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Abstract: Material scaffolds that mimic the structure, function, and bioactivity of native biological
tissues are in constant development. Recently, material scaffolds composed of microgel particles
have shown promise for applications ranging from bone regeneration to spheroid cell growth.
Previous studies with pNIPAm microgel scaffolds utilized a layer-by-layer (LBL) technique where
individual, uniform microgel layers are built on top of each other resulting in a multilayer scaffold.
However, this technique is limited in its applications due to the inability to control microscale
deposition or patterning of multiple particle types within a microgel layer. In this study, an
ultrasonic microplotting technique is used to address the limitations of LBL fabrication in order to
create patterned microgel films. Printing parameters, such as bioink formulation, surface contact

angle, and print head diameter, are optimized to identify the ideal parameters needed to



successfully print microgel films. It was found that bioinks composed of 2 mg/mL of microgels
and 20% PEG by volume (v/v), on bovine serum albumin (BSA)-coated glass, with a print head
diameter of 50 ym resulted in the highest quality prints. Patterned films were created with a
maximum resolution of 50 ym with the potential for finer resolutions to be achieved with
alternative bioink compositions and printing parameters. Overall, ultrasonic microplotting can be
used to create more complex microgel films than is possible with LBL techniques and offers the

possibility of greater printing resolution in 3D with further technology development.

Introduction:

The aim of the regenerative medicine field is to restore the original form and function of a
damaged tissue; there have been numerous investigations into processes that allow for the creation
of a material scaffold that can fulfill that role. The purpose of these material scaffolds is not only
to provide a structure in which the regenerative process can take place, but also to participate in
the regenerative process by providing pro-regenerative cues to cells migrating into the damaged
tissue. Such cues can include the scaffold’s mechanics, the scaffold’s topography, and the
inclusion of bio-active agents into the scaffold'. Recently, scaffolds composed of microgel particles
have been investigated for use in regenerative medicine applications due to their high degree of
tuneability which allows for their fine control over scaffold properties and, therefore, utility in a
multitude of applications:. These applications can range from creating a matrix for bone
regeneration’, encapsulating cells for spheroid growth:, and creating patient specific scaffolds for
auricular cartilage regeneration.

Microgels are micro or nanometer-sized colloidal hydrogels that can be made responsive to
external stimuli. These colloidal particles can be used as building blocks in assemblies wherein

the material properties of individual microgels affect bulk properties of microgel-based materials,



suspensions, and mixtures~. Extremely sophisticated, multi-responsive systems can be built by
combining different microgel building blocks, allowing for a “plug and play system” with high
levels of control over design parameters. Importantly, microgel-based materials have the potential
to modulate cellular behavior through exquisitely tuned spatial, energetic, temporal, and molecular
properties”, and microgel-based materials provide an unparalleled level of control over material
properties, such as mechanics and degradation rates, compared to bulk gels with the same polymer
composition. Therefore, microgels are an attractive building block for creating scaffolds for tissue
engineering purposes.

Microgels have widely been synthetized from synthetic polymers *, perhaps the most well
studied of which is poly N-isopropylacrylamide (pNIPam). pNIPam microgel assemblies created
through layer-by-layer (LBL) fabrication processes have been well characterized:. Using this
technique, microgel films have successfully been developed to control cell attachment/detachment
from scaffolds-, facilitate drug delivery*, act as antimicrobial coatings*, and direct cell migration
dynamics through mechanical cues. While LBL techniques for creating microgel films have
widely been successful at creating uniform films, one major limitation of the technique is that it
offers no spatial control over the deposition of the microgel particles. Current LBL techniques also
do not allow for the creation of more complicated scaffolds containing multiple particle types in
defined locations.

In order to overcome the limitations presented by LBL techniques, microgels have been adapted
for 3D printing applications to create more defined and complex scaffolds. As such, extrusion-
based 3D printing technique have become a popular method by which microgel bioinks are
printed . In order to print through extrusion-based printing methods, microgel bioinks are loaded

into syringes, subjected to large pressures or high temperatures, and extruded out of a nozzle onto



a surface. However, this technique also has limitations with the high levels of shear stress and high
temperatures associated with the extrusion process damaging cells and other biological
components incorporated into the bioink». Furthermore, extrusion-based printing techniques
commonly use microgel particles with diameters from 30-200 um to avoid small needle gauges
that would further increase the shear stress that occurs during printing and printing with particles
composed of pNIPam has yet to be explored*~>. Therefore, other printing techniques that are less
damaging to cells, as well as added biological components, and can also be used to print
significantly smaller particles need to be explored.

There are techniques used in other industries that have the potential to be adapted for the purpose
of creating microgel-based scaffolds and solve the limitations presented by LBL approaches and
other printing techniques. One such technique, termed ultrasonic microplotting, has been
successfully used in the circuit industry to create flexible circuits»~, artificial cells*, biosensors=*~,
microlenses”, and carbon nanotube transistor circuits'». This technique uses a piezoelectric
element attached to a glass capillary write head to print inks onto a surface in a non-contact manner.
When the piezoelectric element is operational, an ultrasonic wave changes the surface tension and
wetting behavior between the resident ink and dispensing tip, causing a bead of ink (meniscus) to
form at the dispensing tip, which is brought into contact with the substrate and preferentially wets
and “prints onto” the desired substrate. This results in a printing process that does not require the
high heat, temperatures, or pressures that are commonly found in other scaffold fabrication
techniques, such as electrospinning, certain lithography methods, and extrusion-based printing,
which have the potential to damage the material being used and often restricts the inclusion of

biological molecules. Moreover, ultrasonic microplotting can achieve picoliters printing for



materials with viscosities up to 500 cP, and for ideal material substrates, higher viscosity inks (>
1200 cP) can also be printed.

This technique is perfectly suited for use in conjunction with microgel particles as the ink can
be composed of a suspension of the pre-polymerized colloidal particles which is more amenable
to printing using this ultrasonic technique than a polymerized bulk hydrogel. While ultrasonic
microplotting holds promise as a technique used in printing hydrogel-based materials for
regenerative medicine applications, it has yet to be transitioned from printing circuits and
biosensors to printing hydrogel materials. Therefore, in this paper we explore the potential use of
the ultrasonic microplotting technique as a method to print patterned microgel films in order to
solve some of the limitations in the LBL film fabrication technique, as well as other printing

methods.

Materials and Methods:

Microgel bioink synthesis: Microgel particles were created using a precipitation-polymerization

reaction. Poly(N-isopropylacrylamide) (pNIPam), N ,N’-methylenebis(acrylamide) (BIS), and
Acrylic Acid (AAc) were added to 95 mL of de-ionized water to create a final solution with a
concentration of 140 mM. The reaction solution was comprised of 91% poly-NIPam, 4% BIS, and
5% AAc. 0.5 mM of sodium dodecyl sulfate (SDS) was added to control for particle size. The
solution was then filtered and added to a three-necked reaction vessel that had a nitrogen source,
a condenser, and a thermometer attached to it. The solution was heated to 70 °C and allowed to
reach thermal equilibrium for 1 hour while under the flow of nitrogen gas and mixing at 450 RPM.
Once thermal equilibrium was achieved, a 1 mM solution of ammonium persulfate (APS) was

added to initiate the reaction. The reaction was allowed to proceed for 6 hours and cooled overnight



while continuously stirring at 450 RPM. To remove any large aggregates, the cooled solution was
filtered using glass wool. Dialysis against deionized water (diH20) was then performed using 1000
kDa tubing (Spectrum Laboratories). Water for dialysis was changed every 12-16 hours over the
course of 48 hours. The microgel solution was then lyophilized and reconstituted in diH20 at a
stock concentration of 5 mg/mL. Bioinks were then created by diluting the stock concentration to
either 2, 0.2, or 0.02 mg/mL and adding either 5%, 10%, or 20% low molecular weight
polyethylene glycol 400 (PEG, M,=380-420 g/mol) by volume.

Bioink microplotting surface functionalization: Glass slides were first cleaned in a sonicator for

15 minutes in each of the following solutions: Alconox® diluted 3:100 in diH.O, diH.O, acetone,
absolute ethanol, and isopropyl alcohol. The glass slides were then washed twice with deionized
water, dried with nitrogen, and functionalized with one of the following: (3-
Aminopropyl)triethoxysilane (APTMS), Polyethylenimine (PEI), or bovine serum albumin
(BSA). For APTMS functionalization, a 97% (v/v) solution of APTMS was diluted 1:100 into
absolute ethanol. The clean glass slides were then covered with the diluted APTMS solution and
shaken at room temperature for 2 hours. For functionalization with either PEI or BSA, PEI or BSA
were diluted into diH.O to 0.05 monomolar or 1% by weight (w/v), respectively. The clean glass
slides were then covered with either the PEI or BSA solution and incubated overnight at 4-C.
Following incubation, the slides were washed twice with diH.O and allowed to dry.

Bioink microplotting surface contact angle analysis: Contact angle measurements were taken

using a Rame-Hart Advanced Contact Goniometer — Model 102. Droplmage Advanced software
was used to image the water droplets on all of the functionalized glass slides mentioned above. In
order to measure the contact angle, a line tangent to the corner of the liquid droplet is drawn and

the angle that the tangent makes with the horizontal surface is measured. A contact angle is



measured on each side of the droplet and averaged together to obtain the overall contact angle for
the droplet. The solutions used to create a droplet on each of the functionalized surfaces are diH.O
and microgel solutions at either 2, 0.2, or 0.02 mg/ml with either 0%, 5%, 10%, or 20% PEG (v/v).

Bioink microplotting: The patterns used for printing of the microgel bioinks were designed using

the SonoDraw GIX II software and can be seen in Figures 2A and 6A. All patterns were printed
using a 20, 50, or 100 xm micropipette tip fabricated using G-1 glass capillary tubes, a Narishige
PC-10 micropipette puller, and cut using a Narishige MF-900 microforge. The micropipette tips
were then superglued onto a piezoelectric element and fit into the holder on the Sonoplot GIX
Microplotter II. The printing pattern created in the SonoDraw software was then uploaded to the
Sonoplot printing software. Microgel bioinks containing either 0.02, 0.2, or 2 mg/mL of microgel
particles and either 5%, 10%, or 20% PEG (v/v) were then created and used for printing the created

pattern.

Microplotted microgel film characterization: The printed microgel films were imaged using an
EVOS FL Auto (ThermoFisher) and print parameters such as printed dot radius, printed dot
circularity, line width, line length, and the percent of the template pattern to print successfully was
measured in ImageJ in order to assess print quality and presented as the mean value + the standard
deviation. The percent of the template pattern to print successfully was measured by calculating
the total print distance of the template pattern used and then dividing the total print distance for
each condition by that value. A total of 3 different prints were imaged with at least 50 dots and 10
lines measured on each print. The thicknesses of the microgel films was determined using a MFP-
3D atomic force microscope (AFM; Asylum) in AC mode with ARROW-NCR cantilevers, with a

pyramidal tip geometry, and a cantilever constant of 42 N/m, (Nano and More USA). 3 different



line thicknesses were measured on 3 different prints for a total of 9 line widths measured and
heights are presented as the mean =+ the standard deviation.

Microplotting patterned microgel films: Microgel particles were labeled as either red or green by

coupling Alexa Fluor 594 Cadaverine or Alexa Fluor 488 Cadaverine (Thermo Fisher Scientific)
to the AAc in the particles through N-ethyl-N’ -(3-(dimethylamino)propyl)carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) coupling chemistry. Patterns with the 2 different microgel
formulations were made in SonoDraw and can be seen in Figure 7. The red labeled microgel
bioinks were printed first, allowed to dry for 1 hour protected from light, and then the green
microgel bioinks were printed. During the printing process the surface that the films were printed
on was not moved in order to ensure the precise alignment of the 2 separate print patterns. After
printing the patterned films were imaged using an EVOS FL Auto in both the red, green, and phase
contrast channels. A minimum of three separate prints per pattern were analyzed. The separate
channels where then composited in Image] to qualitatively assess the overlap between the red and
green microgel bioinks.

Statistical Analysis: All statistical analysis was performed in the Prism software (Graphpad). Data

was statistically analyzed using either a one-way or two-way ANOV A with subgroup comparisons
done using the Tukey post-hoc test at a 95% confidence interval. All results are reported as the

mean = the standard deviation. * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005
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Figure 1. Microgel Bio-ink Formulation and Printing Parameters: A) Microgel particles were
synthesized in a precipitation-polymerization reaction and mixed with low molecular weight
polyethylene glycol in order to make microgel based bioinks used for ultrasonic microplotting. B)

Ultrasonic microplotting was performed using a Sonoplot GIX Microplotter II. C) Printing was



performed by using a glass capillary write head on a glass surface. D) Ultrasonic microplotting
print parameters were changed by controlling microgel concentration, PEG concentration, the

surface coating of the glass to be printed on, and the diameter of the glass capillary.

Results:

Characterization of bioink composition contribution to print quality

To characterize the ability of the ultrasonic microplotting technique to print microgel films,
various printing parameters were altered and print quality was then analyzed; specifically the
influence of bioink microgel particle concentration, bioink PEG concentration, print surface
contact area, and glass capillary write head diameter on print quality were investigated (Fig. 1).
First, bioink microgel and PEG concentrations were varied while surface contact angle and
capillary diameter were kept constant by using clean glass slides and print capillaries 50 pm in
diameter. Bioinks with microgel concentrations of 0.02 mg/mL, 0.2 mg/ mL, or 2 mg/mL and PEG
concentrations of 5%, 10% or 20% (v/v) were used for printing. A pattern containing dots, lines,
filled in shapes, and lettering was developed in order to test the quality and resolution of the
resulting prints using each bioink formulation (Fig. 2A-B, Sup. Fig. 1, Sup. Fig. 2, Sup. Fig. 3).
Each print was imaged and parameters including printed dot radii and circularity, printed line width
and length, and the percentage of the template pattern to successfully print were measured (Fig.
2C-G) to evaluate the overall print quality. As the microgel and PEG concentration increased, the
dot radii, line width, and line length all increased with the 2 mg/mL and 20% PEG (v/v) bioink
having mean values of 76.2+7.8 ym, 127.9+5.0 ym, and 1,172.1+£18.9 um, respectively. Also, the
only ink formulations where 100% of the template pattern printed successfully were those with the

highest microgel and PEG concentrations.

10



o oo e
—fornfeo
o oo o

1—of-orele
-

100

= = e 002mgml | e = 002mgmL g = 0.02 mg/mL
£ w0 = 02mgmL 2 = 0.2 mg/mL E 100 — wenn - 0.2 mg/mL
£ 0.0 =

% 60 -+ 2mg/mL S 0.9 -+ 2 mg/mL o -+ 2 mg/mL

© 3 0.8 £

x 40 £ 0.7 g 50

3 She 5

o 20 0.6-| e

o+ 0.5 —— 0+ — T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
% PEG % PEG % PEG

_ = 200

g 1300 - 0.02 mg/mL g ek - 0.02 mg/mL
= 1200 Yrt e 02mgiml 1501 wes = 0.2 mgmL
£ £ 2 mg/mL
2 1100 *2mgmb 5 a0l wemam
e S
-
@ 1000 2 501
pa 3

900+——m—r— 0 T — T )
0 5 10 15 20 25 5 10 15 20 25

o

%PEG % PEG
Figure 2. Print Quality Resulting from Bioinks with Changing Microgel and PEG
Concentrations on Plain Glass: A) A template pattern was designed with several different
features including dots, lines, filled in shapes, and curves in order to capture as many differences
in print quality. B) A representative print image from the bioink containing 2 mg/mL of microgel
particles and 20% PEG (v/v). C-G) Print quality was assessed by measuring features in Imagel
such as dot radii, circularity, the percent of the template pattern to print, printed line length, and
printed line width respectively. Significant differences were measured between microgel bioinks
with different microgel concentration, but the same percentage of PEG. *** p<0.0005, ****

p<0.00005

Film thickness is another indicator of the print quality such that a thicker film indicates a higher

quality print. To measure film thickness, dry AFM imaging was performed on printed lines created
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using the various bioink formulations characterized above (Fig. 3A). AFM heights show that at
the highest microgel concentration of 2 mg/mL, the thickest print of 1.9+0.3 ym occurred when
the PEG concentration was also at its highest value of 20% by volume, as those prints were
significantly thicker (p<0.0005) than the prints created using a bioink of 2 mg/mL and either 10%
or 5% PEG that had thicknesses of 1.3+0.3 ym and 0.4+0.2 um, respectively (Fig. 3B).
Subsequently, even at the highest PEG concentration of 20% by volume, the thickest print of
1.9+0.3 ym occurred when the concentration of microgels in the bioink was at its highest value of
2 mg/mL. Prints produced with bioinks comprised of 20% PEG and 2 mg/mL microgels were
significantly thicker (p<0.0005) than the prints created using a bioink of 20% PEG and 0.2 or 0.02
mg/mL of microgel particles which had thicknesses of 0.4+0.1 um and 0.3+0.1 um respectively
(Fig. 3C). Taken together, the results from the print quality analysis and print thickness
measurements show that both the concentration of the microgels and PEG in the bioink are
important factors in determining the overall print quality, with the prints with the highest quality,

that were also the thickest, occurring with a bioink composition of 2 mg/mL and 20% PEG.
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Figure 3. Microgel Bioink Print Heights Measured by Atomic Force Microscopy: Atomic
force microscopy (AFM) was used in order to determine the thickness of printed lines made on
plain glass with bioinks containing different microgel and PEG concentration. A) A representative
image of a printed line as imaged by AFM. B) The heights of printed lines measured by AFM
where microgel concentration remained constant at 2 mg/mL and PEG percentage was changed.
C) The heights of printed lines measured by AFM where PEG percentage remained constant at

20% and microgel concentration was changed. *** p<0.0005

Contact angle analysis

Subsequent studies focused on determining how altering the print surface influenced print
quality. Print surfaces included glass slides modified with PEI, APTMS, or BSA. Prior to printing
on these surfaces, contact angle analysis of the microgel bioink on the coated surfaces was
performed. It was found that changing either the PEG concentration while the microgel
concentration was held constant or changing the microgel concentration while the PEG
concentration was held constant had little effect on the resulting contact angle (Fig. 4F-G, Sup.
Fig. 4). Average contact angles of 50.8°+6.3°, 54.4°+3.1°, 65.2°+0.2°, and 77.5°+3.6° were
measured for clean glass, PEI coated glass, APTMS coated glass, and BSA coated glass,
respectively. The only statistical differences (p<0.05) found were between bioinks comprised of
5% PEG (v/v) and 20% PEG (v/v) with 2 mg/mL microgels on the clean glass surface and between
bioinks comprised of 0.02 mg/mL and the 0.2 mg/mL or 2 mg/mL with 20% PEG (v/v) on the PEI
coated surface. All other conditions within each surface were not statistically different. However,
the contact angle of the surface did change significantly (p<0.05) with each different surface
coating. Using a microgel bioink composition of 2 mg/mL and 20% PEG (v/v), the clean glass

surface had the lowest contact angle of 49.0+6.0, the PEI coated surface had a contact angle of
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56.5°+1.6°, the APTMS coated surface had a contact angle of 62.8°+1.5°, and the BSA coated
surface had the highest contact angle of 75.0°£5.9° (Fig. 4H). Overall, contact angle analysis
showed that bioink formulation did not have a huge impact on the resulting contact angle, but

contact angle could be controlled by changing the type of surface coating on the glass slide.
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Figure 4. Microgel Bioink Contact Angle Changes Based on Surface Coating: A) Contact
angle measurements were taken using a Rame-Hart Advanced Contact Goniometer — Model 102
and Droplmage Advanced software was used to image the water droplets. B-E) Representative
droplet images for clean glass surfaces, PEI coated surfaces, APTMS coated surfaces, and BSA
coated surfaces respectively. F) Contact angle of bioink droplets where microgel concentration
was kept constant at 2 mg/mL and PEG concentration was varied. G) Contact angle of bioink
droplets where PEG percentage was kept constant at 20% and microgel concentration was varied.

H) Contact angle of bioinks with 2 mg/mL of microgels and 20% PEG. * p<0.05

Analysis of influence of contact angle on print quality

In these studies, bioink composition was kept constant while print surface was varied. Printing

with a bioink of 2 mg/mL microgel particles and 20% PEG (v/v) on the coated surfaces resulted
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in a biphasic response between contact angle and print quality (Fig. 5, Sup. Fig. 5). With
increasing contact angle, the quality of the printed dots behaved as expected with dot radii
decreasing to a value of 39.3+1.6 um and dot circularity increasing to 0.96+0.04 on BSA coated
surfaces (Fig. SB-C). However, line width and line length followed a biphasic response and
decreased to their lowest values of 27.9+5.5 um and 1078.6+£16.3 um, respectively, on the APTMS
surface, but increased to a value of 79.3+£3.0 um and 1117.3+10.6 um, respectively, on the BSA
surfaces (Fig. SE-F). Also, the APTMS coated surface was the only surface to not print 100% of
the template pattern, while the BSA coated surface, at a higher contact angle, did (Fig. SD). The
printed line thickness also varied with contact angle as the thickness was greatest on the clean glass
and APTMS coated surfaces with values of 1.9+0.3 ym and 1.6+£0.2 ym, respectively, while the
PEI and BSA coated surfaces had significantly thinner (p<0.005) printed lines, having thickness
values of 1.0+0.2 ym and 1.0+0.1 ym, respectively. These results show that contact angle does
play an important role in print quality. However, due to the biphasic response observed, it is

possible that other surface properties also influence print quality.
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Figure 5. Changing Surface Coating Effects Microgel Bioink Print Quality: A) Representative
image of a bioink containing 2 mg/mL of microgels and 20% PEG on a BSA coated surface. B-F)
Print quality on each coated surface using a bioink containing 2 mg/mL of microgels and 20%
PEG was measured in ImagelJ by analyzing printed dot radii, printed dot circularity, the percent of
the template pattern to print, printed line width, and printed line length respectively. G) The heights

of printed lines measured by AFM. ** p<0.005, *** p<0.0005

Influence of print head diameter on print quality

Next, the influence of the diameter of the glass capillary print head on print quality was analyzed.
Glass capillary print head diameters of 20 um, 50 um, or 100 wm were investigated while the
contact angle of the surface was held constant by printing on BSA coated slides (Fig. 6A-B, Sup.
Fig. 6). Bioink formulation was also kept constant at 2 mg/mL microgels and 20% PEG (v/v).
While printing parameters appeared to change linearly with increasing capillary diameter, print

quality appeared to be the highest with the intermediate diameter capillary. Dot radii, line width,
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and line length all significantly (p<0.0005, p<0.005, and p<0.0005 respectively) increased with
increasing capillary diameter, with the highest values of 90.7+4.1 um, 138.7£19.4 pm, and
1705.6+£27.7 wm respectively occurring with the largest tip diameter of 100 pum (Fig. 6C,F,G).
However printing with the 50 pm diameter capillary, led to significantly higher (p<0.05) dot
circularity values compared to the 100 um diameter capillary and a significantly greater (p<0.05)
percentage of the template pattern to print successfully compared to the 20 wm diameter capillary,
having values of 0.96+0.04 and 100+£5% respectively (Fig. 6D,E). While changing the tip diameter
does increase the print feature size, there is a tradeoff in quality, as seen by the decrease in printed
dot circularity and the increase in printed line length and width, resulting in the 50 um diameter

tip having the best overall print quality.
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Figure 6. Printing Features Increases Linearly with Changing Print Head Diameter: A) A
template pattern was designed in order to measure how printed feature quality changed with the
glass capillary print head diameter. B) A representative image of a print using a 50 ym diameter
with a bioink containing 2 mg/mL of microgels and 20% PEG on a BSA coated surface. C-G)
Print quality was measured in ImageJ by analyzing printed dot radii, printed dot circularity, the
percent of the template pattern to print, printed line width, and printed line length respectively. *

p<0.05, ** p<0.005, *** p<0.0005

Printing patterned microgel films

Having established an initial understanding of how changing each parameter affects print
quality, studies were initiated to evaluate the feasibility of patterning microgels with varied
composition. To that end, patterned microgel films were printed using either red labeled or green
labeled microgel particles at a concentration of 2 mg/mL with 20% PEG on BSA coated surfaces.
To test the resolution capabilities while printing multiple microgel bioinks on the same surface,
patterns with features of either 200x200 um, 100x100 pm, 50x100 pm, or 50x50 wm were created
(Fig. 7). For the patterns with feature sizes of 200x200 um and 100x100 wm, the spaces where the
green microgels are to be printed next to the red microgels are highly defined indicating that this
technique can easily print patterns with a feature size resolution of 100-200 ym. As the pattern
features decrease in size to island sizes of 50x100 ym, there are defined spaces in the red channel
where the green microgels are going to be printed however they are not as defined as the patterns
with the larger feature size. Lastly, as feature size decreases to the pattern where island sizes are
50x50 wm in size, the spaces where the green particles are to be printed are not as defined and it
appears that the red labeled microgels fill in that space to a greater degree. Based on these results,

it appears that resolution capabilities are limited to around 50-100 um in size as it is somewhere
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between an island size of 50x100 pm and 50x50 pm where it is not possible to print areas of

differing microgels next to one another without overlap.

Figure 7. Patterning Microgel Films Using an Ultrasonic Microplotter: Patterned microgel
films were created using particles labeled with Alexa Fluor 594 Cadaverine (red) or Alexa Fluor
488 Cadaverine (green). Bioinks with the labeled particles were created at a concentration of 2
mg/mL and printed on BSA coated surfaces. Patterns with green feature sizes of 200x200 ym (A),

100x100 gm (B), 50x100 m (C), and 50x50 ym (D) were printed.

Discussions and conclusions:
In this work, we investigate the utility of ultrasonic plotting in creating patterned pNIPAm

scaffolds. In order to understand how user controlled parameters effect printing quality, bioink
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formulation, contact angle of the surface, and print head diameters were varied independently of
one another. The first set of parameters that was varied during the printing process was the
microgel bioink composition. The bioink is composed of microgel particles and low molecular
weight polyethylene glycol 400 (PEG). PEG is a common additive in bioink material blends due
to its ability to increase the mechanical property of the resulting material>+. PEG is also used as a
lubricant in many 3D printing applications in order to aid the loading and dispensing process*.
This increases the ability of the bioink to print successfully while also preventing clogging of the
write head; for these reasons, PEG was included in the bioinks here. Results showed that increasing
bioink PEG concentration and bioink microgels concentration, while holding other parameters
constant, resulted in increasing print quality. Bioinks comprised of 2 mg/mL with 20% PEG (v/v)
were found to have the overall highest print quality, as evidenced by results demonstrating prints
with this bioink have the largest and thickest print features while also successfully printing 100%
of the template pattern. Indeed, our results show that the addition of PEG does aid printing by
increasing the wetting of the bioink on the glass surface due to the lubrication properties of the
PEG aiding the dispensing process. It is important to note that similar results could have been
achieved with using higher molecular weights of PEG in lower amounts, however higher
molecular weights would be harder to remove from the dried printed microgel films which is why
a low molecular weight was used. Next, the influence of surface contact angle on print quality was
analyzed, while keeping other printing parameters constant, by coating glass slides with PEI,
APTMS, or BSA. The surface coatings were chosen based off typical microgel film LBL
fabrication, which uses APTMS to functionalize the glass and PEI which is used to electrostatically
hold microgel layers together, and the potential for cell culture, where BSA would prevent non-

specific cell adhesion and thereby promote adhesion to the printed microgels. Contact angle

20



analysis showed that clean glass had the lowest contact angle, PEI and APTMS had an intermediate
contact angle, and BSA had the highest contact angle. Initially, it was hypothesized that contact
angle would influence print quality, with quality increasing as contact angle increased, due to an
increase in the hydrophobicity of the surface which would prevent the print from spreading and
increase resolution. Indeed, this hypothesis holds when printing dots as both the dot radii and dot
circularity increased with increasing contact angle as expected. However, this hypothesis did not
hold with regards to printed line length, width, and the percent of the template to print successfully.
In fact, it appears that there is a biphasic response resulting in APTMS having the lowest print
quality even though it is at an intermediate contact angle value. These results indicate that there
could be other surface parameters that impact microgel bioink print quality. Surface charge and
magnitude may be contributing to these results as both PEI and APTMS are positively charged,
with APTMS having a higher charge magnitude than PEI, and BSA having a negative charge, but
further tests would need to be performed in order to substantiate this hypothesis. Overall, the
results from changing the contact angle showed that either the BSA or PEI coated surfaces
represent the best print substrates, as evidenced by results demonstrating that prints on these
surfaces have print features closest to the diameter of the write head with 100% of the template
pattern successfully printed.

Finally, the influence of glass capillary print head diameter on print quality was analyzed while
holding all other printing parameters constant. The diameter of the print head influences the size
of the printed features; we hypothesized that smaller diameters would correlate with greater print
resolution. Results demonstrated that print feature size increased linearly with increasing capillary
diameter; dot radii, line width, and line length all increased with an increase in tip diameter.

However, this change in resolution comes at the expense of the overall print quality. As the tip
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diameter decreased, the percent of the template pattern printed also decreased. This could be
caused by partial clogging of the smaller tip diameters with the microgel particles in the bioink or
it could be that the volume wicking onto the surface from the capillary was not large enough to
maintain a continuous flow over the size of the pattern. In order to increase the resolution further,
the microgel bioink formulation might need to be altered or perhaps the design of the pattern needs
to be proportionately scaled to the tip diameter.

The goal of this project is to spatially control deposition of microgels to create scaffolds with
exquisitely controlled mechanical, adhesive, and bioactive properties. Previous studies with
pNIPAm particle have shown that particle stiffness can be controlled between 3-120 kPa», film
viscoelasticity can be controlled between a loss tangent of 0.8 and 1.5+, and bioactivity can easily
be achieved through the inclusion of antibodies or targeted peptides#=. This ultrasonic printing
technique, therefore, could be used to pattern particles with different properties consistent with the
desired application. By optimizing printing parameters, it was possible to create patterned films
with a feature size resolution of ~50 wm by using a microgel bioink comprised of 2 mg/mL of
microgel particles and 20% PEG (v/v) while printing on a BSA coated surface using a print head
diameter of 50 wm. Therefore, this printing technique successfully addressed the major issue of
lack of spatial control of LBL methods for microgel scaffold fabrication. This work also opens the
door for the development of new and complex microgel platforms that can pattern specific
substrate parameters to localized area that are on a similar length scale to a cell’s native
microenvironment.

While this technique offers huge advantages in 2D film creation, the technology needs further
optimization to facilitating printing larger three-dimensional scaffolds. However, results shown

here offer promise for extending ultrasonic printing to 3D. Compared to extrusion-based printing,
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ultrasonic printing offers higher spatial resolution and a greater degree of control over material
properties. The resolution for feature size of most extrusion-based printing methods is between
200-2000 gms+, In order to achieve higher resolutions through extrusion-based printing, stiffer
or more viscous materials need to be used. A resolution lower than 200 xm has been seen with
extrusion-based printing, however this required the use of a material with a stiffness between 100-
500 kPa which is greater than the physiological values of most tissues». Using this method, it was
possible to print features down to 50 pum with the possibility of even printing at a higher resolution
with further optimization. Because the bioinks used in this study are made of microgel suspensions,
the mechanical and rheological behavior of the bioink will be governed by the solvent in which
the particles are dissolved,” meaning that resolution size is independent of the microgel particle
mechanical properties. Therefore, it is possible to still achieve a high degree of resolution even
with particles that have mechanical properties over a wide range of physiologically relevant values.
Overall, this technique offers advantages in 2D film creation as compared to traditional LBL

techniques and offers potential advantages in 3D with further development of the technology.

Supporting Information: The following file is available free of charge as a PDF and includes the
representative images of microgel printing conditions that are shown in the main text as data points
in graphs. These conditions include: bioinks with compositions of either 0.02, 0.2, or 2 mg/ml with
either 5%, 10%, or 20% PEG, contact angle analysis of bioinks with compositions of either 0.02
or 0.2 mg/ml with either 5%, 10%, or 20% PEG, bioinks printed on APTMS and PEI coated

surfaces, and bioinks printed with a 20 pm or 100 um capillary write head.
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