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ABSTRACT: In this study, highly porous, ultrasoft polymeric mats mimicking human tissues were formed from novel polyurethane
soft dendritic colloids (PU SDCs). PU SDCs have a unique fibrillar morphology controlled by antisolvent precipitation. When
filtered from suspension, PU SDCs form mechanically robust nonwoven mats. The stiffness of the SDC mats can be tuned for
physiological relevance. The unique physiochemical characteristics of the PU SDC particles dictate the mechanical properties
resulting in tunable elastic moduli ranging from 200 to 800 kPa. The human lung A549 cells cultured on both stiff and soft PU SDC
membranes were found to be viable, capable of supporting the air—liquid interface (ALI) cell culture, and maintained barrier
integrity. Furthermore, AS49 cellular viability and uptake efficiency of aerosolized tannic acid-coated gold nanoparticles (Ta—Au)
was found to depend on elastic modulus and culture conditions. Ta—Au nanoparticle uptake was twofold and fourfold greater on soft
PU SDCs, when cultured at submerged and ALI conditions, respectively. The significant increase in endocytosed Ta—Au resulted in
a 20% decrease in viability, and a 4-fold increase in IL-8 cytokine secretion when cultured on soft PU SDCs at ALL. Common tissue
culture materials exhibit super-physiological elastic moduli, a factor found to be critical in analyzing nanomaterial cellular interactions
and biological responses.

KEYWORDS: substrate stiffness, endocytosis, engineered materials, cell culture, nanoparticles

1. INTRODUCTION cell culture environment.’~"* These systems integrate aspects of
Tissue cultured polystyrene (TCPS) and polyester membrane tissue rele;rzaF; microstructure,*~'* morphology,"”~*" and
Transwell inserts (TW) are ubiquitiously utilized as cell culture mechanics. Previous research efforts have utilized silicone
substrates due to ease of use and availability. These substrates, scaffolds with moduli as low as 1—3 MPa, but no one reported
however, are more than a million-times stiffer that human the use of fibrous cell scaffolds with physiological elastic moduli
tissues, and lack physiologically relevant tissue level micro- below 1 MPa.”® Physiological scaffolds for cell growth mimic the
structures and morphologies.l In vitro models representing the extracellular matrix (ECM) characteristics of human tissues:
respiratory tract aim to provide a cost-effective, rapid, and simple soft, three-dimensional and composed of highly fibrous

platform to evaluate the toxicity of nanomaterials (NM). Due to
the rapid commercial adoption and inadvertent production of
NM byproducts, the ?otential for human exposure poses a
serious health concern.”* TCPS and TW are commonly used as
cell culture substrates for in vitro NM toxicity assessment. The
extrapolation of in vitro results to animal or human exposure
standards often lacks correlation, reducing their relevancy.
Advanced in vitro systems aim to close the gap between the
shortcomings of common in vitro platforms and complex in vivo
models by incorporating tissue level complexities in a controlled

components. Together, these parameters comprise a porous
biocomposite material that is ideal for cell growth.””*' The
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Figure 1. Schematic of soft dendritic colloid nonwoven preparation and administration of aerosolized NM on seeded nonwovens. (a) Process of PU
SDC fabrication and nonwoven preparation includes multiple steps resulting in a mechanically robust mat for cell culture. (b) Left, scanning electron
microscope images illustrating membrane morphology; middle—schematic representation of aerosol exposure of cells cultured on Soft or Stiff PU
SDC membranes; right top—displays a confocal image of A5S49 human lung epithelial cells (green—phalloidin 488; blue—DAPI) grown on Soft PU
SDC scaffolds to confluence at air—liquid interface (ALI) forming a tight air—liquid barrier; right bottom—displays a schematic of cellular integration
within and on-top of the PU SDC resulting in a confluent, epithelial barrier capable of maintaining ALI culture conditions.

biomechanical properties of the ECM play a role in regulating
cell behavior.””** The dimensionality of the cell scaffold as well
as the degree of pore isotropy is known to affect human cell
proliferation, differentiation, and toxicity. Porous 3D scaftolds
yield a more physiologically relevant topography and aniso-
tropy.”* >’ The stiffness of the scaffolds has been shown to
influence cell mechanotransduction pathways including human
mesenchymal and endothelial cell models on 2D sub-
strates.>®*™*® For this reason, the development of biomimetic
scaffolds with tunable mechanics from the same base material
could serve as a superior platform for evaluating cellular
responses, such as NM toxicity.

Herein, we investigate a new class of nonwoven cell scaffold
materials named soft dendritic colloids (SDCs). The SDCs are
made from micro- and nanofibrillar polyurethane (PU), via a
process which enables control over their constitutive fiber size
by modulating nonsolvent viscosity."” Such SDCs can be formed
into cell culture membranes emulating the mechanical and
morphological characteristics of human lung tissue. The SDC
cell scaffolds were utilized in this study to develop a novel
biomimetic in vitro lung inhalation model for nanomaterial
toxicological testing. Cellular endocytosis and cytotoxicity of
AS549 human lung epithelial cells grown on 3D Stiff or Soft PU
SDC membranes were compared to non-physiologically stiff 2D
Transwell inserts. The cell cultures were exposed to Ta—Au
nanoparticles (NPs) under submerged or air—liquid interface
(ALI) conditions (Figure 1) as a baseline characterization of
cellular responses to a common bioinert material. We aimed to
gain a deeper understanding of the impact of culture condition
and substrate physiochemical characteristics for in vitro model
NM toxicological assessment or other biological applications.

2. MATERIALS AND METHODS

2.1. Fabrication of Polyurethane SDCs. A 3% (w/w) solution of
polyurethane (PU, Huntsman Irogran PS455-203) was prepared in
chloroform (Sigma-Aldrich) at 90 °C while stirred. Following
dissolution, the PU solution was brought to room temperature and
injected into the shear zone of a modified colloidal mill (IKA Magic
Lab) at 20,000 rpm circulating turbulently sheared nonsolvent medium
composed of ethanol (EtOH, Koptec) and glycerol (Gly, Alfa Aesar) to
produce SDCs. The resulting polyurethane SDCs in suspension were
then centrifuged for 2 min at 3.0 rcf and washed by redispersion in pure
ethanol (8X dilution of SDC pellet volume). This process was repeated
SX to remove remaining glycerol and chloroform from the suspension.

2.2. Preparation of Polyurethane SDC Nonwovens. Non-
woven SDC membranes were prepared by filtering a 1.0% (w/w) PU
SDC suspension in ethanol using a vacuum filtration apparatus
(Millipore, HVLP 0.45 pum filter). Following filtration and drying, the
membranes were peeled from the filter. The volume of PU SDC
suspension deposited was adjusted such that the resulting membranes
had thicknesses of ~400 ym.

2.3. Mechanical and Optical Characterization of PU SDCs
and Membranes. Polyurethane dendricolloids and SDC membranes
were visualized using both optical microscopy (Olympus BX-61) and
field emission scanning electron microscopy (FEI Verios 460L SEM).
The membrane thickness was determined using a handheld micrometer
(Marathon). Mechanical characterization of the membranes was
performed using a universal testing machine (Instron 5943).

2.4. Cell Seeding and Maintenance. Human lung adenocarci-
noma alveolar type-II like cell line, AS49, was purchased from ATCC
(ATCC CCL-185). Cells were expanded in Rosewell Park Memorial
Institute (RPMI) 1640 growth medium (Hyclone, GE Health, USA)
supplemented with 10% heat inactivated fetal bovine serum (HI-FBS,
Gibco Inc,, InVitrogen Inc., USA) and 1% penicillin/streptomycin (p/
S, Millipore-Sigma Corp., USA). Cells were maintained under a
humidified atmosphere of 5% CO, at 37 °C. 0.4 um porous, polyester
membrane Transwell (TW) devices of 12-well size, or engineered soft
or stiff porous PU SDC substrates fitted into cell grown holders (Sigma-
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Aldrich) were utilized as cell culture substrates. Prior to cell culture, all
substrates were soaked in ethanol containing an anti-fungal reagent
(Fungin, Invivogen) for 24 h at room temperature. Subsequently, the
scaffolds were washed thoroughly with phosphate buffered saline (PBS,
Gibco) and coated with 100 pug/mL Collagen Type I (Advanced
Biomatrix, Inc.) solution in PBS for 24 h at 4 °C. Prior to cell
inoculation, the membranes were washed with a warmed complete
medium to remove residual ECM coating solution. At a concentration
of 3.5 X 10° cells/mL, each scaffold type (TW, Soft SDC, Stiff SDC)
was inoculated under submerged conditions for five days with medium
changes every 2 days. ALI culture conditions were achieved following
expansion of the cells on the substrates (submerged culture), by
removing the apical, epithelial compartment cell culture medium. ALI
maintenance medium was added to basolateral compartment of the
multiwell culture plate at a volume of 1 mL. Cells were cultured at ALI
for additional five days, a total of 10 days from initial inoculation (S days
at submerged culture conditions). Submerged experimental samples
were maintained under submerged conditions (100 uL apical surface
and 1200 uL of cell culture medium in the basolateral compartment) for
the full 10 days, maintaining a similar timeline to the ALI experimental
conditions.

Images of A549 cells cultured on soft or stiff PU SDCs were collected
to evaluate cell adhesion and morphology qualitatively. PU SDCs
collected onto microscope coverslips were coated with collagen type I
solution as previously stated, and subsequently inoculated with A549
cells. For imaging purposes, the cells were fixed in 4% paraformaldehyde
(PFA, Electron Microscopy Inc.) diluted in isotonic phosphate buffer
for 10 min at room temperature. The fixed cells were then washed twice
with PBS, and immediately permeabilized using 0.1% triton-X solution
(Fisher Scientific) in PBS containing 2% bovine serum albumin (BSA,
ThermoFisher) at room temperature for 45 min. After permeabilizing,
the cells were washed with PBS containing 2% BSA. Cells were then
stained for f-actin (cytoskeleton) using an Alexfluor—488 conjugated
phallodin dye (Actin Green, ThermoFisher) and the nuclei, DAPI
(4,6-diamidino-2-phenylindole, ThermoFisher). The stained cover-
slips were mounted to microscope slides and imaged using confocal
microscopy (Nikon, Ti2 scanning confocal microscope, Nikon Inc.).

2.5. Paracellular Cascade Blue Transport. Paracellular transport
of cascade blue (MW = 3 kDa, Catalog no. D7132, Invitrogen, USA)
was used to assess barrier integrity. While TEER is often utilized to
ensure that the integrity of the monolayer was maintained during the
course of the experiment, this technique is inherently challenging to
conduct between different scaffold materials as the baseline resistance is
very different due to material properties, scaffold porosity, and
morphology. Before each experiment, the culture medium was removed
from the basolateral compartment and the monolayer was washed twice
with warm HBSS (37 °C), for samples cultivated at ALI the surface was
washed. To measure the permeability in the apical-to-basolateral
direction, 1.5 mL of pre-warmed RPMI1640 culture medium was
placed in the basolateral compartment. Cascade blue at 50 ug/mL in
HBSS was then added to the apical chamber. To measure the transport,
a sample was collected after 24 h of incubation from both the apical and
basolateral compartments. A standard curve of cascade blue in HBSS
and RPMI-1640 culture medium was utilized to convert a fluorescent
plate reader (400 ex., 425 em.; Cytation S, BioTek, USA) relative
fluorescent units (RFU) to pg/mL. Cascade blue concentrations in the
basolateral compartment were calculated and plotted as a function of
time. Permeability coefficients, Papp, were calculated using the
equation: P, = ((dC/dt)V)/(AC,), where dC/dt is the slope of a
linear fit to concentration vs time plot, V'is the volume of HBSS in the
receiver chamber, A is the surface area of the membrane (0.33 cm?), and
C, is the concentration of fluorescein added to the donor (apical)
compartment (50 yg/mL).

2.6. VitroCell Cloud Aerosol Exposure. Ta—Au particles were
purchased from Nanocompsix Inc. at a concentration of 1 mg/mL.
Submerged exposures were carried out by adding Ta—Au to complete
cell culture medium and subsequently vortexing the solution at high
speed for 1 min. Following mixing, an aliquot was collected and
measured using dynamic light scattering (DLS, Malvern Zetasizer) to
ensure nanomaterial size and uniformity. Submerged exposures of Ta—

Au NP were conducted by first creating a suspension in RPMI complete
medium at a concentration of § yzg/mL (0.5 mL volume). Ta—Au laden
medium was added to the apical compartment of the TW or SDC cell
culture substrates for 24 h.

The deposition of aerosolized Ta—Au NP was conducted using a
VitroCell Cloud (VitroCell, Hamburg, Germany) system. First, the
VitroCell Cloud unit was wiped down with 70% ethanol (Gibco, USA)
and allowed to dry inside a laminar flow biosafety cabinet. The metal
base was warmed to 37 °C. The wells were filled with warmed cell
culture medium and fitted with the respective TW or soft or stiff SDC
scaffolds seeded with Ay, cells and matured at ALL In a control well, a
bare TW coated with polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning, USA) was submerged in 200 uL of Di H,O. Aerosolized NPs
collected in the water provided a quality control for each exposure trial
and a baseline of comparison for analysis of deposition efficiency using
inductively coupled plasma—mass spectrometry (ICP—MS). Prior to
experimental exposure, an analysis and optimization of Ta—Au NP
aerosol exposure was conducted to determine final dosing concen-
trations (Supporting Information Figure S1, Vitrocell Cloud Ta—Au
NP dosimetry analysis). 691 L of Ta—Au NP solution (1 mg/mL in Di
H,0) was added to 9 yL of 1:80 phosphate buffered saline (PBS), and
subsequently added to the loading port of the nebulizer. Aerosolization
occurred for 30—4S s, creating a dense NP cloud within the VitroCell
Cloud cell culture housing. Control samples were isolated and exposed
to a cloud of similar PBS concentration as represented in the Ta—Au
NP exposure. A settling period of S min was found to be sufficient to
achieve maximal particle deposition. After deposition, TW or SDC cell
culture samples were moved back to cell culture plates and incubated
for 24 h.

2.7. Cell Viability Assessment. S0 uL of supernatant from the
apical (100 uL of stock cell culture medium was added to apical surfaces
of ALI samples and allowed to incubate for 30 min before removing 50
uL for LDH analysis) and basolateral (42 uL of conditioned ALI
basolateral medium was isolated and diluted with stock cell culture
medium to a final volume of 50 yL to account for the 1.2-fold dilution
factor) compartment of each sample was isolated and plated in triplate
in a 96 well plate. SO uL of LDH assay buffer (Membrane Integrity
Assay, Promega, USA) was mixed with each sample and incubated at 37
°C for 2 h. A lysis cell suspension positive control was utilized to
confirm assay functionality. LDH assays were evaluated using a
fluorescent plate reader (Cytation S, Biotek, USA) set to an excitation/
emission wavelength of 569/590 nm, respectively. While LDH analysis
is a well-established method to evaluate cellular necrosis, it is an indirect
measure of individual cell death. Therefore, after 24 h of incubation,
cells were trypsinized from the scaffolds, centrifuged, and resuspended
in 1 mL of warm PBS for individualized flow cytometry-based viability
assessment. A 100 uL aliquot was taken from the cell suspension and
mixed in 1:1 ratio with cell exclusion viability assay buffer (Guava
Viacount, Millipore, USA) and incubated for S min. The stained cells
were then processed using a Guava Easycyte 12-HT (Millipore, USA)
microfluidic flow cytometer acquiring 5000 reads in technical duplicate
per sample (Supporting Information Figure S2, a cell count per scaffold
material). Lysed cells were utilized as a negative control for gating
purposes. The total cell count and total percent viable cell fraction were
determined. The total cell count was also used to normalize LDH, IL-8
cytokine secretion, and ICP—MS results.

2.8. ICP—MS Nanoparticle Uptake Analysis. A549 cells were
released from their respective membranes, washed, centrifuged into a
pellet, and digested in 1 mL of 50% nitric acid (analytical grade >99.9%
purity, Sigma-Aldrich, USA) at 97 °C for 16 h. The digested cellular and
uptaken nanoparticle acid solution was vortexed at 10,000 rpm for 2
min (VBR, USA), and then diluted into 10 mL of double distilled water.
2% internal standard (PerkinElmer, USA) was added to each of the
samples, and the standard curve was developed using serial dilution of
Ta—Au in 50% nitric acid diluted 10-fold in ddiH,O. Standards were
calculated after every five samples for quality control. All samples were
run using an autofed- ICP—MS unit (ICP—MS 300D, PerkinElmer,
Waltham, MA). Values were converted using the standard curve and
internal standards and reported as gold ug/mL per 10° cells.
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Figure 2. Glycerol acting as a non-solvent provides polymer processing control over the morphology of the Soft and Stiff PU SDC mats. Optical and
scanning electron micrographs of PU SDCs prepared with (a) 100% EtOH and (b) 80/20 EtOH/Glycerol (v/v) nonsolvents. The addition of just 20
vol % glycerol to the nonsolvent medium reduces the resulting fiber size in the produced SDC.

Figure 3. Morphological characterization of Stiff and Soft PU SDC nonwovens. Analysis of PU SDC membranes by scanning electron microscopy
(left) and X-ray nanotomography (right) of samples prepared using nonsolvents composed of (a) 100% EtOH (Stiff PU SDCs) and (b) 80/20 (v/v/)
EtOH/Gly (Soft PU SDCs). Highlighted portions within the membranes indicate how porosity data was calculated from 3D reconstructions.

2.9. Interlukin-8 (IL-8) Cytokine Secretion. Effluent from the
basolateral compartment of TW or Soft or Stiff PU SDC tissue models
was collected post-24 h of exposure and snap frozen for future use. IL-8
pro-inflammatory cytokine secretion was measured using an enzyme
linked immune-sorbent assay (Human IL-8 ELISA MAX, Biolegend
Inc., USA) following manufacturers protocols. Briefly, 100 uL of a cell
culture effluent (83 uL of conditioned ALI basolateral medium was
isolated and diluted with stock cell culture medium to a final volume of
100 L to account for the 1.2-fold dilution factor) was added to capture
antibody coated wells of a 96-well plate in triplicate format. Between
each step, four detergent washes [0.1% Triton-X 100 in phosphate
buffered saline (PBS), Thermo-Fisher Scientific, USA] were adminis-
tered and the plate was subsequently pat dried on to a paper towel to
limit non-specific binding effects. Detection antibody, followed by
streptavidin, and running buffer were added to each of the wells and the
absorbance was read at 450 nm (Biotek Cytation S, Biotek, USA).
Experimental samples were converted using a standard curve, and the
data were presented as the mean =+ standard error in pg/mL per 1 X 10°
cells. 200 uL of Lipopolysacchride (LPS, E. coli 026:B6 origin,
eBioscience, Invitrogen, USA, Cat. # 00-4976-93) solution at 100 pg/
mL was added to the apical compartment of TW or PU SDC samples

for submerged culture condition. ALI samples were exposed in the
basolateral compartment using a volume of 1.5 mL for 24 h.

2.10. Statistical Analysis. Statistical significance was determined
using a two-way analysis of variance (2-way ANOVA) with significance
level of 0.05. Post-hoc analysis of differences was evaluated using a
Tukey analysis to determine significant differences between variables.
All statistical and graphical analysis was conducted using GraphPad
Prism 8.4 (GraphPad, USA). Significance markers and accompanying
tests are identified in the figure legends.

3. RESULTS

3.1. Morphology of Polyurethane SDCs. Porous, ultra-
soft polymeric membranes were prepared by first fabricating soft
dendritic colloids (SDCs) from a biocompatible polyurethane
(PU) using a pure ethanol (EtOH) nonsolvent as previously
described (Figure 2a)."” The resulting Stiff PU SDCs showed
the characteristic branched-fibrous structure as the previously
reported SDCs but had a more globular morphology with larger
and more clustered fibers (Figure 1a). The addition of 20% vol.
glycerol (Gly) to the ethanol nonsolvent during the formation
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process clearly resulted in Soft PU SDCs with more expressed
fibers of smaller diameter (Figure 2b).

3.2. PU SDC Nonwovens Optical and Internal
Structure Characterization. The SDCs are produced in
suspension, hence, the resulting particles are easily assembled
into mechanically robust nonwoven sheets of high porosity and
surface area by layering. Following the particle washing step, PU
SDC in EtOH suspensions are simply vacuum-filtered and dried
to yield highly soft and elastic PU SDC membranes. Cross-
sectional scanning electron micrographs of both PU SDC
nonwovens (Figure 3) as well as the internal 3D structure
enabled to measure the fraction of pore space of the PU SDC
nonwovens using X-ray nanotomography. Because of the highly
anisotropic shape of the pores in the SDC nonwovens, we
analyzed the minimum, average, and maximum pore Feret
diameters using Dragonfly software (Table 1, Supporting
Information Video 9—micro-CT video of soft and stiff PU
SDC scaffolds).

Table 1. Porosity and Pore Feret Diameters of Soft and Stiff
PU SDC Nonwovens Analyzed Using Zeiss Xradia Micro-CT

porosity min. feret avg. feret max. feret
(%) diameter (um)  diameter (um)  diameter (um)
stiff PU 70.09 207.77 1072.24 1891.87
SDC
soft PU 70.23 28222 1322.04 1662.87
SDC

When producing these ultrasoft polymer membranes,
repeated-strain effects such as membrane creep and subsequent
tensile modulus relaxation could be of concern. To investigate
the mechanical resilience of both PU SDC membranes, a series
of experiments were performed in which soft and stiff SDC
membranes were subjected to cyclic strain, while the elastic
moduli, as well as the magnitude of membrane creep, were
recorded each strain cycle. A representative stress—strain curve
for cyclic, 30% strain shows how these values drift in the course
of undergoing cyclic strain (Figure 4a). The tensile moduli and
membrane creep for soft and stiff PU SDC membranes were
then evaluated using a cyclic strain ramp up to 50% strain for five
cycles (Figure 4b,c). The stiff PU SDC membrane displays
tensile moduli (~750 kPa) that are 3-fold larger than the soft PU
SDC membranes (~250 kPa).

3.3. Substrate Stiffness-Dependent Nanoparticle
Uptake. A baseline assessment of lung epithelial cell attach-
ment, growth, establishment of ALI culture, and biological
responses to an inert nanoparticle aerosol was conducted on
biomimetic PU SDC scaffolds. While A549 cell culture on
traditional TW substrates have been extensively characterized
using imaging techniques, cell attachment and growth on PU
SDC scaftolds have not been characterized. Figure 5 shows Agyg
cells adhered to and grew on stiff (Figure Sa) and soft (Figure
Sb) PU SDC scaffolds for 4 days exhibit similar morphologies
with limited cellular infiltration into the scaffold depth
(additional 3D fluorescent confocal image reconstruction videos
are made available in the Supporting Information section,
Supporting Information files S6, S7, and S8). This was also
confirmed by the establishment of the ALI condition, of which
Ay cells maintained ALI without leakage on both stiff and soft
PU SDC scaffolds as compared to TW cultures. Furthermore,
Figure 6 depicts the apparent permeability of Ay, cultures on
TW and stiff or soft PU SDC scaffolds (Supporting Information
Figure S3, scaffold only cascade blue transport). No significant

Figure 4. Mechanical properties of stiff and soft PU SDC membranes.
(a) Representative cyclic PU SDC membrane strain indicating elastic
modulus relaxation and membrane stretch after cyclic 30% strain. (b)
Membrane creep and (c) elastic modulus of soft and stiff PU SDC
nonwovens with ramping, indicating cycling strain up to 50% (n = 3).
PU SDCs produced with smaller fibers result in softer nonwoven
membranes.

difference in the flux of a 3 kDa Cascade blue fluorescent
indicator was observed between scaffold types cultured under
ALI conditions; however, the permeability was significantly
decreased as compared to submerged conditions. Apparent
permeability was significantly higher on soft PU SDC scaffolds
when cultured under submerged conditions, suggesting the
importance of ALL Agy lung cells, cultured on traditional
polyester TW substrates or engineered PU SDCs were exposed
to Ta—Au NP. Lung epithelial cell culture was conducted both
with cell culture medium covering the cells, or submerged
condition, and with the cells exposed to air on the apical surface
and liquid on the basolateral surface, or ALI condition, as
indicated in Figure 7. Cells cultured in submerged conditions on
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Figure 5. Ag, cell attachment and growth on stiff and soft PU SDC scaffolds as depicted by confocal microscopy. Agyg cells adhered and grew on stiff
(a) and soft (b) PU SDC scaffolds for 4 days showing the development of confluent cell sheets, minimal cellular infiltration, and no significant

differences in morphology (scale bars = 50 ym).

PU SDCs showed a 2-fold increase (p < 0.05, two-way ANOVA, substrates (Figure 7a). No difference in Ta—Au NP uptake was

post-hoc Tukey test) in Ta—Au NP uptake compared to TW observed between soft or stif PU SDC nonwovens for
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Figure 6. Apparent permeability (P,,,) of As,y monolayers cultivated
on TW, stiff or soft PU SDC scaffolds. The P,,, of As4y monolayers
cultivated on the different scaffolds and culture conditions (submerged
vs ALI) were determined by measuring the paracellular flux of
fluorescent cascade blue. (one-way ANOVA, post-hoc Tukey analysis, p
< 0.0S, * indicates statistical significance).

submerged culture conditions. Aerosol exposure to Ta—Au NP
for Agyg cells cultured at ALI resulted in elastic modulus-
dependent increase in NP uptake with decreasing substrate
stiffness. Ag,9 uptake on stiff PU SDC membranes was 2-fold
greater (p < 0.01, two-way ANOVA, post-hoc Tukey test) than
TW, and for cell cultured on soft PU SDC membranes the
uptake was 4-fold greater than TW (p < 0.0001, two-way
ANOVA, post-hoc Tukey test). Furthermore, Ay, cellular
uptake of Ta—Au NP on soft PU SDC membranes was 2-fold
greater than that of cells cultured on stiff PU SDCs (Figure 7b).
In summary, substrate stiffness dependent Ta—Au NP uptake
was observed for both culture conditions; however, differences
in total uptake and stiffness sensitivity were observed with ALI
culture conditions on the soft SDC substrate resulting in the
highest NP uptake and cell sensitivity.

3.4. Cellular Viability and Cytokine Secretion. A,
cellular viability was assessed using flow cytometry (Figure
8a—c). Cells were isolated from traditional TW or PU SDC

scaffolds post-24 h after submerged or after ALI Ta—Au aerosol
exposure. No significant differences were observed for cells
exposed on TW for either culture condition (Figure 8a).
Likewise, no significant differences were detected for cells
culture under submerged conditions on PU SDCs (Figure 8b).
However, when cultured at ALI on Soft PU SDCs, a 20%
decrease in viability (Figure 8c) was observed when exposed to
Ta—Au as compared to cells cultured under similar conditions
on TW or stiff PU SDC scaffolds.

Cytotoxicity was measured by quantifying the amount of
lactate dehydrogenase (LDH) released from cells in response to
Ta—Au exposure, culture condition, and substrate stiffness.
While Ta—Au is not thought of being a toxic material, excessive
endocytosis can elicit a cell stress response resulting in cell death.
LDH is a cytosolic enzyme, which when released into the cell
culture medium directly indicates a loss of cellular membrane
integrity, or cytotoxicity. Flow cytometry directly measures live
cell numbers, meaning dead cells are not captured in the sample
due to damage or otherwise being lost in the medium would not
be counted in the viability assessment providing an artificially
high viability percentage. As seen in Figure 9, LDH activity in the
apical (upper, epithelial compartment) or basolateral (lower,
medium compartment) for submerged (SUB) or ALI TW
culture conditions showed no statistical difference in LDH
secretion. Conversely, Ag,o LDH activity increased in both the
apical and basolateral compartments when exposed to Ta—Au at
ALI while cultured on the Soft PU SDC mats.

Epithelial exposure to pathogens, virus, chemicals, or
particulates such as NMs can cause significant damage or even
death. Inflammatory cytokine secretion from lung cells signals
local cellular stress to resident and circulating immune cells. IL-8
cytokine secretion is a hallmark stress marker and indicator of
epithelial inflammation. IL-8 secretion was measured in the
lower (basolateral) compartment of TW and PU SDC models

Figure 7. Impact of culture condition and substrate stiffness on Ta—Au nanoparticle uptake. Ta Au nanoparticle uptake measured by ICP—MS for A
cells cultured on SDC-stiff or SDC-soft substrates was compared to traditional TW substrates for (a) submerged and (b) ALI culture conditions
following 24 h of Ta—Au NP exposure. (one-way ANOVA, post-hoc Tukey analysis, p < 0.0, * indicates statistical significance).
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Figure 8. Impact of substrate stiffness and cultured condition on Agy
viability in response to Ta—Au aerosol expsoure. The viability of Agy
cells 24 h post-exposure on (a) TW both submerged and ALL and on
PU SDC membranes cultured at (b) submerged or (c) ALI conditions.
(one-way ANOVA, post-hoc Tukey analysis, p < 0.05, * indicates
statistical significance).

after Ta—Au exposure (Figure 10). No significant difference was
detected for TW models IL-8 secretion when exposed to Ta—Au
for either culture condition. Similarly, Ay, response to Ta—Au
exposure for submerged (Figure 10b) or ALI (Figure 10c)
culture on Stiff PU SDCs showed no statistical difference.
Conversely, a significant increase in IL-8 secretion was observed
for cells cultured on soft PU SDCs for both submerged (Figure
10b) and ALI conditions (Figure 10c). IL-8 secretion was
increased 3.8-fold with respect to no treatment on soft SDC
substrates, and 2.2-fold as compared to cells cultured on stiff PU
SDCs cultured submerged (Figure 10b). Likewise, a 3.7-fold
increase was observed when cells cultured on soft PU SDC were
exposed to Ta—Au at ALI, and a 2-fold increase when compared
to cells cultured on stiff PU SDC scaffolds.

4. DISCUSSION

Biological research worldwide is slowly moving away from
animal models and adopting in vitro methods. The need for
physiologically relevant in vitro tissue models for toxicological or
other biological assessments is in high demand. The emerging
advanced models are diverse, ranging from commercially
available full thickness, differentiated human tissues, to custom
built tissue engineered models derived in single laboratories.
There is a demand for better models and the ability to tailor
tissue conditions for specific exposures or analyses. Commonly,
a significant biomaterials challenge in the field is the dependency
on structure—function relationships in materials that limit the
ability of these materials to be tuned in their bulk state without
altering other physiochemical parameters. Therefore, novel
polymer processing techniques are needed that provide the
ability to tune mechanics, microstructure, and morphology
independently using the same bulk material, providing a high
degree of tailoring. Here, we report a novel technique to create
biomimetic polymeric scaffolds with tunable elastic modulus
enabling physiological cell culture conditions for NM exposure
analysis.

Shear-driven polymer precipitation is gaining traction as an
innovative and versatile technique that can be used to
manufacture tailored polymeric nanomaterials including micro-
rods, nanofibers, SDCs, and thin sheet-like particles from both
synthetic and biopolymer materials.”’ ~*’ PU was selected in this
study to produce biocompatible membranes due to its bulk
material properties. PU is a thermoplastic polymer with lower
melting temperature, low elastic modulus at room temperature,
and compatible with wide range of organic solvents. In addition,
PU is commonly used in medical devices due to is high degree of
biocompatibility. The SDCs were produced in a rapid and
scalable precipitation process (Figure 1). The interplay between
the various mass transport phenomena involved in the SDC
formation process are highly complex and not completely
understood. These phenomena include the rate of polymer
precipitation dictated by the chemical potential gradient
between the solvent and nonsolvent phases as well as the
hydrodynamic characteristics of the turbulent flow and injection
solutions impacted by the viscoelasticities of the solvent and
nonsolvent phases.”” The addition of 20 vol % Gly to the EtOH
nonsolvent affects the chemical potential gradient controlling
the rate of polymer precipitation at the polymer—nonsolvent
interface compared to that of a pure EtOH nonsolvent, but it
also increases the viscosity of the nonsolvent nearly $-fold.”’
Nevertheless, the PU SDCs prepared using EtOH as a
nonsolvent exhibited thicker fibers than the previously reported
SDCs composed of other synthetic polymers, yet had the same
characteristic, branched fiber structure. Microscopy of these
particulates reveals that these thicker fibers appeared to be
similar to aggregated “braids” of smaller fibers (Figure 2).
Opverall, PU SDCs represent a novel fibrillar biomaterial with
tailored microstructural and mechanical parameters necessary
for emulating human physiology and biological responses.

While the control of fiber diameter displayed here is a
common feature in both melt-blowing and electrospinning,
shear-driven precipitation is a versatile technique which is
capable of producing many additional, controlled particle
morphologies beyond nanofibers including nanoscale sheet
particulates and ribbons.”” SDC nonwovens prepared from
either type of PU SDC formed nonwovens that were cohesively
connected by the SDC fiber sub-contacts (Figure 3). The
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Figure 9. Impact of culture condition and substrate stiffness on Ay, epithelial cell cytotoxicity. A4y LDH activity was assessed in the apical (left
column) and basolateral (right column) compartments of TW (a,b), and soft and stiff PU SDC scaffolds for submerged (c,d) and ALI (e,f) culture
conditions. (one-way ANOVA, post-hoc Tukey analysis, p < 0.0S, * indicates statistical significance).

mechanical entanglement of the SDC fibers resulted in a robust
and continuous mat with highly anisotropic pores in both
geometry and size, offering a favorable environment for cell
attachment and proliferation.”>** Analysis of the PU SDC
membranes by X-ray nanotomography revealed that the soft and
stiff PU SDC substrates had a pore volume of ~70%. This high
porosity in PU SDC membranes may further benefit cellular
response, as many similar nanofibrous membranes produced
most commonly by electrospinning see decreased cell invasion
and sub-optimal cell response due to the smaller pore size of
electrospun nanofiber matrices.”’ X-ray nanotomography also
allows visualization of the internal, disordered pore network of
the nonwoven with features ranging from microns to hundreds
of microns (Supporting Information Video S7, microCT video).

The analysis reveals that the pores of the soft SDC nonwovens
exhibited a slightly higher average Feret diameter (1072 ym)
than those composed of stiff SDCs (1322 um) despite the
smaller diameter of their fibrillar features (Table 1). While the
size of the pores and the thickness of the membranes differs from
that of human tissue and that of TW, the formation of ALI
culture conditions and similar total cell counts suggests the PU
SDC scaffolds supported the formation of monolayer barrier.
This lung-blood barrier is crucial in maintaining human
physiology and protection from systemic toxicant threats.
Furthermore, TW membrane porosity is significantly lower
than that of tissue or PU SDC membranes, and the stiffness as
measured under tensile loading is nearly one million times
higher (E ~ 1.9—2.9 GPa). These factors have been called out as
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Figure 10. A cells cultured on soft PU SDCs displayed increased IL-8
cytokine secretion. IL-8 cytokine secretion from Agyg cells cultured on
TW (a) or PU SDCs cultured submerged (b) or at ALI (c) was
measured from basolateral medium using ELISA. [one-way ANOVA,
post-hoc Tukey analysis, p < 0.05, * indicates statistical significance.
Supporting Information Figure S4—100 pg/mL lipopolysaccharide
(LPS, E. coli origin) control].

challenges to overcome in the in vitro industry as they play a
major impact on cellular responses. However, optimizing
membrane porosity, thickness, microstructure and mechanics
is not enough; there are the practical limitations of handling
ultra-thin, soft, and highly porous membranes as they often lack
structural and mechanical integrity for building model systems
and mechanical actuating them for simulation of physiological
forces. Additionally, previous research study has investigated
similar cell behavior on substrates composed of woven
polymeric fibers. Woven polymeric membranes, however, see
aligned and consistent fiber and pore geometries that are not
characteristic features of the branched, anisotropic architech-
tures of physiological tissues. Polydimethylsiloxane (PDMS)
substrates, as commonly used in microfluidic devices, have

shown promise in being able to apply isotropic mechanical strain
to human cultured cells including lung epithelial cells, simulating
breathing forces. PDMS has a linear elastic modulus that varies
with crosslinker concentration, resulting in a range of elastic
moduli between 0.57 and 3.7 MPa. The lower limits of possible
PDMS elastic moduli approach those reported in this effort, but
lack porosity and the 3D dimensional composition of human
tissue.”® The PU SDCs described are a novel solution to
developing mechanically robust, highly porous, biocompatible,
and tunable substrates for future in vitro investigations of cellular
biology, improvements in the thickness and reduction of pore
size will further enhance these scaffolds potential.

The low elastic moduli of PU SDC nonwovens indicate that
they are very soft materials with moduli below 1 MPa and
surprisingly good mechanical integrity. After five cycles of 30%
strain, representative stress—strain curves show that both soft
and stiff PU membrane exhibited elastic modulus relaxation and
some membrane creep, although the ability of SDC membranes
to withstand S cycles of supraphysiological stress from 50%
strain displayed the integrity of the SDC membrane as tissue
substrates (Figure 4). Despite their identical chemical
composition, the soft PU nonwovens exhibited much lower
tensile moduli that leveled off at ~200 kPa compared to the stiff
PU membranes with moduli that reached ~750 kPa (Figure 4c).
Both the Soft and the Stiff PU SDC membranes exhibited tensile
elastic moduli within the range of healthy (0.5—250 kPa, human
lung) and diseased (50—900 kPa, human fibrosis) tissue,
respectively.”> Membrane elasticity similar to aligned or
randomly oriented electrospun fiber mats decreased with
increasing individual fiber diameter.”* For both stiff and soft
PU SDC nonwovens, the tensile moduli of membranes during
the strain ramp were nearly 2X larger than those reached after
the membranes underwent 50% cyclic strain. We hypothesize
that the smaller fibers of the soft PU SDCs may form weaker
networks that are more easily ruptured than those of the stiff PU
SDCs.

The biocompatibility, softness, and porosity of the fibrillar
SDC nonwovens makes them potentially valuable biomimetic
cell scaffold materials for soft, physiological tissues.”> Moreover,
the tunability of the processing technique provides a means to
selectively optimize scaffold mechanics and microstructure
independent of chemistry, thus providing a consistent and
controllable platform for biological investigations.”® The
inherent versatility in choice of polymer offered by the shear-
driven precipitation technique enables the high-throughput
development of similar SDC membranes produced from other
polymers including biodegradable and bio-derived polymers.
This allows for making substrates of tailored mechanical
properties that can be used as tissue engineering bioscaffolds
in addition to their utilization as synthetic tissue substrates to
measure cell toxicology presented herein.”**”

NMs possess unique physiochemical characteristics differing
from the bulk material.* Modifications in size, surface chemistry,
charge, or shape can significantly alter a NM’s impact on cellular
responses. Due to NM’s unique size, respiratory-tract inhalation
is of concern and the rate of new development and adoption of
NM has driven a need for rapid, greater throughput capabilities
to test safety. NM in vitro respiratory toxicology has been
commonly executed using common 2D, flat tissue culture
models or hanging TW systems. Both tissue cultured
polystyrene (TCPS) and TW polyester membranes are
notoriously stiff. While scaffold biomechanics are often a
major consideration for other pathological investigations,
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Figure 11. Summary figure providing a pictorial description of the proposed impacts of substrate stiffness on lung epithelial cell nanoparticle

endocytosis, viability, and pro-inflammatory cytokine secretion.

these parameters are often overlooked when evaluating toxicity.
However, it has been shown that both substrate stiffness and
topography impact nanomaterial uptake.”® Using a blended
polydimethylsiloxane (PDMS) model adapted from Plaschenko
et al., variable modulus, 2D substrates were developed to study
how uptake-efficiency impacts toxicity. Decreasing substrate
stiffness increased Ta—Au nanoparticle uptake, directly
impacting Ay cell viability (Figure SS, 2D substrate stiffness
endocytosis results). While this data highlights the importance
of biomechanics in toxicological investigations, these conditions
lack physiological relevance. The 2D models lack dimensionality
and morphological cues representative of human tissue
preventing ALI culture for direct aerosol exposure analysis.
For this reason, a novel platform that allowed tunable elastic
modulus while resembeling native human lung tissue morphol-
ogy and microstructure was developed. Most importantly, the
PU SDC model enabled ALI culture and maintained barrier
integrity providing the opportunity to characterize the impact of
substrate stiffness in a more physiological context.
Interestingly, no significant difference in Ta—Au uptake was
observed for cells cultured on TW under submerged compared
to ALI conditions, while nearly 2-fold more particles were
uptaken by cells cultured on Soft PU SDCs when cultured at ALI
as compared to submerged cell culture (Figure 7). Furthermore,
an increase in uptake was observed for cells cultured on soft PU
SDC membranes at ALI as compared to those cultured on stiff
PU SDC membranes (Figure 7). Endocytosis is a time-
dependent process requiring cellular membrane—NM inter-
actions. Taken together, the results from stiff and soft SDC
scaffolds indicate that the increased volume of the 3D substrates
alone impacted endocytosis, but that substrate stiffness
mediated the increase in NM uptake. Indications that cellular
membrane thermodynamics dictates the cells ability to
endocytose NM, dependent on the shape, size, surface tension,
and charge.***? Cells have a finite volume of cell membrane
placing upper and lower bounds on their cell shape and thus
membrane tension.’” It has been shown that cells cultured on
stiff, flat surfaces exhibit maximal cell membrane tension, due to
the elongated and stretched cellular morphologies. Cells
cultured on softer matrices mimicking their respective tissue
of origin results in more spherical, less tense cell membranes.
This reduction in cell membrane tension has been theorized to
enable greater cellular membrane flexibility, increasing the rate
and potential for NM endocytosis.”” This theory has been
explored experimentally using cytoskeletal drugs to inhibit actin

remodeling and tubulin interactions, providing soft and stiff
cellular models to test NM endocytosis.”*""** While this study
did not evaluate novel toxic NMs exposure, the results indicate
that cellular responses are impacted strongly by substrate
stiffness and culture condition. Common in vitro methods lack
the design flexibility to mimic human tissue mechanics or
microstructure potentially limiting the value and extrapolation
potential of NM toxicological evaluations.

Ta—Au nanoparticles are considered bio-inert and thus are
commonly used in biological applications such as biosensors due
to their biocompatibility.”” Therefore, in order to evaluate
endocytosis efficiency in response to substrate stiffness and
culture conditions Ta—Au served as baseline assessment.
However, increased Ta—Au NM uptake has been shown to
induce cell stress resulting in cell death at high concentrations
commonly in excess of 100 ug/mL.°"** In this study, we
exposed submerged and ALI cultures to 5 ug of Ta—Au NP per
TW (4.46 pg/cm?), significantly below levels found to be toxic
in cell culture. Common in vitro models utilizing tissue culture
polystyrene (500 X 10°kPa) or polyester TW membranes (1.5 X
10° kPa) are of non-physiological stiffness. Cells cultured on
these “ultra-stiff” substrates are notoriously resilient to NM
exposures, commonly requiring a super-physiological dosing to
achieve biological stress. Likewise, solid tumors are often
significantly more stiff than the surrounding “healthy” tissue and
have an amazing ability to withstand harsh clinical interven-
tions.”>** Further, it is common for biopersistent materials to
elicit a foreign body response resulting in fibrosis and stiffening
of the tissue.”” Chronic inflammation and nanomaterial-
mediated pulmonary fibrosis drive pathological stiffening of
the lung tissue.**~®® This is likely a protection mechanism, but
also limits total lung function and impacts human standard of
life. Currently, there no treatments to slow the progression of
lung fibrosis or correct damage associated by stiffened lung
tissue.”” Understanding the cellular and molecular impacts of
nanomaterials in physiologically relevant tissue matrices that
mimic not only the microstructure and morphology but also the
passive and applied mechanics will be crucial in discovering
novel therapeutic interventions. Ay cells cultured on TW
membranes and exposed to Ta—Au displayed no significant
differences in viability, cytotoxicity, or inflammatory cytokine
secretion for both submerged and ALI culture conditions. In
contrast, soft and stiff PU SDC scaffolds elastic modulus
modeled physiological bulk lung tissue and displayed substrate
stiffness dependent cellular responses. Cells cultured on Soft PU
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SDCs exhibited a decrease in viability, and increases in
cytotoxicity and IL-8 cytokine secretion. Epithelial cell secretion
of pro-inflammatory cytokines signals cellular stress and is a
good indicator of NM induced stress.”> A common trend is
developing in that stiffness plays a biomechanical role in
dictating cellular responses to NM exposures (Figure 11).

5. CONCLUSIONS

Advanced in vitro models aim to provide human physiological
relevance in a controllable, cost-effective, and tailorable format.
The fabrication of engineered substrates for human cell culture
requires novel tools that enable fine control over microstructure,
morphology, and mechanics. Polyurethane soft dendritic colloid
(PU SDC) particles were produced using a novel shearing
processing technique driving the formation of nanofibril-based
biomaterial mats of desired porosity, open-microstructure, and
tunable mechanics. These PU SDC bioscaffolds serve as an
ECM surrogate for cellular adhesion, growth, and maturation.
Tuning the volumetric loading of the non-solvent phase enabled
the formation of material with a wide range of elastic moduli
representing human relevant tissue stiffness. The impact of
substrate passive mechanical properties, such as elastic modulus,
has extensively been shown to impact cellular processes and
drive aberrant pathologies. Lung epithelial cells seeded onto soft
or stiff PU SDC substrates and common TW inserts were
utilized to evaluate the impact of substrate stiffness and cell
culture condition on Ta—Au NP exposure. NP endocytosis or
uptake is a common phenomenon resulting in toxicological
impact. Lung epithelial cell uptake of Ta—Au NPs was increased
on PU SDC scaffolds as compared to the “ultra-stiff” TW insert
membranes, resulting in cytotoxicity and inflammatory cytokine
secretion. Additionally, we show that culturing A, cells at ALI
compared to submerged conditions further impacted cellular
endocytosis, viability, and cytokine secretion. Taken together,
these results suggest that bioscaffold stiffness, representing
human tissues resulted in greater NM endocytosis and resulting
toxicological impact. While common in vitro methods utilize
non-physiologically stiff cell culture substrates, here, we present
a biomaterial capable of better representing human tissue with
the aim of creating physiologically relevant tissue models for
NM toxicological assessment and other biological evaluations.
Future evaluation of novel polymer materials and processing
techniques will be employed to drive the elastic moduli of the
scaffolds down, decrease pore size, and render a thinner mat.
Incorporation of paramagnetic nanoparticles within the “core”
of PU SDC fibrils®® could provide a means to apply active
mechanical properties emulating human breathing (Supporting
Information Video S10, magnetic actuation of PU SDC scaffolds
containing a 3D printed iron oxide nanoparticle doped PDMS
backbone), model gut peristalsis, or muscle contraction forces,
further improving the physiological relevance and closing the
gap between laboratory and in vivo models.
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