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Three-dimensional (3D) printing allows for creation of patient-specific implants. However, development
of new synthetic materials for 3D printing has been relatively slow with only a few polymers available for
tissue engineering applications. Most of these polymers require harsh processing conditions like high
temperatures and pressures or are mixed with a combination of leachable additives like plasticizers,
initiators, crosslinkers, and solvents to enable 3D printing. Therefore, to propel the development of new
polymers for ambient temperature, additive-free 3D printing it is necessary to systematically understand
the relationship between the structure of a polymer with its 3D printability. Herein, three homopolyesters
were synthesized, each with a common backbone but differing in the length of their saturated, aliphatic
pendant chains with 2, 6, or 15 carbons. The physical properties such as the glass transition temperature
(Ty) and the rheological properties like shear thinning, temperature response, and stress relaxation were
correlated to the individual polymer’'s 3D printability. The 3D printability of the polymers was assessed
based on four criteria: ability to be extruded as continuous filaments, shape fidelity, the retention of
printed shape, and the ability to form free hanging filaments. We observed that the polymers with longer
side chains can be extruded at low temperature and pressure because the long side chains act as internal
diluents and increase the flowability of the polymer. However, their ability to retain the 3D printed shape
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is adversely affected by the increase in side chain length, unless the side chains form ordered structures
leading to immediate recovery of viscosity. The insight derived from the systematic investigation of the
effect of polymer structure on their rheology and 3D printability can be used to rationally design other

rsc.li/polymers polymers for extrusion-based direct-write 3D printing.

Extrusion-based direct-write 3D printing (EDP) is one of the
most widespread techniques to fabricate devices and scaffolds

Introduction

The ability to efficiently fabricate customized constructs with
intricate architectures makes 3D printing useful for a broad
range of applications, including biomedical applications.’™
Personalized medical devices such as prosthetics, dentures,
and implants are being regularly produced by 3D printing for
hitherto unmet clinical needs.’* The potential of 3D printing
for creating customized implants has been demonstrated by
successful clinical implantation of medical devices such as
aortic valves, renal bladder, and tracheal splints."”> However,
the progress in developing 3D printing methodologies has sig-
nificantly outpaced the design and availability of new ‘bio-

material inks’.®”
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for tissue engineering.® This is mainly because this technique
is compatible with a wide range of materials and can produce
3D constructs with sizes and dimensions relevant to bio-
medical applications.®® Inks with a wide viscosity range have
been 3D printed using EDP."® In EDP, the material is extruded
through a narrow nozzle and a 3D construct is formed
layer-by-layer by depositing continuous filaments of the ink
along a predetermined path. The 3D printed ink is perma-
nently set by employing physical processes such as solvent
evaporation, re-crystallization, or supramolecular interactions,
or by chemical crosslinking through light or thermally con-
trolled reactions.™®

Currently, synthetic polymers like poly(lactic-co-glycolic
acid) (PLGA), polycaprolactone (PCL), poly(methyl methacry-
late) (PMMA), etc. are regularly used for EDP of medical
devices.®'®'" synthetic polymers such as the above are printed
by either heating them to high temperatures or using proces-
sing aids like solvents, surfactants, or plasticizers.">** In
addition to the harsh processing conditions required to print
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these polymers, synthetic polymers used for EDP have limited
independent tunability of processing, degradation, and
mechanics.®'* Moreover, most of these polymers are not easy
to functionalize with bioactive ligands and are therefore used
mostly for space filling applications that allow basic cell func-
tion but do not actively promote biological activity.”'* On the
other hand, hydrogels provide an attractive alternative that can
be printed at mild conditions but lack the mechanical strength
to create large constructs with high shape fidelity.” Moreover,
most hydrogels are based on natural polymers like gelatin,
chitosan, alginates, etc. that suffer from batch to batch incon-
sistencies and may provoke an immunogenic reaction.”'®

Therefore, a major challenge for the coming years will be to
develop biodegradable polymer ink libraries with user-defined
and tunable properties. Although some efforts are being made
to design new polymer systems, these are still in their infancy.
For example, our lab previously reported the synthesis and
EDP of multifunctional polyesters at room temperature
without the presence of solvents or external additives.'”*°
Other examples include supramolecular hydrogel inks that
have been developed for extrusion-based 3D printing to create
high resolution multi-material structures incorporated with
live cells.>® Other studies have described the extrusion based
3D printing of additive-free synthetic diblock and triblock
polymers.> >* However, to the best of our knowledge, there
are no studies that investigated the effect of systematically
modifying polymer structure and studying its effect on
polymer rheology and 3D printability.

To address the lack of structure-3D printability studies, we
synthesized polyesters with a common backbone but differing
in carbon chain length of pendant groups. The polyesters are
formed using a previously reported method involving carbodi-
imide-mediated polyesterification of diols and diacids.'>*’
The polyesters are composed of equimolar ratio of succinic
acid and N-substituted diols with varied saturated, aliphatic
chain lengths of 2, 6, and 15 carbons. The polyesters are
labelled C,, Cg, and C,5 respectively, where the subscript
denotes the carbon chain length on the pendant group. The
synthesized polyesters were characterized using 'H nuclear
magnetic resonance (NMR), gel permeation chromatography
(GPQ), differential scanning calorimetry (DSC), and shear
rheology. Steady state flow tests were performed to determine
the zero-shear viscosity and shear thinning ability of the syn-
thesized polyesters. Small amplitude oscillatory shear (SAOS)
measurements were performed to investigate the effect of
polymer structure on the viscoelasticity of the polyesters.
Stress relaxation experiments were performed to examine the
transient properties of the polyesters. The polyesters were 3D
printed using a pneumatic, extrusion-based direct-write tech-
nique and their 3D printability was evaluated. The printability
of each polyester was assessed based on their ability to extrude
as continuous filaments, the shape fidelity of the printed con-
structs, the ability to retain the printed shape, and the ability
to form free hanging filaments. The printing temperature and
pressure was adjusted to enable extrusion of continuous fila-
ments. The shape fidelity was determined based on the shape
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of the pores of the 3D printed scaffolds with rectilinear infill
pattern. The shape retention ability of the polymers was ana-
lyzed by monitoring the pore shape and area over time after
printing. The polymer’s ability to form a free hanging bridge
was investigated by printing a continuous filament over pillars
with predefined gaps between 0.5-16 mm. The insights
derived from this study can be used to design a new class of
polymers for extrusion-based direct-write 3D printing for
tissue engineering applications.

Materials and methods
Materials

Chemical synthesis reagents include diethanolamine (>99.0%,
TCI), ethyl propionate (99+%, Acros Organics), ethyl heptanoate
(99%, Aldrich), methyl palmitate (97%, Alfa Aesar), sodium
methoxide (98%, Alfa Aesar), succinic acid (Fisher Scientific),
4-(Dimethylamino)pyridinium 4-toluenesulfonate (DPTS, pre-
pared according to literature*®) and N,N'-Diisopropylcarbodiimide
(DIC, 99.50%, Chem-Impex Int'l Inc.). Dichloromethane (Thermo
Fischer Scientific) was dried via distillation over anhydrous CaH,.

Instrumentation

"H-NMR spectra of monomers and polymers were obtained in
a 300 MHz Varian Mercury spectrophotometer in DMSO-d6 or
CDCl;, where chemical shifts () were recorded in ppm relative
to the solvent signal at 2.5 and 7.26 ppm, respectively. Glass
transition temperature and the melting temperature were
determined with a TA Instruments Q200 DSC. Each sample
was sealed in hermetic aluminum pans and heated from
—50 °C to 150 °C at a ramp rate of 10 °C min~" under N, atmo-
sphere. The heating and cooling processes were repeated
3 times. The number average molecular weight (M,,) and the
weight average molecular weight (M,,) for each polyester were
determined with a Tosoh HLC-8320GPC equipped with a RI
detector with polystyrene as the standard and tetrahydrofuran
as the eluent. Rheological properties of the polymers were
determined using an ARES-G2 rotational rheometer using
8 mm parallel plates. The rheometer was equipped with a Force
Convection Oven (FCO) for temperature control. The polymer
was loaded on the rheometer plate as a melt and heated to a
temperature of T, +50 °C for 10 minutes to remove any residual
stress before being equilibrated to the respective experiment’s
temperature for another 10 minutes. The shear rate sweep was
performed in steady state mode. Before acquisition of each data
point, the sample was allowed to equilibrate for 240 seconds.
The temperature sweep was performed in the oscillatory mode
whereas the stress relaxation step was performed in the transi-
ent mode. The %strain for the temperature sweeps and the
stress relaxation steps was within the linear regime of each
polymer as determined by performing a strain sweep.

Monomer synthesis procedure

The N-functionalized diethanolamide monomers (diols) were
synthesized using similar procedures as reported by Gokhale
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Scheme 1 General reaction scheme for the (A) monomers and (B)
polyesters.

et al.’® with minor modifications. Typically, a transmidation

reaction between diethanolamine and a corresponding
a-functionalized alkyl ester was performed to obtain the
diethanolamide monomers with different pendant carbon
lengths (Scheme 1A). The reaction mixtures were purified
using column chromatography with silica as stationary phase
and a mixture of 10% methanol and 90% dichloromethane as
eluent. The purified compounds were characterized using 'H
NMR spectroscopy and the details of the synthesis and charac-
terization of the individual monomers are given below.

Synthesis of N,N-bis(2-hydroxyethyl)propionamide (mC,). In
a round bottom flask with a magnetic stir bar, diethanolamine
(6.30 g, 60.0 mmol) and ethyl propionate (3.06 g, 30.0 mmol)
were refluxed at 80 °C for 4 h. The obtained product was a
white solid after purification using column chromatography.
mC,: Yield = 82%, 'H NMR (300 MHz, DMSO-d6), § (ppm):
0.96 (t, ] = 7.50 Hz, 3H), 2.33 (q,J = 7.50 Hz, 2H), 3.29-3.38 (m,
4H), 3.42-3.53 (m, 4H), 4.64 (t, J = 6.00 Hz, 1H), 4.80 (t, J =
4.50 Hz, 1H).

Synthesis of N,N-bis(2-hydroxyethyl)heptanamide (mCg). To
a round bottom flask with a magnetic stir bar, diethanolamine
(6.30 g, 60.0 mmol), ethyl heptanoate (4.75 g, 30.0 mmol), and
sodium methoxide (0.08 g, 1.5 mmol) were added and stirred
at 75 °C under vacuum for 8 h. A colorless liquid was obtained
after purification of the reaction mixture using column chrom-
atography. mCg: Yield = 84.7%, "H NMR (300 MHz, DMSO-d6),
5 (ppm): 0.86 (t, J = 7.50 Hz, 3H), 1.15-1.36 (m, 6H), 1.38-1.54
(m, 2H), 2.30 (t, ] = 7.50 Hz, 2H), 3.29-3.38 (m, 4H), 3.41-3.52
(m, 4H), 4.65 (t, ] = 4.50 Hz, 1H), 4.80 (t, J = 6.00 Hz, 1H).

Synthesis of N,N-bis(2-hydroxyethyl)palmitamide (mC,s).
Diethanomine (6.30 g, 60.0 mmol), methyl palmitate (8.11 g,
30.0 mmol) and sodium methoxide (0.08 g, 1.5 mmol) were
added to a round bottom flask equipped with magnetic stir
bar. The reaction mixture was stirred at 110 °C under vacuum
for 12 h. A white crystalline solid was obtained after purifi-
cation using column chromatography. mCys: Yield = 68.9%, 'H
NMR (300 MHz, DMSO-d6), § (ppm): 0.85 (t, J = 7.50 Hz, 3H),
1.17-1.30 (m, 24H), 1.40-1.51 (m, 2H), 2.30 (t,J = 7.50 Hz, 2H),
3.29-3.38 (m, 4H), 3.40-3.53 (m, 4H), 4.64 (t, J = 4.50 Hz, 1H),
4.70 (t,J = 4.50 Hz, 1H).

General polyester synthesis procedure

For each polyesterification, room-temperature carbodiimide
mediated polyesterification was employed as described else-
where'® and shown in Scheme 1. In a 500 ml round bottom
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flask with a magnetic stir bar, succinic acid (5.87 g,
49.6 mmol, 1.0 eq.), DPTS (5.55 g, 19.84 mmol, 0.4 eq.) and a
diol monomer (mC,: 8.00 g, 49.6 mmol, 1.0 eq.; mCg: 10.77 g,
49.6 mmol, 1.0 eq.; mCys: 17.02 g, 49.6 mmol, 1.0 eq.) were
added along with 100 ml anhydrous CH,Cl,. The mixture was
then cooled to 0 °C and diisopropylcarbodiimide (DIC)
(23.50 mL, 148.8 mmol, 3.0 eq.) was added dropwise with a
syringe. The reaction was allowed to continue over 48 hours
(24 hours in case of Cy5) at room temperature under N, atmo-
sphere. The crude material was then subjected to vacuum fil-
tration to remove the diisopropyl urea byproduct. The product
was then concentrated under vacuum and purified via dialysis
in MeOH (for C,, and Cg polyesters) or by precipitation (3x) in
cold MeOH (for Cy5 polyester). The purified polyester was
further dried under vacuum to obtain the final product which
was characterized with "H-NMR, GPC, DSC, rheology, and then
3D printed. C,: Yield = 72.9%, '"H NMR (300 MHz, CDCl,),
5 (ppm): 1.13 (t, J = 7.50 Hz, 3H), 2.38 (q, J = 7.00 Hz, 2H),
2.54-2.70 (m, 4H), 3.47-3.71 (m, 4H), 4.00-4.38 (m, 4H). Cg:
Yield = 75.1%, "H NMR (300 MHz, CDCl;), § (ppm): 0.88 (t, J =
6.00 Hz, 3H), 1.15-1.43 (m, 6H), 1.60-1.63 (m, 2H), 2.34 (t,J =
7.50 Hz, 2H), 2.54-2.69 (m, 4H), 3.49-3.65 (m, 4H), 4.07-4.33
(m, 4H). Cy5: Yield = 77.2%, 'H NMR (300 MHz, CDCL,),
5 (ppm): 0.88 (t, J = 7.50 Hz, 3H), 1.18-1.34 (m, 24H), 1.55-1.56
(m, 2H), 2.34 (t, J = 7.50 Hz, 2H), 2.51-2.75 (m, 4H), 3.55-3.73
(m, 4H), 4.14-4.35 (m, 4H).

3D printing parameters

The polymers were 3D printed using a pneumatic, extrusion-
based bioprinter (Cellink Inkredible+ from Cellink LLC). The
polyesters were loaded into an aluminum cartridge purchased
from Cellink LLC. A Teflon coated 25-gauge precision nozzle
(Subrex LLC) with an inner diameter of 0.437 mm was used for
all experiments. The layer height of the printed scaffolds was
set to 0.3 mm (70% of nozzle inner diameter) for all experi-
ments. The printing temperature, pressure, and speed were
individually optimized for each polymer. The polyesters were
printed on a glass substrate at room temperature of 23 °C.
However, in case of the Cy5 polyester the glass substrate had to
be heated to 30 °C to counteract the debonding of the scaffold
from the substrate during printing. Similar issues have been
reported for 3D printing of other semi-crystalline polymers
like poly (lactic-co-glycolic acid) where the substrate tempera-
ture needs to be heated to ensure adhesion of the polymer to
the substrate.”””® Once printed, the scaffold images were
recorded using the 14MP HDMI HD Microscope USB
Industrial Camera from Lapsun. The images were analyzed
using Image].

Results and discussion
Synthesis of monomers and polyesters

Monomer diols with 2, 6, and 15 carbons were synthesized for
this study by a transamidation reaction of diethanolamine
with an ethyl or methyl ester (Scheme 1). Successful synthesis
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of each monomer was determined via 'H-NMR (Fig. S17),
which can be confirmed by the appearance of the peak around
2.30 ppm for the protons on the a-carbon. This peak is a
quartet for the mC, monomer and a triplet for the mCg, and
mC,5; monomers. The mC, monomer had a unique triplet at
0.96 ppm for the protons on the terminal carbon of the
pendant group. Both other monomers, mCg, and mcCss, dis-

Fig. 1 Molecular structure of the C,, Cg, and Cy5 polyesters.
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played peaks unique to the length of their side chain. The
spectra for these monomers contained a multiplet around
1.46 ppm for the protons on the f-carbon, a peak around
0.85 ppm for the protons on the terminal carbon of the
pendant group and a multiplet between 1.15-1.36 ppm for the
protons on the carbons between the p and terminal carbons.
The peaks corresponding to the two hydroxyl protons for mC,,
mCg, and mC,; are all shown at 4.64 and 4.80 ppm (Fig. S17).
Overall, each N-substituted diol monomer was successfully
synthesized.

The synthesized polymers contain 1:1 molar ratio of the
respective diol and succinic diacid and are labeled as C,, Ce,
and C;5, based on the number of carbons in the side chain
(Fig. 1). The structure of the synthesized polyesters was con-
firmed using 'H-NMR (Fig. 2). The spectra include peaks
corresponding to the protons of the two carbons of succinic
acid and the peaks from the individual monomers. The peaks
at around 2.61 ppm correspond to the protons on the carbons
of succinic acid.
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Fig. 2 Stacked H-NMR spectra of the C; (blue), C¢ (green), and Cys (red) are presented. All spectra display a singlet at 7.26 ppm corresponding to

the solvent, chloroform-d.
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Analysis of the polyester physical properties

The number average molecular weight (M,) and the weight
average molecular weight (M,), glass transition temperature
(Ty), melting temperature (Ty,), zero-shear viscosity (i7,) and
the complex modulus (G*) of each polyester is presented in
Table 1. Since the rheology of a polymer is sensitive to its
molecular weight and polydispersity, polymers with similar
molecular weight and polydispersity were chosen for this
study.

At room temperature, the C, and Ce polyesters are viscous
whereas the Cy5 polyester is a brittle, white colored solid. C,
and Ce are amorphous whereas C;5 is a semi-crystalline
polymer. The T, of the polymers was found to be inversely pro-
portional to their side chain length. The T, of the C, and Cg
polyester is 7 °C and —15 °C, respectively. Cy5 polyester has a
Tm of about 34 °C and a re-crystallization temperature (7..) of
23 °C (Fig. S37), while a T, could not be observed till =50 °C.
Similar observations have been reported elsewhere.>" The
long unsaturated carbon side chains impede packing of the
polymer backbone thereby reducing the T, of the polymer.
However, this decrease in T, is observed only till a critical
value of carbons in the side chain beyond which the side
chains form ordered structures resulting in a semi-crystalline
polymer.”*! Similarly, the long side chains of the C;5 poly-
ester form ordered structures and therefore a melting event at
34 °C can be observed. The side chain length also shows an
inverse relationship with other physical properties such as
viscosity and modulus. When compared at 35 °C, the C, poly-
ester has higher viscosity and modulus than the Cs and Cys.
This temperature was chosen for the rheology experiments
because it is above the T, of the C;5 polyester. Due to the
intrinsic nature of the technique, rheology experiments cannot
be reliably performed on semi-crystalline polymers below
their T,,.*?

Rheology

The rheological behavior of a material provides insight into its
3D printability. The material should undergo shear thinning
to ensure smooth, consistent extrusion of continuous fila-
ments for extrusion-based direct-write 3D printing (EDP).’ The
viscosity of a shear thinning material reduces in response to
the high shear rate at the nozzle enabling it to extrude
smoothly. However, once the material is extruded the shear
rate decreases dramatically and the material must be able to
recover its viscosity to retain the printed shape and support

Table 1 Characterization data for the C,, Cg, and Cy5 polyesters

M, Ty T 7o e
Polymer (kDa) My /M, (°C) (°C) (kPa s) (kPa)
C, 6.2 1.7 7.1 N/A 18.6 116.1
Ce 8.8 1.8 -15.3 N/A 0.7 6.7
Cyis 8.4 1.6 N/A 345 0.1 0.9

“ Zero-shear viscosity (1,) at 35 °C. ? Complex modulus (G*) at 35 °C,
~10 rad s~ angular frequency, and 10% strain.
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View Article Online

Paper

overhang structures.” Therefore, understanding the rheology
of a material as a function of shear rate can help to determine
the 3D printability of the material.

The steady state viscosity as a function of shear rate at
35 °C is shown in Fig. 3A. The viscosity plateau at lower shear
rates is called the zero-shear viscosity (1,) and represents the
material’s viscosity at near-rest conditions.*® The zero-shear
viscosity reduces with increasing side chain lengths since the
unsaturated side chains act as ‘internal diluents’.*" Therefore,
the polyester with the shortest side chain (C,) has the highest
zero-shear viscosity whereas the polyester with the longest side
chain (C,5) has the lowest viscosity.

The shear rate at which the drop in the viscosity begins is
called the critical shear rate.>® Here, the critical shear rate is
observed to increase with increasing side chain length. The
critical shear rate for the C, and Cg polyester is 4 1 s™* and
15 1 s, respectively. Much higher shear rates are usually
observed in EDP (>100 1 s™').>* The reduction in viscosity at
higher shear rates in case of the C, and Cg polyester is indica-
tive of the shear thinning behavior of the polymers. However,
no apparent shear thinning behavior is observed for the Cys
polyester for the given shear rate range. The complex viscosity
(Fig. 3B) is recorded as a function of temperature by applying
a small oscillatory strain. The temperature response of a
polymer can be used to estimate its 3D printing temperature.
The Cg polyester could be extruded at room temperature and
therefore, it was 3D printed at 25 °C with a pressure of 250
kPa. The C, polyester has similar viscosity at 50 °C as that of
the Cg polyester at 25 °C. Therefore, the printing temperature
of the C, polyester was selected to be 50 °C, and the pressure
was maintained at 250 kPa. The C;5 polyester was printed at
35 °C which is above its T;,,. However, the applied pressure was
reduced to 40 kPa to compensate for the lower viscosity of Cy5
above its Tp,.

Fig. 3C shows the steady-state viscosity of the C,, Cs, and
C;5 polyester at their selected 3D printing temperatures of
50 °C, 25 °C, and 35 °C, respectively. The zero-shear viscosity
of C, and Cg polyester is similar, whereas the zero-shear vis-
cosity of the C;5 polyester is lower by a magnitude. The
observed viscosity trend agrees with the individual 3D printing
parameters of each polymer, as discussed in the next section.

Stress relaxation experiments were performed at the
respective 3D printing temperatures to further understand the
structure — property relationships of the synthesized polyesters.
Fig. 3D shows the normalized stress relaxation modulus G(¢)
of the polyesters in response to a step strain of 20%, which is
well within the linear viscoelastic region (LVE) of each poly-
ester. At short times, polymers show a glassy response seen as
a plateau (Fig. S47). Since G(¢) is a measure of elasticity, the
response can be imagined as being highly elastic at first which
then decays and begins to flow over large times. However, the
glassy plateau region is generally not accessible using a stan-
dard melt rheometer.*® At slightly longer times the short-range
motions of the material come into play and a decrease in the
relaxation modulus is observed. However, at even longer times
the molecular entanglements of the polymer chains impede

Polym. Chem., 2019, 10, 5543-5554 | 5547
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Fig. 3 (A) Steady state viscosity as a function of shear rate for the C,, C¢, and C;5 polyesters at 35 °C. (B) Complex viscosity as a function of tempera-
ture recorded by small amplitude oscillatory measurements. (C) Steady state viscosity as function of shear rate for the C,, Cg, and Cy5 polyesters at
their respective 3D printing temperatures. (D) Stress relaxation of the C,, Cg, and Cy5 polyesters in response to step strain at their respective 3D print-

ing temperatures.

the stress relaxation and a secondary plateau is observed. If
the molecular weight of the polymer is below the critical entan-
glement molecular weight, no secondary plateau is observed,
and the stress continues to fall entering the flow or terminal
zone leading to total relaxation of the stress.”® The stress relax-
ation plot of a general polymer is shown in Fig. S47 in the ESI.
In case of the C, and Cg polyesters, a plateau-like behavior is
observed at short time scales in Fig. 3D. Since the C, and Cg
polyesters are polydisperse, they have a range of polymer chains
of different chain lengths and therefore a broad range of time
scales over which the relaxation occurs resulting in the loss of a
true plateau. In case of the Cy5 polyester, in addition to being
polydisperse, the long side chains act as ‘internal diluents’ and
impede inter chain entanglement leading to faster stress relax-
ation.>" Overall, the C, and Cg polyesters have longer relaxation
times (zc, = 83.2 ms and z¢_= 58.3 ms) than that of the Cy5 poly-
ester (zc,. = 4.2 ms) (Fig. S57). This behavior can be used to
inform 3D printing parameters such as printing speed. The
short relaxation times allows for printing at higher speeds."”

3D printing

The synthesized polyesters were 3D printed using the EDP
technique where pneumatic pressure is applied to extrude con-

5548 | Polym. Chem., 2019, 10, 5543-5554

tinuous polymer filaments to form a 3D construct layer-by-
layer. EDP is a promising 3D printing technique that allows for
creating 3D objects with sizes and dimensions relevant to bio-
medical applications in relatively short processing times.’ The
ability to apply a range of pressures and temperatures enables
printing of a wide range of materials making it one of the
most versatile 3D printing techniques.’

The materials for extrusion-based 3D printing must meet
several criteria including continuous filament extrusion, sup-
porting overhang structures to enable porous constructs,
retain the printed shape, and compatibility with the desired
application like tissue engineering or drug delivery.” Here, we
assess the 3D printability of the polymers based on their
ability to satisfy the aforementioned criteria.

The first step in determining the printability of the poly-
esters was to ensure continuous filament extrusion. The con-
tinuous filament extrusion of a material is based on material
properties such as viscosity, shear thinning, surface tension,
etc. as well as printing conditions like temperature, pressure
and nozzle length.>® The Cq polyester could be extruded as
continuous filaments at room temperature with a pressure of
250 kPa, whereas no extrusion was observed for the C, and C;5
polyester at the same conditions. The C, and the C;5 polyesters
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had to be heated to 50 °C and 35 °C, respectively to enable
extrusion of continuous filaments (Fig. S6t). The printing
pressure of 250 kPa and 40 kPa for the C, and the C;5 poly-
esters, respectively, was selected based on the mass flow rate.
We hypothesize that to compare the 3D printing quality
between polymers, the volumetric flow rate must be similar so
that any difference in the quality of their 3D printed constructs
is due to the polymer properties and not the 3D printing con-
ditions. Since the volumetric flow rate could not be deter-
mined without dispensing a large amount of material, we cal-
culated the mass flow rate and assume the density of the poly-
mers to be similar.

The next step in 3D printing of the polymers is to optimize
the printing speed. Ideally, the printing speed must match the
extrusion flow rate so that printed filament does not stretch or
sag. Therefore, 2-layer scaffolds with rectilinear infill pattern
were printed at printing speeds of 30 mm min~', 45 mm
min~!, and 60 mm min~", while the other 3D printing para-
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meters such as flow rate, layer thickness, nozzle diameter,
matrix dimensions, and number of layers were kept the same
for all polymers. The representative images of the 3D printed
scaffolds are shown in Fig. 4. Image] was used to analyze the
line width, pore area, and the printability (Pr) of the scaffolds
and the analysis is shown in Fig. 5. Fig. 5A represents the line
width of the 3D printed scaffolds at varying printing speeds.
Ce and C;5 have higher line widths than the C, polyester at
lower printing speeds. The C, and Ce polyesters have similar
viscosity at their respective printing temperatures, however,
the C¢ polyester has a much lower viscosity at room tempera-
ture and therefore its printed filament keeps deforming
leading to higher line width. In case of the Cy5 polyester, its
viscosity is lower than the C, polyester which leads to higher
filament deformation before the polymer re-crystallizes. The
difference between the line width of the C¢ and C,5 and the C,
polyester is more pronounced at lower speeds where the print-
ing times are higher and therefore the polymer filament has

K iliiil

e e e e~
-
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Fig. 4 2-Layered 0/90° cross-hatch patterned scaffolds of C, (A—C), Cg (D-F), and Cy5 (G-1) at speed of 30 mm min~%, 45 mm min~%, and 60 mm

min~, respectively.
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Fig. 5 (A) Line width, (B) pore area, and (C) printability of the 3D printed scaffolds of the C,, Cg, and Cy5 polyesters.

more time to deform and spread. However, the line widths of
the three polyesters approach each other at high printing
speed since the time for deformation is minimum in this case.
Note that the pore area has an inverse relationship with the
line width and therefore the C¢ and C;5 polyesters have rela-
tively smaller pore area at lower speeds (Fig. 5B). The shape
fidelity or printability (Pr) of the 3D printed scaffolds was
measured by analyzing the shape of the pores using a shape
descriptor parameter, circularity (Cr). The circularity of an
enclosed area is given by Cr = 4n x (area/perimeter). Cr = 1
defines a circle. The closer the value of Cr to 1, the closer the
shape is to a circle. Ideally, the shape of the pore for a 0/90°
cross-hatch pattern should be square which has a Cr value of
n/4. Therefore, Sun et al. suggested that the printability for rec-
tilinear pattern can be defined as Pr = n/4 x (1/Cr).*® The print-
ability of C, and C;5 polyester is close to 1 for all the printing
speeds examined here. However, the printability of the Cg poly-
ester is closer to that of a circle (~0.78) at lower speeds
(Fig. 5C) and improves slightly at higher speeds.

The C, polyester is printed on glass which is at room temp-
erature, and therefore the filament cools down and retains the
printed shape because of the relatively high viscosity of the
polymer at room temperature (Fig. 3B). In the case of C,5 poly-
ester, the polyester re-crystallizes at room temperature after it
is deposited and therefore retains the printed shape leading to
high shape fidelity of the 3D printed construct. In contrast, the
poor printability of the Cq polyester is due to the lower
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viscosity of the C¢ polymer at room temperature. Once de-
posited onto the printing platform, the polymer keeps spread-
ing due to the low viscosity and the two layers diffuse into
each other at the intersection points leading to curved edges.
Similar phenomenon has been observed for other low viscosity
inks.*® Therefore, pronounced rounded edges and poor print-
ability values at lower speeds are observed since there is more
time for the layers to diffuse.

The third step in determining material printability is to
analyze the shape retention ability of the printed ink. Ideally,
the 3D printed material should at least be able to retain the
printed shape until it is permanently crosslinked. For most
soft materials a secondary crosslinking mechanism such as
ionic crosslinking, physical gelation, supramolecular inter-
actions, or chemical crosslinking is required to permanently
set the printed polymer into a 3D shape.®® However, there is
generally a time lag between polymer extrusion and cross-
linking. In case of soft materials, the higher the time lag,
greater is the deformation leading to poor shape fidelity of
the 3D printed object. We compared the shape retention
ability of the synthesized polyesters by monitoring the
change in the scaffold pore area and printability value every
10 minutes for 1 hour. The scaffolds were printed at 30 mm
min~" for the C, polyester, and at 45 mm min~" for the Cg,
and Cy5 polyester. The speeds were selected to match the line
width (Fig. 5A). The analysis of this deformation study is
shown in Fig. 6.
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Fig. 6 (A) Normalized pore area, and (B) printability of the 3D printed scaffolds over time after 3D printing.
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Fig. 6A shows the evolution of the normalized pore area
with time for the 3D printed scaffolds. In case of the Cy5 poly-
ester, the polymer re-crystallizes once deposited onto the plat-
form and maintains the printed shape. Therefore, the pore
area as well as the shape of the pore is retained as-printed for
the Cy5 polyester. On the other hand, the C, and Cs polyester
deform continuously over time. However, the C, polyester
deforms relatively slowly as compared to the Ce¢ polyester as
evidenced in Fig. 6A. The pore area for the C, polyester
decreases relatively slowly as compared to the Cg polyester.
With time the inter-layer diffusion increases, and the Cq flows
and fills some of the pores as seen in Fig. 7. The area of the
filled pores was assigned a value of 0, and the average value of
the total pores was used for Fig. 6A. Moreover, the shape of the
pores for the C, polyester goes from square-like towards oval
whereas for the Cg polyesters the pore shape is already oval
when the picture was taken as suggested by the printability
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values in Fig. 6B. The higher viscosity of C, polyester at room
temperature slows the inter-layer diffusion. On the other hand,
due to the lower viscosity of the Cg polyester the polymer
diffuses in the short time between printing of the scaffold and
the first picture being taken. Other than the ability to retain
the printed shape, an ideal polymer ink for EDP should be
able to support free hanging filaments to create porous struc-
tures. The stability of the polyester filament was tested by
printing a continuous line on top of pillars with predefined
gaps of 16, 10, 7, 4, 3, 2, 1, and 0.5 mm (Fig. 8). The pictures
in Fig. 8 were taken immediately after printing the line. The C,
and C,5 polyesters can form stable free hanging filaments
spanning a distance of at least 16 mm. On the other hand, the
filament sags in case of the Cq polyester for gaps more than
7 mm and a stable filament is observed for the 4 mm and
lower gap distances. The stability of the filament is a function
of the elastic modulus (G) of the material.*” The G’ of C, poly-

Fig. 7 Pictures of the 3D printed scaffolds of the C, polyester (A) at 0 min and (D) after 60 min, Cg polyester (B) at 0 min and (E) after 60 min, and

C;5 polyester (C) at 0 min and (F) after 60 min since printing.

Fig. 8 Determination of maximum length of a free hanging bridge on a stage with predefined gaps (16.0, 10.0, 7.0, 4.0, 3.0, 2.0, 1.0 and 0.5 mm) of

(A) Cy, (B) Cg, and (C) Cy5 polyesters.
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Fig. 9 % Cell viability of NIH 3T3 cells on polymer coated coverslips
after 24 h.and 72 h.

ester is a magnitude higher than that of C4 at room tempera-
ture (Fig. S67). Although G’ could not be measured for the Cy5
polyester at room temperature, we hypothesize that the semi-
crystalline nature of the polymer imparts enough strength to
sustain a free hanging filament as observed in Fig. 8C.

Cell viability

We anticipate the C,, C¢, and C;5 polyesters can be used for
tissue engineering applications. As a preliminary assessment
of cytotoxicity, we seeded NIH 3T3 mouse fibroblast cells on
polymer coated coverslips. The LDH assay was used to deter-
mine viability of the fibroblasts after 24 and 72 h to show the
effects of the polymer on cell viability. Glass and lysis buffer
were used as positive and negative controls, respectively. As
shown in Fig. 9, all three polymers exhibited minimal cyto-
toxicity after 24 and 72 hours of study. Furthermore, the tun-
ability of the surface energy of the polymers (Table S2+) and
the ability to add bioactive molecules and other pendant func-
tional groups make these polymers exciting candidates for
various tissue engineering applications.

Conclusions

We present the synthesis and characterization of polyesters
designed for ambient temperature, additive-free, extrusion-
based direct-write 3D printing. The effect of changing mole-
cular structure of polymer on its 3D printability is also investi-
gated. Three homo-polyesters with saturated, aliphatic side
chain lengths of 2, 6, and 15 carbons were synthesized by DIC-
mediated coupling and were characterized using 'H-NMR,
GPC and DSC. The polyesters were 3D printed using pneu-
matic extrusion-based direct-write technique. The 3D printabil-
ity of the polyesters was assessed based on four selected cri-
teria — continuous filament extrusion, shape fidelity, shape
retention, and formation of free-hanging filaments. The 3D
printing temperature and pressure was adjusted to ensure con-
tinuous filament extrusion. The shape fidelity of the polyesters
was characterized based on the shape of the pores of the 3D

5552 | Polym. Chem., 2019, 10, 5543-5554
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printed, rectilinear scaffolds using a shape descriptor para-
meter called circularity. A printability (Pr) value was calculated
based on the circularity, where Pr value of 1 represents a
perfect square shaped pore. The ability of these polymers to
form free hanging filaments was also compared by printing a
continuous line on pillars with predefined gaps. We observed
that the unsaturated carbon chains act as internal diluents
and reduce the viscosity of the polyesters. The decrease in vis-
cosity facilitates continuous extrusion of polymer filaments at
low temperatures and pressures. However, beyond a critical
chain length, the side chains form ordered structures leading
to crystallization.

We conclude that the 3D printability of a polymer can be
improved by tuning the side chain lengths. Aliphatic side
chains can reduce the viscosity and enable extrusion of the
polymers at low temperatures and pressures. However, the low
viscosity of a polymer also diminishes its shape retention
ability and the shape fidelity of the 3D printed constructs. The
shape fidelity and shape retention ability can be improved by
introducing supramolecular interactions in the side chains.
The insights derived from this study can be used to rationally
design the next generation of synthetic biomaterials that can
be 3D printed at ambient temperatures and pressures without
any external additives or processing aids.
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