for ZnO and 17.66 + 1.58 to 743.9 + 116.13 nm for AlLOs in test media with concentrations of 5 to 1000 pg mL™%, respectively.
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guluronic acid (G) blocks.*® During the gelation process, cations
of calcium preferably bind to the G block of the polymer chain,
thereby providing rigidity to the polymer structure and leading
to the formation of a stronger gel. Alginate hydrogel can have
a wide range of pore size distribution (5 to 200 nm); however, it
does not provide cell adhesion motifs to improve cell support.*
In the presence of polycations such as chitin fibrils, alginates
can form polyelectrolyte complexes.*® By mimicking the exqui-
site architecture and functional properties of native tissues and
physiological compatibility, chitin fibril-based materials have
demonstrated excellent results.** Blending chitin fibrils with
PLGA can further improve the mechanical properties and
degradation time of the 3D hydrogel.*> The degradation prop-
erties can be tuned by adjusting the amount of PLGA along with
its molecular weight and the ratio of lactic acid to glycolic acid
to the polymer.** Considering all these prerequisite properties,
the 3D SAF-hydrogel microcapsules should have stable physi-
ochemical capacity with tunable mechanical properties, and
highly flexible cell adhesion motifs to house the cells for long
term nanoparticle toxicity assessment (Fig. 8).

Discussion

In pharmaceutical, cellular and molecular science fields, a wide
variety of 3D cell culture platforms have been developed as
valuable tools for drug discovery and toxicology studies.** There
is a pressing demand for versatile 3D cell culture platforms
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because the current 3D cell culture models are time-consuming,
display increased variability, have less cell adhesion motifs, etc.
Our long-term objective in this research is to develop 3D SAF-
hydrogel cell constructs as a simple, rapid, cost-effective, and
high-throughput 3D cell culture platform that could be later
developed as a surrogate of an in vivo system. The production of
a monodisperse SAF-hydrogel by incorporating biophysical
ECM mimicking cues, including a nanonet-nanofiber network
in a spherical hydrogel that mimics in vivo-like microenviron-
ments has been recently developed.”” This new nanonet-nano-
fiber network research has been recently published.*” Here, we
further successfully engineer the hydrogel with chitin fibrils as
possible physical cell adhesion motifs. Our technique has
potential for the high-throughput production of a 3D SAF-
hydrogel (~800 SAF-hydrogel microcapsules per second) with
uniform size and functionality.

Nanoparticle toxicity assessment is more laborious in
comparison to conventional drug screening, since nano-
particles display additional physicochemical properties, such as
surface area, shape, and functionality.** Nanoparticles can
aggregate, sediment, and display different diffusion dynamics
when they interact with a biological environment, particularly
with the biomolecules that are present in biological fluids.*”**
In this context, it will be challenging to identify toxic side effects
that are specific only to nanoparticles. Multiple toxicity tests
need to be conducted in parallel, to confirm the safety assess-
ment results of the nanoparticles. Conventional 2D monolayer
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Fig. 8 Schematic diagram showing the chemical structure of the entire 3D SAF-hydrogel microcapsule. In 3D SAF-hydrogel chemistry, sodium
alginate is the main material that has carboxyl groups (chelate formation) on the polymer chains, which can be cross-linked with divalent ions
(Ca®"). Without cations, the negatively charged carboxyl side groups repel each other, hindering the aggregation of the helices. Divalent cations
can bind together two carboxyl groups producing stronger gels with an egg cage structure.3®%2 Alginates can form polyelectrolyte complexes in
the presence of polycations such as chitin fibrils. Blending chitin fibrils with PLGA, a Food and Drug Administration (FDA) approved synthetic
polymer, is done to obtain favorable mechanical properties and degradation time. All these mutually exclusive properties can be used to our
advantage for preparing composite hydrogels with improved properties for nanoparticle toxicity assessment.
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cell culture models allow the uniform distribution of colloidal
nanoparticles in only one direction (on the top of monolayer
cells) that does not mimic the cell architecture like under in vivo
conditions. Dynamic and realistic models, like 3D microcapsule
can be used to predict more realistic interactions of nano-
particles with cells in multiple directions that thereby affect
intracellular toxicity kinetics. In this regard, the design of safe
and effective 3D SAF-hydrogel cellular constructs that mimic
various aspects of solid tissue cells (surface-exposed and deeply
buried cells, and proliferating and non-proliferating cells) can
facilitate safety assessment tests that could give predictive
information about nanoparticle activity. Additionally, precisely
cultured single 3D SAF-hydrogel cellular constructs in high
throughput with a specialized plate reader platform provide
rapid, precise, and reproducible results with the minimum use
of reagents and biological samples. 3D SAF-hydrogel micro-
capsules should have stable physiochemical capacity, tunable
mechanical properties, and flexible cell adhesion motifs for
nanoparticle assessment application.

Herein, we report a novel strategy to design 3D-SAF hydrogel
microcapsules using one-step A549 cell encapsulation. These
microcapsules can be developed as a potential 3D toxicity testing
device for general application as a short term goal, and as a phar-
maceutical drugs toxicity screening device as a long-term
goal."*#?%* This investigation is a further expanded approach of
our previously reported PNA hydrogel microcapsules.”

The first objective of this study was to construct a fibrous
hydrogel microcapsule with random layers of both synthetic
and natural nanofibers/nanofibrils for the purpose of devel-
oping a better microenvironment for cell growth and prolifer-
ation. The impact of PLGA nanofibers on SAF microcapsules
was previously optimized®” and suggested that 10% of fibers in
microcapsules improved the overall suitability for cell growth
compared to microcapsules without fibers. The poor mechan-
ical properties of the alginate hydrogel correlate with its poor
capability of maintaining a desired 3D shaped architecture for
long term applications. Incorporation of PLGA nanofibers in the
microsphere help to maintain the 3D framework of the alginate
hydrogel in the short term. However, PLGA alone has some
limitations, such as low cell affinity due to hydrophobicity and
lack of cell recognition sites. The combination of both synthetic
and natural fibers can be used to design microcapsules with
enhanced biodegradability, cell attachment and hydrophilicity.
Chitin is one of the widely used natural polymers as it has
natural ability to promote cell adhesion without additional
functionalization. The right blending of two types of nanofibers
originated from both natural and synthetic polymers has been
demonstrated to promote the higher water uptake and balanced
mechanical behavior, degradability, and biological perfor-
mance of the 3D cell culture system. Here, we further optimized
the SAF-10 microcapsule performance of our earlier findings with
an increasing amount of chitin nanofibrils in the microcapsules.
These results provide baseline information to improve the design
and configuration of the material for optimal in vitro cell growth
and development. Based on previously published results, the 3D-
SAF microcapsules were expected to have a superior 3D architec-
ture compared to the control alginate hydrogel microcapsules due

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the ECM mimicking features of the nanofibers/nanofibrils along
with their other properties such as softness, super-absorbency,
biodegradability, and biocompatibility.

Long-term mechanical stability is considered to be a major
concern in the design of microcapsules for cell immobilization,
where the stability of microcapsules needs to prolong in vivo
functions. The incorporation of both mechanical and biological
signals into a single 3D-SAF microcapsule construct serves as an
ECM architecture for cell replication through cellular and
anatomical pathways. All of the tested physical and mechanical
results support our hypothesis that the PLGA nanofibers/chitin
nanofibril-containing microcapsules closely replicate natural
ECM features.

The second objective of this study was to encapsulate A549
cells by adapting the previously published encapsulation
conditions and the production of smooth microcapsules with
an average diameter of around or below 500 pm.” The
production of highly controlled monodisperse 3D SAF/A549
microcapsules is needed to meet the requirement of different
cells storage environment. Uniform cell-encapsulates offer
more reliable outcomes since the encapsulated cells respond
differently in terms of diffusion, and the transport of oxygen
and nutrients varies according to the microcapsule size. Our
mechanical test data indicates an increase in the stiffness of the
material as the amount of chitin increases. SAF-100 shows the
highest Young's modulus (YM), which is an indication of it high
rigidity within microsphere environment with less porosity.
There is always a need to balance porosity and mechanical
strength to achieve maximum cell proliferation. Nevertheless,
the YM of SAF-20 to SAF-50 are comparable, and their cell
viability data indicate that more cells die in all compositions,
except for in SAF-50. Our assumptions are that the amount of
chitin in SAF-50 is optimal in promoting the porosity and
diffusion of the sample and helps to transport sufficient nutrients
to the cells. The amount of chitin in SF-50 is adequate for the
absorption and transport of cell reagents throughout the micro-
sphere, while the other compositions (SAF-0 to SAF-30) were
inadequate. However, again SAF-100 has the highest chitin
composition, but because of its densely packed environment due
to strong ionic crosslinking between the alginate and chitin, cells
were unable to proliferate fully compared to in SAF-50.

The viability of A549 cells 24 h post-encapsulation was more
than 97% compared to the control. This indicates that the 3D
SAF/A549 microcapsules have improved overall suitability for
cell proliferation, toxicity, and metabolic activity compared to
the control microcapsules.

The third objective of this study was to use 3D SAF/A549
microcapsules as a toxicity testing platform to study NP
toxicity. The toxicity of NPs strongly depends on their size and
shape, and other factors such as chemical composition and
physicochemical stability of NPs in the testing media.*® First, we
determined the effect of the exposure solution in complete cell
culture media (DMEM with 10% FBS) on the stability of the NPs
(Al,03, and ZnO). The mean hydrodynamic diameter and zeta
potential of the NPs in the exposure solution were measured.
The original diameter of the Al,O; and ZnO particles was
approximately 30 nm, however, when the NPs were suspended
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in the exposure solution at various concentrations, the particle
size increased rapidly and reached 1700-1900 nm. The
agglomerate sizes of the NPs were beyond their original nano-
scale size in the exposure solution, but they were still different
from their bulk counterparts.® No significant changes in zeta
potential were observed at different concentrations of NPs. The
zeta potential of the NPs was approximately 20 mV in solution. It
has been reported that when the zeta potential is between 30 and
20 mV, the NP suspension is unlikely to be stable and is prone to
aggregation. Next, 3D SAF-50/A549 microcapsules were treated
with increasing concentrations of NPs. More pronounced sensi-
tivity of cell toxicity was observed for ZnO compared to the Al,O;
NPs at different concentrations (1-100 ug mL~"). The cytotoxicity
of the NPs was much lower compared to a published mono-
cultured cell type than that observed in the 3D spheroids.>*
Thus, as suggested, 2D systems may overestimate chemical
toxicity, ascribable to the absence of 3D organization, and confer
some mechanical resistance to cytoskeletal disruption.

Taking all the data together, the 3D SAF-50/A549 microcap-
sules exhibit many ECM-like features that are closer to complex
in vivo conditions. Our findings suggest that the PLGA
nanofiber/chitin  nanofibril incorporated microcapsules
improve the overall suitability for cell proliferation, toxicity, and
metabolic activity compared to microcapsules without PLGA
nanofibers as a control.>” Significant attenuation of NP-induced
toxicity was detected in 3D microcapsules compared to that
obtained in the respective monocultures. Importantly, one of
the great advantages of using 3D SAF-50/A549 microcapsule
models is the possibility of repeat-dosing, as we confirmed their
viability and functionality over a long period (i.e., 30 days),
compared to 2D TCP monolayer cultures.

Our ongoing work is particularly focused on the further
development of 3D SAF-hydrogel microcapsules for high-
throughput screening platforms. The culture of a single 3D
SAF-hydrogel in a micro-well significantly reduces the cell
culture reagents required due to the minute volume needed to
grow the cells, which significantly reduces the dose and volume
of testing materials, especially NPs. A major bottleneck in NP
screening applications is the screening of the response of 3D
hydrogel cell constructs with NPs in a high-throughput manner
followed by the quick analysis of a large amount of screening
data. However, the 3D SAF-hydrogel cell construct can be readily
analyzed through imaging and biochemical assay techniques.
Analysis of the supernatants of culture media with a specialized
plate reader and direct imaging (e.g., using light, fluorescence, and
confocal microscopy) of the 3D SAF-hydrogel microcapsules in
awell or Transwell microplate without further processing of the 3D
cells provide excellent opportunity for high-throughput screening
(HTS) of toxicants and drugs via rapid and precise analysis.

Our ongoing work on this system is focused on the further
development of high throughput application devices not only
for toxicity screening but also for clinical assays and disease
diagnosis using a specialized plate reader and automatic
dispenser tool. The precise dispensing of single 3D SAF-
hydrogel microcapsules per well in a microplate using an
automatic robotic tool is quite challenging, and there is still
room for the optimization of this process. However, with our
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manual repeater dispensing system using wide bore filtered
pipette tips, we can transfer single SAF-hydrogel microcapsules
into the wells of a microplate. Pipette tip selection is also
another critical factor to prevent further damage of microcap-
sules during the transfer process. Special pipette tips with
a super slippery surface can help to reduce the shear force
imposed and improve the retention of the sample.

Conclusions

In summary, we designed and characterized different compo-
sitions of 3D SAF microcapsules via electrostatic encapsulation
of cryofractured PLGA nanofibers, chitin fibrils and alginate
hydrogel. Our findings suggest that the 3D SAF-50 microcap-
sules show improved overall suitability for cell proliferation,
toxicity, and metabolic activity compared to 3D SAF-0 micro-
capsules as a control. 3D SAF-50 microcapsules overcome the
limitation of alginate hydrogels as its properties can be
controlled compared with other hydrogel compositions.
Fibrous hydrogels of 3D SAF-50 with an interpenetrating
network structure formed from alginate and nanofibrils/
nanofibers show controllable mechanical properties, and
provide cell adhesion support, thus facilitating cell growth.
Therefore, the present method of 3D SAF-50 hydrogel microcap-
sule preparation provides a simple and straightforward approach
to enhance the mechanical strength of the microcapsules
compared to our previously reported approaches.” The newly
designed 3D SAF-50 hydrogel microcapsules emerge as a prom-
ising 3D in vitro model with ECM mimicking features and can be
utilized to build high throughput toxicity screening platforms to
study NP toxicity. This study also paves the way to develop patient-
derived organoids, which can serve as a bridge toward in vivo
animal models to replace human pre-clinical trials.

Materials and methods
Materials

Commercial NPs of ZnO and Al,O; were obtained from Nano-
structured & Amorphous Materials, Inc., Katy, TX, USA. The
mean diameter of the Al,O; particles (CAS# 1344-28-1) was 30 +
10 nm, and the crystalline phase of the Al,O; particle was
gamma. The mean diameter of the ZnO particles (Stock #
5811HT) and their specific surface areas were 30 nm and 15 m>
g~ ', respectively. Poly(lactic-co-glycolic acid) (PLGA, 75 : 25;
Durect Corporation (Birmingham, AL, USA)), chitin (Millipore
Sigma, St. Louis, MO, USA), and alginate (Novamatrix, Indus-
triveien 33 N-1337 Sandvika Norway), Dulbecco’'s Modified
Eagle's Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, Waltham, MA, USA), 1% pen strip
(100x) (Life Technology, Gaithersburg, MD, USA) and 0.12%
insulin (Life Technology, Gaithersburg, MD, USA) were the
major materials used in this project.

Production of cryoground PLGA nanofibers

PLGA (75:25, inherent viscosity 0.55-0.75 dL g '), was
purchased from Durect Corporation (Birmingham, AL, USA).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The electrospun nanofiber mesh of PLGA was prepared as
described in previous publications using PLGA solutions in
a mixture of chloroform and DMF (80 : 20) and a custom built
electrospinning instrument.”®*® Cryoground PLGA nanofibers
were obtained using a cryogrinding process as described
previously.?”>¢°

Chitin nanofibril fabrication

Chitin (from shrimp shells, BioReagent) was purchased from
Sigma Aldrich (Millipore Sigma, St. Louis, MO, USA). Chitin
nanofibrils were fabricated using a nano-fibrillation process.**
In brief, 4% (w/v) chitin powder was mixed in deionized (DI)
water. The mixed solution was subjected to probe ultrasonic
treatments under N, gas bubbling at ice-cold temperatures for
3 h. The resulting chitin nanofibril suspension was sterilized
under UV light before mixing it with alginate solution.

Production of SAF hydrogel microcapsules

The fabrication of SAF microcapsules was achieved via the
integration of electrospinning and electrospraying techniques
as described in our previous publications.”” Briefly, 2% (w/v)
ultra-pure alginate (PRONOVA UP MVG, Novamatrix, Industri-
veien 33 N-1337 Sandvika Norway) was dissolved in 1x HBSS
buffer (Life Technology, Gaithersburg, MD, USA). Cryoground
PLGA nanofibers and chitin nanofibrils were mixed in different
weight percentages of the dry weight of alginate. See details of
the SAF microcapsule composition in ESI Table T17} (i.e., SAF-
0 to SAF-100). For better dispersion, the PLGA nanofibers and
chitin nanofibrils were dispersed in DI water under sonication
and then mixed with alginate solution. The mixed solution was
drawn into a syringe fitted with a 24-gauge needle and then
loaded onto a syringe pump for electrospraying using the pre-
defined setup conditions as reported in a previous publica-
tion.*” The microcapsules without cryoground PLGA nanofibers
and chitin nanofibrils were used as control microcapsules
(denoted as SAF-0).

Morphology and stability of the SAF hydrogel microcapsules

The morphology of the fabricated SAF microcapsules was
studied using an optical microscope (EVOS® XL Core Imaging
System) under cell culture conditions. The size distributions of
the microcapsules were measured from optical images using
Image] software. The stability of the SAF microcapsules was
studied by incubating them in 24 well plates with complete
DMEM culture media for 15 days.

Mechanical properties of the SAF hydrogel microcapsules

The mechanical properties of the as-prepared microcapsules
were measured using a two parallel plate compressive system
(MicroTester—Cell Scale Biomaterials Testing, Waterloo, Can-
ada). Microcapsules (n = 3 for each composition) were placed
on a fixed flat stage, maintained at 37 °C in DI water, and
a constant force was applied through a circular tungsten
microbeam with a length and diameter of 58 and 0.5588 mm,
respectively. Spheres were compressed to a maximum of 30% of
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their original diameter for 20 seconds and force-displacement
curves were recorded according to the software provided by the
company (MicroTester G2).

A549 cell culture

A549 cells (human epithelial cell line derived from a lung
carcinoma tissue, ATCC® CCL-185™), were maintained in
standard DMEM supplemented with 10% FBS (Invitrogen,
Waltham, MA, USA), 1% pen strip (100x) (Life Technology,
Gaithersburg, MD, USA) and 0.12% insulin (Life Technology,
Gaithersburg, MD, USA). The cells were grown in 75 cm? tissue
culture flasks at 37 °C in a 5% CO, humidified environment. At
80% confluence, cells were trypsinized with 0.25% trypsin/
EDTA (Invitrogen, Waltham, MA, USA), pelleted by centrifuga-
tion, and finally resuspended with fresh medium to the desired
cell density.

Cell encapsulation in the SAF hydrogel microcapsules (3D
SAF/A549)

The encapsulation method was adapted from a previous
publication.”” Briefly, A549 cells at a density of 1.5 x 107 cells
per mL were suspended in alginate solution (with or without
SAF) in a 1 : 1 ratio, and electrosprayed under the same condi-
tions as described in the SAF microcapsules section. 3D SAF/
A549 was cultured under the same conditions as described for
the A549 cells. The culture media was changed and replenished
with fresh warm (37 °C) complete DMEM medium at each time
point per experimental setting. The changed media were
collected and stored at —20 °C for further analysis. The
morphology and size distribution were also analyzed as
described in the method in the previous section.

Alamar Blue assay

The cell viability was monitored using the Alamar Blue assay
according to the manufacturer's standard protocol as described
in an earlier publication.”” Briefly, at a specific time point, the
cell culture medium was collected from each of the 3D SAF/A549
incubated samples and stored for toxicity study. Then, the 3D
SAF/A549 was washed twice with PBS and incubated for 4 h with
10% (v/v) AB reagent in the respective culture medium. Assay
solutions were transferred to fresh well plates to measure their
fluorescence excitation at 530 nm and emission at 590 nm. Cell
viability was calculated using the following equation:

Cell viability = (fluorescence of the samples — the fluorescence of
the blank)/(the fluorescence of the control — the fluorescence of
the blank) x 100%

Fluorescence imaging and analysis

Fluorescence imaging of 3D SAF/A549 was performed by stain-
ing with AOPI dye (Nexcelom Bioscience, Lawrence, MA) as
previously reported.*” Briefly, at different time points, cultured
media was aspirated from the wells, and the microcapsules were
washed with DPBS twice to remove FBS. They were then stained
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with 15 pL of dye and incubated at 37 °C for 10 min. Z-stack
fluorescence images were photographed under an Olympus
IX83 microscope using Olympus cell Sens Dimension software
(Olympus Corporation, Shinjuku, Tokyo, Japan).

LDH assay

LDH was quantified in the collected media at different time
periods using a Pierce LDH cytotoxicity assay kit (Thermo
Scientific, Catalog # 88953, Waltham, MA, USA) as previously
reported.”” Briefly, 50 pL of each collected sample medium was
transferred to a 96-well flat-bottom plate in triplicate wells along
with the LDH positive control (as mentioned in the kit) and
blank media as a negative control. Then, 50 pL of the reaction
mixture was added to each well, and the plate was incubated at
room temperature for 30 minutes in the dark. The reaction was
stopped by adding 50 pL of Stop Solution to each of the sample
wells and mixing via gentle tapping. The absorbance of the
assay solution was measured on a microplate reader (BioTek
Inc., Winooski, VT, USA) at wavelengths of 490 and 680 nm to
calculate the cytotoxicity.

De-gelation of the 3D SAF/A549 microcapsules for live and
dead cell counts

The 3D SAF/A549 microcapsules were subjected to a de-gelation
process to count the live and dead cells. In brief, microcapsules
of 3D SAF/A549 were collected and transferred to vials. 1-1.5 mL
of 100 mM sodium citrate solution was added to each vial,
which were then gently shaken for 90 seconds. Cells were then
pelleted by centrifugation at 4000 rpm for 3 minutes. The
supernatant was discarded, and cells were resuspended with
fresh medium and counted using a Countess™ II Automated
Cell Counter (Thermo Fisher Scientific).

Nanoparticle solution preparation and toxicity testing

ZnO and Al,O; particles were suspended in DI water (5 to 1000
ug mL ") under sonication in a water bath for 30 min (repre-
sentative TEM images are provided in S5 in the ESI S51). DMEM
containing 10% FBS was then added to the NP solution and
mixed vigorously via vortexing to create the exposure solution.
The hydrodynamic size and zeta potential of the NPs were
monitored using a Zetasizer Nano ZS (Malvern, Worcestershire,
UK) at concentrations of 5 to 1000 ug mL™'. The analysis was
repeated three times, and the average of all of the values was
calculated. For the toxicity testing, the prepared NP solution was
transferred into the 24 well plates containing 3D SAF/A549 (the
number of SAF hydrogel microcapsules per well was kept
constant; at approximately 100); and then NP exposed 3D SAF/
A549 was cultured under the same conditions as described for
the A549 cells. The culture media was changed and replenished
with fresh warm (37 °C) complete DMEM media at each of the
time points per experimental setting. The changed media was
collected and stored at —20 °C for further LDH analysis in 96
well plates, and the morphology and size distribution of 3D SAF/
A549 were also analyzed as described in previously published
methods.
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Statistical analysis

All results were expressed as mean =+ S.D. Data were analyzed for
significance with OriginPro software (Origin Lab, Northampton,
MA, USA) using one-way analysis of variance (ANOVA). A post
hoc Tukey's test was performed with ANOVA for multiple
comparisons. The a-value was set to 0.05 and p-values of less
than 0.05 were considered statistically significant.
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