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Abstract

Nanoparticles are emerging transdermal delivery systems. Their size and surface properties determine their efficacy and
efficiency to penetrate through the skin layers. This work utilizes three-dimensional (3D) bioprinting technology to generate
a simplified artificial skin model to rapidly screen nanoparticles for their transdermal penetration ability. Specifically, this
model is built through layer-by-layer alternate printing of blank collagen hydrogel and fibroblasts. Through controlling valve
on-time, the spacing between printing lines could be accurately tuned, which could enable modulation of cell infiltration in
the future. To confirm the effectiveness of this platform, a 3D construct with one layer of fibroblasts sandwiched between
two layers of collagen hydrogel is used to screen silica nanoparticles with different surface charges for their penetration
ability, with positively charged nanoparticles demonstrating deeper penetration, consistent with the observation from an

existing study involving living skin tissue.
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Introduction

Nanoparticle (NP)-based transdermal drug delivery systems
have attracted great interest due to their abilities to assist drug
penetration across the skin layers while providing protection
against the destructive local environment.! These transder-
mal nanomaterials can exist in the form of micelles, lipo-
somes, gold NPs, and so forth.? Recent research suggests that
the skin penetration efficacy and efficiency of these namoma-
terials are related to their size and surface properties.* The
best way to examine these parameters is by testing candidate
NPs directly with living human skin tissue or animal models,
especially a porcine model. However, living human skin tis-
sue is not always available, and its usage is subject to ethical
regulation as well. On the other hand, animal experiments are
costly and time-consuming.®

Bioprinting technology is emerging as a powerful tool for
building tissues for drug discovery and regenerative medicine
purposes. Based on the latest development in medical imaging,
material science, and three-dimensional (3D) printing, bio-
printing builds 3D tissue structures by simultaneously deposit-
ing live cells and growth factors along with biomaterial
scaffolds at designated locations to mimic native tissue archi-
tecture and formation process.” Matsusaki and his colleagues
constructed 3D cellular multilayers that include cells and
fibronectin-gelatin nano—extracellular matrix (ECM) films

using layer-by-layer deposition technology.® Taking this con-
cept, researchers have constructed 3D skin tissues using layer-
by-layer deposition of collagen matrices, keratinocytes, and
fibroblasts to construct both epidermal and dermal compart-
ments. Importantly, the artificial models were shown to be
morphologically and biologically representative of in vivo
human skin tissue.” !

Inspired by these pioneering works, our goal is to explore
the utilization of a 3D-printed skin model to examine transder-
mal penetration abilities of NPs and create a simple platform
for rapid screening of transdermal NPs. As a proof-of-concept
study, a simplified 3D skin tissue was constructed by printing
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blank collagen layer and fibroblast cells alternately in a layer-
by-layer fashion. Valve on-time was found to have a signifi-
cant effect over the morphology of the printed pattern. After
examining the swelling of printed 3D collagen scaffolds in cell
culture medium, we further examined the viability of fibro-
blasts in the printed construct. Finally, the optimized system
was used to examine the influence of surface charge of silica
NPs to their penetration ability (Fig. 1). The work presented
here sets the stage for the further development and application
of 3D skin tissue that combines the latest development of man-
ufacturing, materials, and cell biology.

Materials and Methods

Collagen (rat rail, type I) was purchased from BD
Biosciences (San Jose, CA). Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose (4.5 g/L) and r-gluta-
mine, fetal bovine serum (FBS), penicillin-streptomycin
(10,000 U/mL), and trypsin-EDTA (0.5%, 10x) were
obtained from Gibco Life Technologies (Carlsbad, CA).
NucBlue Live ReadyProbe Reagent, fluorescein diacetate
(FDA), and propidium iodide (PI) were purchased from
Life Technologies. Qtracker 565 and 655 Cell Labeling Kits
and DiO (3,3'-dioctadecyloxacarbocyanine perchlorate)
were obtained from Molecular Probes by Life Technologies.
Polystyrene (hydroxyl polystyrene NPs), amine-modified
polystyrene (amine polystyrene NPs), and sulfate-modified
polystyrene (sulfate polystyrene NPs) latex beads were pur-
chased from Sigma-Aldrich (St. Louis, MO). Rhodamine B
isothiocyanate was obtained from Sigma-Aldrich. Primary
dermal fibroblasts (3T3, normal, and human adults) were
purchased from ATCC (Manassas, VA). All other chemicals
without special description were from Sigma-Aldrich.

Overview of 3D Printing Machine

The layer-by-layer 3D construct is fabricated using a 3D
Discovery Instrument (RegenHU Ltd., Villaz-St.-Pierre,
Switzerland) (Suppl. Fig. S1). The instrument consists of a
three-axis positioning system with a tool changer and a
building platform used to fix different substrate types. All
four print heads are valve based. The liquid material is dis-
pensed by pneumatic pressure during the gate-opening
phase of the microvalves. The volume of dispensed droplets
was manipulated by controlling valve on-time and air pres-
sure. Printing parameters (valve on-time, dosing distance,
extruder feed rate, and needle length) were manipulated by
the 3D Discovery HMI (human—machine interface).

Printing 3D Construct of Collagen
Hydrogel

The collagen stock was diluted to 4.0 mg/mL with 1x
Dulbecco’s phosphate-buffered saline (PBS; without calcium

chloride and magnesium chloride) and 0.02 N acetic acid
(299.85%). This solution was maintained at 4 °C until it was
loaded into the cartridge for printing. The dimensions of the
3D construct were 1.5 x 1.5 cm?, and it was fabricated by print-
ing the collagen solution prepared above in a layer-by-layer
fashion. Specifically, after one layer of collagen was printed,
10 uL of sodium bicarbonate (NaHCO,) solution (0.208 M)
was immediately added onto the surface of the collagen layer
to induce gelation, which took approximately 1 min. Then the
next layer of collagen was printed and gelated with NaHCO,
solution and so on. Finally, the construct was examined with an
optical microscope. During the printing of blank collagen, the
valve on-time was set in the range of 8000-8500 ps. Air pres-
sure was fixed at 2.8 bar (0.28 MPa). The diameter of the noz-
zle orifice was 0.25 mm.

Printing 3D Constructs of Fibroblast-
Laden Hydrogel

3T3 fibroblasts were cultured at 37 °C in 5% CO, in DMEM
supplemented with 10% FBS and 1% penicillin-streptomy-
cin. Culture medium was exchanged every 3 days, and cells
were passaged when they reached 80% confluence in a 75
cm? cell culture flask. Before printing, cells were stained
with Qtracker and trypsinized using 0.05% trypsin. Briefly,
1 pL of Qtracker Component A and 1 pL of Component B
were mixed in a 1.5 mL tube and incubated for 5 min at
room temperature before being diluted with 1 mL of fresh
complete growth medium. Then this solution was added
into the plate containing fibroblasts. After an overnight
incubation, cells were rinsed twice with PBS and trypsin-
ized for printing.

To fabricate 3D constructs of fibroblast-laden hydrogel,
one layer of collagen with dimensions of 1.5 x 1.5 cm* was
first printed and gelated with NaHCO, solution. This step is
the same as during the fabrication of the 3D collagen hydro-
gel scaffold. Subsequently, cell suspension (1 x 10°mL) in
complete culture medium was dispersed on the surface of
the collagen layer. The construct was immediately placed in
a cell incubator (37 °C, 5% CO,) for 30 min to allow the
attachment of cells onto the collagen hydrogel. Then the
third layer (i.e., collagen layer) was printed on the cell layer.
And the fourth layer (i.e., cells) came above the third layer.
These steps were repeated until the desired construct was
achieved. Finally, the 3D construct was placed in the cell
incubator (37 °C, 5% CO,) for 1 h to allow collagen gela-
tion to complete before the complete culture medium was
added. The visualization of cells in the construct relied on a
confocal microscope (Zeiss LSM 700), which used a 405
nm laser as the excitation wavelength for Qtracker 565
(emission 534-600 nm) and Qtracker 655 (emission 620—
681 nm). The images were collected as Z stacks with a step
size of 12.30 um and processed using Zeiss LSM software.
The average cellular fluorescence intensity was quantified
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Figure |. The 3D construct is fabricated by layer-by-layer deposition of collagen and fibroblasts. It partially mimics functions of skin
and provides a simple platform for the rapid screening transdermal penetration ability of NPs.

with ImageJ. The valve on-time was 8300 ps for printing
collagen and 6000 ps for dispersing cell suspension. Air
pressure was set at 2.8 bar (0.28 MPa). The diameter of the
nozzle orifice was 0.25 mm.

Cell Viability Analysis

The viability of cells in the 3D construct was examined using
NucBlue Live ReadyProbe Reagent (Hoechst 33324), FDA,
and PI. Specifically, the 3D construct was maintained in cell
culture medium for 7 days and the media was changed every 3
days. Seven days later, the media was replaced with fresh
media containing Hoechst 33324 (2 drops/mL), 5 mg/mL
FDA, and PI (2 drops/mL). After 5-10 min of incubation at
room temperature, the construct was washed twice with PBS
before being imaged with a confocal microscope (Zeiss LSM
700) using a 405 nm laser for Hoechst 33324, 488 nm laser for
FDA, and 514 nm laser for PI. The images were collected as Z
stacks with a step size of 100 nm and processed using Zeiss
LSM software. The live and dead cells were quantified through
ImagelJ. The ratio of viable cells to the total number of cells
was expressed as the viability.

Silica NP Penetration Assay with 3D
Construct

The 3D construct was printed as described above except that
fibroblasts were prelabeled with DiO.'? The printed construct
was placed in the incubator for 1 h to allow the gelation
before being placed in the culture media. Then polystyrene
beads were added to the media with a concentration of 0.1
mg/mL. After 3 h of incubation, the construct was gently
washed with PBS twice and placed in fresh medium before
being imaged with a confocal microscope. The images were
collected as Z stacks with a step size of 100 nm and processed
using Zeiss LSM software. The average cellular fluorescence
intensity was quantified with Imagel.

Results and Discussion

Optimization of Valve On-Time

Collagen type 1 is selected as the building material of the 3D
construct because it is a major component of the ECM that
provides tensile strength and elasticity to the skin.'*'* The
3D Discovery Instrument used in this study is based on a
valve-based printing technique and has the advantage of
being one of the gentlest techniques for printing any num-
ber of cells.'> Another advantage of this technique is the
ability to alter the volume of bioink dispensed in each drop-
let through modifying the diameter of the nozzle orifice, the
valve on-time, or the inlet pressure. The change of droplet
volume was reflected by the width change of the printed
collagen hydrogel line. The smallest available nozzle ori-
fice chosen was 0.25 mm, and the inlet pressure was fixed
at 0.28 MPa, which left the valve on-time as the only
remaining factor to alter the droplet size. An experiment
was devised to characterize the variation of the width of the
printed collagen hydrogel line over a range of valve on-
times for the hydrogel pattern illustrated in Figure 2a. As
shown in Figure 2b,c, a longer valve on-time resulted in a
wider hydrogel line. Specifically, when the valve on-time
increased from 8000 to 8400 ps, the width of the hydrogel
line increased from 526 to 730 um, while the gap between
hydrogel lines decreased from 275 to 78 um. To maximize
line width while still maintaining gaps between the hydro-
gel line and valve on-time was set at 8300 ps for the rest of
the project.

Fabrication of Multilayered Collagen Hydrogel
Constructs

Second, we explored the stability of the printed 3D collagen
constructs. With the optimized valve on-time and other fixed
parameters, three kinds of collagen constructs containing one,
four, or seven layers of collagen were fabricated (Fig. 3a)

Downloaded from jla.sagepub.com at RMIT University Library on July 26, 2016


http://jla.sagepub.com/

Journal of Laboratory Automation

Line width (pm)

750 -

700 -

650 -

600 -

550 -

500

--Line width 1300
- [ §_. -o- Line space
T 250 2
""""" =3
o
1200 o
Q
2
150 ¢
. “
N £
) 100 5
B
50

820‘]~ us!

8000 8100 8200 8300 8400
Valve on-time (us)

Figure 2. Impact of valve on-time on the collagen hydrogel line. (a) lllustration of the printed hydrogel pattern. (b) Quantification of
the width and spacing of the hydrogel lines in c. (c) Line of collagen hydrogel printed by 3D bioprinter. During printing, valve on-time
was tuned from 8000 to 8400 ps while all other parameters were fixed. Scale bar: 500 pm.
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Figure 3. Swelling of 3D collagen constructs with one, four, and seven layers of collagen in the complete cell culture medium during
a 14-day incubation. (a) Representative images of 3D collagen constructs from | to 14 days. Scale bar: | cm. (b) Quantification of the
area of 3D collagen construct covered during the 14-day incubation. One-way ANOVA with post hoc Tukey HSD test was applied for
calculation between areas on days 4, 7, 10, and 14 with day |. *p < 0.05, *p < 0.01.

using layer-by-layer printing together with the timely gelation.
To allow visualization and quantification of the construct, rho-
damine B isothiocyanate was used to dilute the collagen stock
as the printing solution for day 1 of one, four, and seven layers.
As shown in the day 1 images in Figure 3a, the color of the 3D
constructs became deeper when there were more layers of col-
lagen. Later, these constructs were placed in the complete cell

culture medium for 14 days, and the color is the phenol red of
the cell culture medium from days 4 to 14. Their swelling was
quantified through measuring the area they covered on the
petri dish (Fig. 3b). During the 14-day period, there was mini-
mal change of the area of collagen construct covered for all
three samples, which demonstrates the stability of these
scaffolds.
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Figure 4. 3D constructs of fibroblasts in collagen. (a) Schematic and confocal image of 3D construct containing two layers of
collagen and one layer of Qtracker-labeled fibroblast layers. (b) Schematic and confocal image of 3D construct containing three layers
of collagen and two layers of Qtracker-labeled fibroblast layers. (c¢) Confocal image of 3D construct containing four layers of collagen
and three layers of Qtracker-labeled fibroblast layers. Cut lines: X-red, Y-green, Z-blue. (d) Cell viability was assessed at the three-
layer scaffold after being cultured for 7 days. The nuclei of human fibroblasts were labeled with NucBlue Live ReadyProbe Reagent
(blue), FDA for live cells (green), and Pl for dead cells (red). Scale bar: 200 pm.

Fabrication of 3D Constructs of Fibroblasts in
Collagen

3D constructs of fibroblasts in collagen were fabricated by
printing collagen layers and cell layers alternatively. The
cells were prestained with either Qtracker 565 or Qtracker
655 before printing, and the construct was cultured for 24 h
in a humidified incubator before being imaged with a con-
focal microscope.

As shown in Figure 4a—c, the cell layer was nicely sand-
wiched by the collagen layers in all three constructs despite
their different thickness (three, five, or seven layers). After
printing, no cell penetration into the collagen layer was
observed. The thickness of the collagen layer was found to
be 150 um through measuring the distance between two cell
layers in the confocal images.

The viability of cells within the construct was examined
through FDA/PI staining. Taking the three-layer construct
(Fig. 4a) as an example, we examined the viability of
encapsulated fibroblasts after 7 days of culturing. As shown
in Figure 4d, more than 95% of the cells remained viable

after the 7 days of culturing, which indicates sufficient
nutrient diffusion into the collagen from the culture medium.
A similar phenomenon (Suppl. Fig. S2) was also observed
on the five-layer scaffold, in which both layers of fibro-
blasts in the scaffold showed high cell viability and good
cellular morphology.

3D Constructs of Fibroblasts in Collagen
for Examining the Skin Penetration Capability
of NPs

This 3D construct was then applied to examine the skin
penetration ability of various NPs. As mentioned above, the
skin penetration efficacy and efficiency of these NPs are
related to their surface properties. Thus, we examined poly-
styrene NPs with the same size but different surface proper-
ties to evaluate their penetration ability. Specifically, the 3D
construct containing one layer of fibroblasts sandwiched
between two collagen layers was placed into the culture
medium containing three kinds of polystyrene NPs of the
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Figure 5. Constructs of fibroblast-laden collagen for examining the skin penetration capability of polystyrene NPs with different
surface charges. (a) Zeta potential of polystyrene NPs of the same size (100 nm) but with different surface coating (hydroxyl, amine,
or sulfate). (b) Confocal images of fibroblasts in the 3D constructs after being labeled with polystyrene NPs (red) for 3 h. Cells
were stained with DiO (green). Microscopy objective: 20x. Scale bar: 100 pym. Relative fluorescence intensity of each stack of the
3D constructs by normalizing the green or red signal against the green signal of the cells in stack 7 of each 3D construct: (c) 3D
constructs treated with hydroxyl polystyrene NPs, (d) 3D constructs treated with amine polystyrene NPs, and (e) 3D constructs

treated with sulfate polystyrene NPs.

same size (100 nm) but with different surface coating
(hydroxyl, amine, or sulfate) for 3 h. The different surface
chemistry provided different surface charges; hydroxyl
polystyrene NPs and sulfate-modified polystyrene NPs
were negatively charged, while amine-modified polysty-
rene NPs had a positive surface potential (Fig. Sa).

After 3 h of incubation, the constructs were examined
with confocal imaging. As shown in Figure Sb, cells in the
construct treated with amine-modified polystyrene NPs
showed higher fluorescence intensity than the other two
samples. As cells in all constructs were prelabeled with the
cell tracker (i.e., DiO), the fluorescence signal from the NPs
(red) in each cell was normalized against the cell tracker
signal (green) from the same cell. For samples treated with
hydroxyl polystyrene NPs, amine polystyrene NPs, and sul-
fate polystyrene NPs, the ratios were 1.7, 3.5, and 1.2,
respectively (value of red lines at stack 7 in Fig. Sc—e). In

other words, the penetration efficiency of amine-modified
polystyrene NPs through the collagen gel to reach the cell
layer is about twofold that of the other two polystyrene NPs.
This observation is consistent with a previous study.
Ryman-Rasmussen et al. had examined the influence of sur-
face charges of quantum dots on the skin penetration by
using quantum dots coated with polyethylene glycol (neu-
tral), polyethylene glycol-amine (cationic), and carboxylic
acid (anionic). They discovered that cationic charged quan-
tum dots could penetrate deeper into the skin (dermal lay-
ers) than their neutral and anionic counterparts (epidermis
layer) within 8 h,'® which might be explained by the electro-
static repelling between the negatively charged skin and
negatively charged NPs, resulting in the aggregation of the
NPs, and further impacting their penetration ability."”

We further probed into the green fluorescence signal at
the different stacks of the 3D construct and observed that all
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three samples showed similar green signal distribution pat-
terns (black lines in Fig. Sc—e). Specifically, the green sig-
nal intensities at stacks 5—-8 were significantly stronger than
those at stacks 1-4 and 9-10. This indicates that DiO-
labeled cells were located between stacks 5-8. For the NP
signal, a similar trend was observed. Stacks containing cells
showed an obvious and stronger NP fluorescence signal
than other stacks, although samples treated with amine-
modified polystyrene NPs manifested the highest signal
intensity.

Conclusion

We have successfully developed an artificial skin model
for rapid NP transdermal screening via a multilayer con-
struct composed of collagen I and fibroblasts through 3D
printing technology. Using the skin model, we examined
the penetration efficacy of various surface-charged poly-
styrene NPs and found that the current skin model
showed a penetration profile similar to that of a living
dermal tissue. This affirms that the current 3D-printed
artificial skin model is promising as a platform to explore
mechanisms involved in transdermal drug delivery and
to accelerate the screening process of therapeutic NPs in
the skin care industry.
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