Direct ink writing of vancomycin loaded polycaprolactone/ polyethylene oxide/ hydroxyapatite 3D scaffolds
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Abstract

Novel inks were formulated by dissolving polycaprolactone (PCL), a hydrophobic polymer, in organic solvent systems;
polyethylene oxide (PEO) was incorporated to extend the range of hydrophilicity of the system. Hydroxyapatite (HAp) with a weight
ratio of 55-85% was added to the polymer-based solution to mimic the material composition of natural bone tissue. The direct ink
writing (DIW) technique was applied to extrude the formulated inks to fabricate the predesigned tissue scaffold structures; the
influence of HAp concentration was investigated. The results indicate that in comparison to other inks containing HAp (55%, 75%,
and 85%wi/w), the ink containing 65% w/w HAp had faster ink recovery behavior; the fabricated scaffold had a rougher surface as
well as better mechanical properties and wettability. It is noted that the 65% w/w HAp concentration is similar to the inorganic
composition of natural bone tissue. The elastic modulus values of PCL/PEO/HAp scaffolds were in the range of 4 to 12 MPa; the
values were dependent on the HAp concentration. Furthermore, vancomycin as a model drug was successfully encapsulated in the
PCL/PEO/HAp composite scaffold for drug release applications. This paper presents novel drug-loaded PCL/PEO/HAp inks for 3D

scaffold fabrication using the DIW printing technique for potential bone scaffold applications.
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1  Introduction

The repair of bone defects is an important focus area in orthopedic surgery; the current surgical treatments depending on the lesion
size and severity include microfracture, autograft, allograft, and total joint replacement (1, 2). However, those treatments have
drawbacks, including the quality inconsistency of the tissue obtained from microfracture (3), limitations in the autograft supply,
immune rejection of allograft tissue (4, 5), as well as wear and loosening of prostheses (2). Bone tissue engineering therapies are

attractive due to their potential to create biological substitutes that can maintain, replace, or regenerate bone tissue (1, 6).

Ideally, a bone scaffold should closely mimic the physiological properties of natural bone tissue; for example, a tissue scaffold
should possess mechanical properties that match the host tissue as well as appropriate porosity and interconnectivity for nutrient
delivery and tissue regeneration (7, 8). Particularly, bone scaffolds with pores larger than 300 um facilitate the penetration of
mineralized tissue and cell migration towards the scaffold center, stimulating nutrient supply and waste product removal (6, 9). In
addition, the main chemical components of natural bone tissue are inorganic materials (e.g., calcium phosphate, 50-70% w/w) and
organic materials (e.g., collagen, 30-50% wi/w); the calcium phosphate mainly exists in the form of crystallized hydroxyapatite
(HAp) and bonds with microfibril collagen. Thus, to mimic the chemical composition of natural bone tissue, an appropriate material

for bone scaffold fabrication is a bioceramic-polymer composite that consists of both organic and inorganic components.

Over the past decades, extensive efforts have been made towards creating porous bone tissue scaffolds, from the traditional
fabrication methods (e.g., freeze-casting, gas-foaming) that result in heterogeneously porous foams, to the 3D printing technologies
that can be used to create ordered porosity and user-defined constructs. 3D printing techniques have been used to fabricate porous
bone tissue scaffolds such as powder-based printing, liquid-based printing (e.g., DIW printing), and solid-based printing (e.g., fused
deposition modeling). In comparison with other types of 3D printing techniques, the DIW method has the advantage of operating
without the addition of heat, enabling the platform to accommaodate inks containing thermolabile components (10). DIW printing
involves the extrusion of pre-formulated inks through a nozzle with a displacement driving system; the inks can be in the form of a
slurry or solution depending on the comprising polymers, solvents, and additives (11). The inks should meet specific rheological
requirements for the scaffold fabrication with DIW printing: (1) the inks should form cohesive filaments after extrusion, (2) the inks
should possess shear-thinning properties, and (3) the ink viscosity recovery behavior should be greater than 80% after extrusion

(12-15).

Polycaprolactone (PCL) is a synthetic biodegradable polymer that has been widely used as a major component of bone tissue
scaffolds (16, 17). PCL is known for its ease of forming of blends and composites, which can be used to modulate physical properties
to enhance and expand its usability. Remya et al. (18) blended hydrophobic PCL with poly(ethylene oxide) (PEO), a hydrophilic
polymer, to fabricate PCL/PEO hybrid fibers using electrospinning. The in vitro results show that the PCL/PEO sample degraded

faster in phosphate buffer saline than PCL alone; in addition, there was enhanced cell attachment and proliferation on the PCL/PEO
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samples as a result of improved surface wettability. HAp is a bioactive ceramic that is similar to the inorganic material in natural
bone (19, 20). It has been demonstrated to possess osteoconductive properties (21). The combination of PCL/HAp and
PCL/PEO/HAp based materials has previously been investigated for tissue scaffold fabrication (22, 23). Those studies demonstrate
that a PCL-based polymer and HAp can mimic the organic and inorganic phases of natural bone tissue, respectively. For example,
Kim et al. (23) developed a PCL/HAp composite bone tissue scaffold using the direct ink writing method. Their results indicate that
the scaffold elastic modulus increased from 5.57 to 6.73 MPa when the HAp content rose from 0 to 20% w/w. Cui et al. used
injection molding to develop a PCL/PEO/HAp composite scaffold. Their results show that the addition of HAp significantly
improved the mechanical properties of the composite scaffolds (22). However, to the best of the authors' knowledge, the combination
of PCL/PEO/HAp has not been investigated via DIW printing to date; furthermore, there is no systematic investigation of the ink

optimisation progress. Thus, PCL/PEO/HAp based composite ink system is of interest in this study.

Vancomycin (VAN) is a glycopeptide antibiotic usually utilized against Gram-positive bacteria, including Staphylococcus aureus
bacteria that are responsible for infection of the bone tissue (osteomyelitis). Considering its ototoxicity and nephrotoxicity via
intravenous administration, the localized and controlled deployment of vancomycin offers a unique opportunity to deliver this
antibiotic (24, 25). Previous studies have shown that bone tissue scaffolds containing VAN accelerated bone repair (25, 26).
Meanwhile, VAN is a relatively thermal-sensitive drug and starts degrading at 42°C (27). Compared with other 3D printing
techniques, direct ink writing 3D printing of scaffold with VAN would be a wise option as its heat-free fabrication process. In this
paper, PCL/PEO/HAp composite inks with various HAp concentrations were used to prepare for 3D scaffold fabrication via DIW
printing. VAN was incorporated within the inks to fabricate composite scaffolds and the drug release properties of the composites
were investigated. The aims of this study are to (1) study the rheology of processible PCL/PEO/HAp inks, (2) investigate the
influence of HAp concentration on the surface properties and mechanical properties of the DIW printed 3D scaffolds, and (3)

evaluate the drug release properties of the composite scaffolds.

2 Materials and methods

2.1 Materials

Polycaprolactone (PCL; average Mn ~ 80,000) and polyethylene oxide (PEO; average Mn ~ 200,000) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dichloromethane (DCM), 2-butoxyethanol (2-Bu), and dibutyl phthalate (DBP) were obtained from
VWR International Ltd (Radnor, PA, USA). Hydroxyapatite (HAp) nanoparticles with a particle size less than 40 nm were purchased

from SkySpring Nanomaterials, Inc. (Houston, TX, USA). All of the chemicals were used as received without further purification.

2.2 Ink formulation

2.2.1  Formulation procedure



Inks were formulated by dissolving 5-15% w/w polymer (i.e., PCL and PEQ) in DCM, 2Bu, and DBP (2:1:1) by magnetic stirring
at 200 rpm for 2 hours at 35°C. After the PCL fully dissolved in the DCM/2Bu/DBP mixed solvent, PEO was added to the PCL
solutions with a weight ratio of 0.5-2 followed by an additional 3 hours of stirring. Inks were prepared with the aid of a manual
dispensing assessment based on the study by Zhang et al. (28). Considering the formulated inks cannot be either too liquid or too
viscous for the filament formation, a weight ratio of PCL/PEO as 1:1 was finally chosen for the experiments. HAp nanoparticles
were gradually added to the PCL/PEO solution to create HAp to polymer weight ratios of 55%, 65%, 75%, and 85%; the
corresponding HAp volume fractions were 30.2%, 39.5%, 51.3%, and 66.3%, respectively. The resulting material was stirred for 8
h at 35°C to obtain the homogenous solution. Those formulated inks with HAp concentrations of 55%, 65%, 75%, and 85% w/w

were named as PCL/PEQ/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp, respectively.

2.2.2 Ink characterization

20-gauge (G) nozzle tip with 20 mm in length was attached to the 3 mL syringe (Supplementary Figure 1 (a)). During the manual
dispensing test, inks were consistently extruded under the manual pressure on the plunger and the process was recorded by the

camera (Canon EOS M50, Canon, Melville, LA, USA).

The rheological measurements of the formulated inks were measured at 21°C using a Discovery Hybrid Rheometer (DHR-3, TA
Instruments, New Castle, DE, USA) with a 25 mm plate-plate (0.5 mm distance) and a solvent trap to prevent solvent evaporation
during the measurements. 0.5 mL inks were extruded on the plate, and five replicates were taken for each measurement. To reduce
the influence of solvent evaporation on the rheological testing results, continuous flow ramps were performed by varying the shear
rate logarithmically from 0.5 to 50 s™*. To simulate the 3D printing conditions, a creep recovery test was carried out to characterize
the ink recovery behavior using three intervals; this process involved applying a shear rate of 0.1 s** for 70 s, followed by a high
shear rate of 50 s for 130 s, followed by a recovery interval with a shear rate of 0.1 s for 100 s. The viscosity recovery percentage

is defined by Equation 1:

. . n .
Viscosity recovery percentage = % Equation 1
intial

where Nrecovery 18 the viscosity at a recovery time at 300 s and niniial IS the initial viscosity at 70 s.

2.3 3D scaffold fabrication

2.3.1  Structure design

Computer-aided design (CAD) software SolidWorks (Dassault Systemes, Waltham, MA, USA) was applied to design a fifteen-

layer woodpile 3D construct (Supplementary Figure 1 (b)). The length (D1), width (D-), and thickness (H1) of the 3D construct are
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14 mm, 14mm, and 5 mm, respectively. Each layer is comprised of parallel filaments with a width of 603 pm, which is equivalent
to the diameter of a 20 G nozzle. The subsequent layers were stacked at 90° in the transverse plane to the prior level. G-codes were
written using MATLAB software (MathWorks, Natick, MA, USA) in accordance with the designs of the CAD models, which gave
instructions to the DIW printer to control the printing parameters as well as the position of the work stage and nozzles in the X, Y,

and Z direction.
2.3.2  Mathematical model

The DIW operation parameters (Supplementary Figure 1 (c)), such as the printing speed on the XY plane (V) and ink velocity on
Z-axis (V) and the extruded fluid rate (Qg), were investigated based on the study by Zhang et al. (28). The velocity profile along a

nozzle tube on the Z direction is given by Equation 2 according to the power law fluid model (29):

(nLH) [1 - (%T)H%] Equation 2

where AP is the pressure difference between the inlet and outlet of a printing nozzle. r is the radial coordinate, and d and h are the
nozzle diameter and needle length, respectively. The extrusion flow rate Q and the generated wall shear rate y are defined by

Equation 3 (29) and Equation 4 (30).

1
_ (APd\n nmd3 )
Qe = (4mh) [8(3n+1) Equation 3
vy, _ . _ 32Qg 3 1. )
dy I% =V= T (4 + 4n) Equation 4

The nozzle diameter influences the shear rate. When the nozzle diameter d is fixed, the wall shear rate (y) increases with the
extrusion flow rate. When the extrusion flow rate (Qf) is fixed, the smaller nozzle diameter requires a higher pressure to extrude
the ink. In this study, the extrusion flow rate was set to mimic the DIW printing process, the relationship between the HAp

concentration and the DIW printing parameters was studied.

The relationship between the displacement (E) of the piston during the printing process, the extrusion flow rate Q, and printing

speed Vyy is defined by Equation 5.

4QgL
VxynD?

Equation 5



where D is the inner diameter of the syringe that is applied to extrude the ink, and L is the printed filament length. The value of E

was set within the G-code for DIW printing; it is dependent on the presetted extrusion rate Qg, and printing speed Vyy .

2.3.3  DIW printing process

A R3bel 3D bioprinter (SE3D, Santa Clara, CA, United States), a piston extrusion-based printer, was used to fabricate the scaffolds
(Supplementary Figure 1(c)). There are three subsystems in the DIW fabrication system, which are the data processing system, the
material preparation system, and the DIW printing system. In data processing system, the G-codes of the designs were generated
using MATLAB in accordance with the predesigned CAD models. The G-code was developed to control the relative positions of

the work stage and the nozzle to carry out the ink extrusion process and form the 3D scaffold in a layer-by-layer manner.

The continuity and consistency of the PCL/PEO/HAp composite inks extrusion process are of great importance during the DIW
printing process. The extrusion process can be affected by the ink rheology behavior and the processing parameters (i.e., the printing
speed and extrusion rate). To optimize the DIW printing parameters, a flow rate of 0.8-2.4 mm?®/s and printing speed in the range
from 2.5 to 12.5 mm/s were set using Pronterface software (https://pronterface.com). The motion system is comprised of the work
stage and nozzle. The work stage moves in horizontal directions while the nozzle moves in both horizontal and vertical directions.
A 3 mL syringe is used to carry out the extrusion. A glass slide was put on the workbench before extrusion, which provided a smooth

and flat surface; the scaffolds were removed from glass slides after fully drying.

2.4 3D scaffolds characterization

2.4.1  Physicochemical characterization

Fourier transform infrared (FTIR) analysis was used to characterize the chemical structure of pure HAp, PCL, and PEO, as well as
the DIW printed PCL/PEO/HAp and the VAN loaded PCL/PEO/HAp composite scaffold. FTIR absorbance spectra of the samples
were collected using a Perkin ElImer 2000 FTIR spectrophotometer (PerkinElmer, Inc., Waltham, Massachusetts, USA). The spectra

were collected over a wavenumber range of 500-4000 cm™.

The crystal structure and phases of the DIW printed scaffolds were investigated via powder X-ray diffraction (pXRD) using a D5005
diffractometer (Siemens, Munich, Germany) with monochromatic CuKa radiation (wavelength =1.54056 A). The samples were
scanned from a 26 angle of 15° to 60° at a step size of 0.02° and a scan rate of 0.02°/min. Each sample was analyzed in triplicate,

and the average was compared.

2.4.2  DIW printed pattern and surface morphology


https://pronterface.com/

The surface morphology of the printed samples was evaluated using scanning electron microscopy (SEM) with a Model S-3200N
instrument (Hitachi, Tokyo, Japan). The samples were first sputter-coated with gold (10 nm); the images were taken at
magnifications from x500 to 10k with an acceleration voltage of 5 kV. The DIW printed filament width was quantified using a
statistical distribution that involved measurement of 50 filaments in Image J software; the data was exported for analysis, and graphs
were plotted using Origin software (OriginLab, Northampton, MA, USA). Error bars were plotted to represent the mean + standard
error. The index of relative filament deviation (of;amen:) Was proposed to evaluate the printing fidelity, which was defined in

Equation 6.

W g )
Ofilament = w -1 Equation 6

where d is the applied nozzle diameter as indicated earlier and Wy;;qmen. is the DIW printed filament width. By varying the printing

parameters (i.e., the extrusion flow rate (Qg) and printing speed (Vxy)), the index of relative printing deviation (o¢;ament) Was

altered.

The surface roughness of the samples was quantified using a VKx1100 confocal laser scanning microscope (Keyence, Osaka, Japan).
The roughness was measured over an area of 600 um (length) x 60 um (width) for three different filaments on the sample surface.

The surface roughness in terms of an arithmetic average (Ra) was obtained as a function of the printing conditions.

2.4.3  Micro-CT scan analysis

A ZEISS X radia 510 Versa X-ray microscope (Carl Zeiss AG, Jena, Germany) was used to image 3D printed scaffold samples.
Projection images were taken at 25 kV and 193 mA, with 0.434° rotation steps, a 2 s image acquisition time, and a pixel size of 5
pum. The resulting binary 3D dataset was reconstructed using Simpleware software (Synopsys, Mountain View, California, United
States). The horizontal filament distance/pore size and vertical filament distance of the reconstructed 3D constructs were measured.
Detailed information about the horizontal and vertical filament distance is shown in Figure 7 (a). The porosity of 3D constructs was
calculated based on Equation 7:

Vsolid

Porosity = 1 —
Vtotal

Equation 7

where Vi (Scaffold length *width * height), scaffold length, width, height, and Vsiiq were directly measured in Simpleware

software.

2.4.4  Surface wettability



Contact angle measurements were performed to evaluate the surface wettability of the DIW printed scaffold. The contact angle was
measured with the sessile drop method by depositing ultrapure water (4x10 uL) on the filament surfaces of the DIW printed
scaffolds using an optical contact angle meter (OCA 15EC; Dataphysics Instruments GmbH, Filderstadt, Germany). All of the
measurements were performed at 21°C, and the gradual change of water contact angle was captured with a digital camera at three

different places on each sample.

2.4.5  Mechanical properties

The stress-strain relationships of the DIW printed PCL/PEO/HAp scaffold specimens were tested in uniaxial compression
experiments using a UniVert universal testing machine (CellScale, Waterloo, Canada). Scaffolds with various HAp concentrations
(55-85% wi/w) were tested; each type of scaffold was measured using four replicates. In the compression tests, a preload of 1 N was
applied to each sample, followed by a compression of 1 mm/minute. The test was stopped when the maximum force capacity of
the load cell was reached. The yield point, which represents the transition from elastic to plastic deformation, was recorded. Elastic
modulus values of the scaffold samples were calculated from the linear region according to ASTM: D695-02a (2002), the standard
test method for compressive properties of rigid plastics (31, 32). To analyze the results, the width and length of DIW printed samples
were measured with vernier caliper; the area of the sample was calculated by multiplication of sample width and length. The strain
was calculated from the displacement divided by the thickness of the printed samples. The scaffold thickness was detected by the
testing machine during the compressive test. The elastic modulus was taken as the slope of the linear region of the stress-strain curve

before the yield point.

2.5  Scaffolds loaded with drug

2.5.1  Drug incorporation

The inks with drug loading were prepared by gradually adding vancomycin (VAN) into the PCL/PEO/65%HAp ink with
concentrations of 3 or 9% w/w and stirring for 4 h at 35°C to obtain a homogenous solution. The PCL/PEO/HAp composite and
drug concentrations are listed in Table 1. The inks with VAN concentrations of 3% and 9% w/w were named
PCL/PEO/HAp_3%VAN and PCL/PEO/HAp_9%VAN, respectively. The DIW printing process parameters for drug-loaded ink were

the same for printing the PCL/PEO/65%HAp ink.

2.5.2 In vitro dissolution test

An in vitro dissolution test was conducted in a shaking incubator using a KS 3000 i control incubator shaker (IKA, Konigswinter,

Germany) for eight hours. DIW printed composite scaffolds loaded with VAN were weighed before dropping into the preheated
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glass tubes, which contained 100 mL of PBS (pH 7.4). A constant temperature of 37°C and a rotational speed of 100 rpm were used
throughout the experiments. Samples of 3 mL were taken at time points of 15 min, 30 min, 1 h, 2 h, and 4 h; each time the same
volume of release medium was replaced. The absorbance of the collected samples was measured using UV/VIS spectrophotometry
(VWR, Leuven, Belgium) at A = 280 nm, the maximum absorption wavelength of VAN. The drug content was calculated according

to the developed calibration curve. Each experiment was conducted in triplicate.

2.5.3  Statistical analysis

All quantitative data were expressed as the mean * standard error. Numerical data were analyzed via Student's t-test to determine
the differences among the groups. Statistical significance is indicated if p-values < 0.05 represents as (*) while no significance if p-

value > 0.05.

3 Results

3.1 Inkprintability assessment

Manual dispensing is the first assessment step, which can rapidly and effectively determine whether the ink can form as a cylindrical
filament. A 20 G stainless steel nozzle was used for the manual dispensing testing, which corresponds to an inner nozzle diameter
of 603 um. The dispensing behavior of inks with HAp concentrations from 55 to 85% w/w was evaluated (Supplementary Figure 1
(@)). The inks PCL/PEOQ/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp were able to form as filament

shapes. The results imply that these inks could meet the first assessment requirement for DIW printing.

The second assessment step involves rheological measurements. Routine rheology measurements were performed to characterize
the shear rate-dependent viscosity and recovery behavior of the formulated inks. The viscosity of the PCL/PEO/HAp inks with HAp
concentrations from 55 to 85% w/w were evaluated through steady-state shear viscosity measurements as shown in Figure 1 (a). By
applying the power-law model to fit the shear rate-viscosity profiles, the degree of shear-thinning was determined by calculating

the consistency index and power-law index (29), which is given by Equation 8.

n(y) =my™* Equation 8

In this equation, m is the consistency index and n is the power law index. The value of m is associated with the magnitude of the
viscosity, and the value of n defines the viscosity behavior: (i) shear-thinning if n < 1, (ii) shear-thickening if n > 1, or (iii) Newtonian
if n = 1. The curve of In n -In y was obtained based on the ink viscosity curves. The consistency index m and power law index n for

the PCL/PEO/HAp inks were obtained by fitting the slope and intercept.



Figure 1 (b) summarises the n and m values of PCL/PEO/HAp inks; their correlation coefficients (r?) were greater than 0.99. The n
values for all of the inks were less than 1, indicating that all of the inks are non- Newtonian fluids with shear-thinning behavior. The
larger the deviation of n from 1, the more non-Newtonian the behavior of the fluid (33). The power law index (n) significantly
decreased (p <0.05) with an increase in the HAp concentration from 55 to 85% w/w for the PCL/PEO/HAp inks; this result indicates

a more prevalent shear-thinning behavior.

Then, the ink viscosity recovery behavior was examined using the creep recovery test. This test corresponded to the DIW printing
process: (a) inks tend to become oriented in the flow direction when inks flow through the nozzle tip; (b) the viscosity decreases
and stays constant in the load-interval; (c) the viscosity recovery occurs with time after removal of the high shear rate. Gaharwar et
al. (34) indicated that the inks with an initial viscosity recovery higher than 80% could be used for 3D printing. The result of the ink
viscosity recovery test is presented in Figure 1 (c). For inks of PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and
PCL/PEO/85%HAp, the recovery percentages were calculated using Equation 1 as 88%, 95%, 94%, and 74%, respectively, at 300
s. These results indicate that all of the formulated inks could meet the second requirement for DIW printability: low viscosity values
at high shear rates and high viscosity values at the low shear rate. However, considering that the ink recovery percentage should be
high enough (at least 80%) to maintain ink continuity and consistency during DIW printing, the PCL/PEO/55%HAp,

PCL/PEO/65%HAp, and PCL/PEO/75%HAp inks are more suitable for DIW printing.

3.2  Mathematical analysis of ink flow within a printing nozzle

The theoretical extrusion behavior of inks within a printing nozzle was analyzed using the mathematical model as described by
Equations from 2 to 5. The spatial distributions of extrusion rate, printing velocity, and shear rate were predicted for PCL/PEO/HAp
inks with HAp concentrations from 55 to 85% wi/w. The profiles of velocity in the Z direction (V;) of inks along a radial axis of
301.5 um nozzle were calculated using Equation 4 as shown in Figures 2 (a-d). When the fluid extrusion rate increased from 0.8 to
2.4 mm?3/s, the extrusion pressure (AP) and generated wall shear rate (y) within a printing nozzle were raised; the velocity profile
along with the needle nozzle in the Z direction (V) decreased towards the needle wall. In Figures 2 (a), the results indicate that the
velocity profile of PCL/PEO/55%HAp ink gradually decreased from the middle of the printing needle to the needle wall. In Figure
2 (d), the velocity (V) of PCL/PEO/85%HAp ink kept a constant level within the needle until r = 0.15 mm, decreased gradually (r

> 0.15 mm), then reached 0 at the nozzle wall (r = 0.3 mm).

As shown in Figure 3 (a), the ink shear-thinning behavior under extrusion (Qg) is associated with a decrease in the ink viscosity; as
such, the ink would flow out. Figure 3 (b) shows that the shear rate of four inks experienced a linear increase as a function of the

extrusion rate (Qg). Under an extrusion rate of 0.8 mm?/s, the predicted shear rates that PCL/PEQ/55%HAp, PCL/PEO/65%HAp,

10



PCL/PEO/75%HAp, and PCL/PEO/85%HAp inks experienced were 42.2 s, 46.2 s, 50.9 s, and 60.8 s, respectively. The
PCL/PEO/85%HAp ink exhibited approximately 1.4 times more shear rate than the PCL/PEO/55%HAp ink. Figure 1 (c) shows that
after experiencing shear rate (50 s), the ink recovery percentage of PCL/PEO/55%HAp ink and PCL/PEO/85%HAp ink were 88%
and 74%, respectively. The results suggest that after printing at an extrusion rate of 0.8 mmd/s, the ink recovery rate of the

PCL/PEO/85%HAp ink would be lower than that of the PCL/PEO/55%HAp ink.

3.3 Shape fidelity analysis

3.3.1  Effect of operational parameters

The extrusion rate (Qg) and printing speed in the XY plane (Vyy) directly influence the shape fidelity for filament deposition. As
shown in Figure 4 (a) for PCL/PEO/55%HAp ink, the printed filament width was varied by changing the printing speed (Vy) when
the extrusion rate was 0.8 mm3/s. The printed filament width was 620 = 3 pm when the print speed was 2.5 mm/s; this value was
wider than the nozzle diameter (d = 603 um). When the printing speed was 5 mm/s, the printed filament width was similar to the
nozzle diameter; the width of the deposited filament was 600 + 8 um. When the velocity increased to 12.5 mm/s, the printed filament

width was 420 + 7 um, which was lower than the nozzle diameter.

Figure 4 (b, c, d, e) shows the DIW printed filament width of four types of PCL/PEO/HAp inks under various extrusion fluid rates
(Qg) from 0.8 to 2.4 mm?®/s as well as the printing speeds (Vyy) from 2.5 to 12.5 mm/s. The first layer of the 3D construct was printed
to access the relationship between filament width and printing parameters (i.e. extrusion rate and printing speed). The DIW printed
filament width increased with a decrease in print velocity (Vyy) or an increase in fluid extrusion rate (Qg), and vice versa. Filament
width measurement was not performed for filament widths exceeding interfilament distance; adjacent filaments would be fused

together.

The relative filament deviation index (of;ament) Was used to evaluate the shape fidelity of the DIW printed filaments as calculated
from Equation 6. The f;qmen: approached 0 when the filament width (Wr;jqmene) Matched the nozzle diameter (d). The relative
filament deviation indexes at various extrusion fluid rate (Qg) and print velocity (Vyy) values were compared in Figure 5 (a, b, c, d).
Optimization of the shape fidelity (of;qmen: Was closest to 0) was demonstrated at a printing speed Vy, of 5 mm/s and a fluid
extrusion rate Qg of 0.8 mm?¥s for the inks PCL/PEO/55%HAp and PCL/PEQ/65%HAp. Similarly, a printing speed (Vyy) of 7.5
mm/s and an extrusion fluid rate (Qg) of 0.8 mm?%/s were optimal for the inks PCL/PEQ/75%HAp and PCL/PEQ/85%HAp. These

operation parameters were subsequently used to build the 3D scaffolds in a layer-by-layer manner.

3.3.2  DIW printed 3D constructs
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The printed 3D scaffolds PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp and PCL/PEO/85%HAp were built in a
layer by layer manner. The images of the printed samples, showing 12 layers, are provided in Figure 6 (a). In Table 2, the printed
dimensions (width, length, and thickness) of the scaffolds were smaller than the CAD theoretical values. Previous studies (35, 36)
also show similar results and reflected the shrinkage issue of the DIW printed scaffolds. With the increase in HAp concentration,
the difference between the theoretical values and experimental values in terms of width, length, and thickness gradually decreased.
The filament width (Wy;;gment) Of the top layer of the DIW printed scaffolds were compared with the applied nozzle diameter (d)
in Figure 6 (b). A comparison of the relative filament deviation indexes (0f;amen:) from the top layers of all of the DIW printed
samples is shown in Figure 6 (c). This result confirms that all of the samples have shrinkage due to relative filament deviation
indexes (0fiamene) that were less than 0. The printed filament of PCL/PEO/85%HAp was most closely matched to the nozzle
diameter (d); the o1amen: Was the closest to 0. This is possibly due to adding nanoceramic particles into solvent-based polymeric
matrix could help with the filament solidification, which is desirable for preventing sagging of the filaments when spanning features

are manufactured, particularly in porous 3D constructs (37, 38).

It is noted that although the shape fidelity test was implemented for the first layer printing for all types of inks (described in section
3.3.1), filament deviation still existed due to shrinkage, which commonly happens to the direct ink writing 3D construct after drying.
A few parameters (e.g., shrinkage ratio and sagging between intersection layers) could affect the top layer filament shape fidelity.
The relative filament deviation mentioned in this study could optimize the 3D printing parameters to confirm that the filament

diameter at the top layer after drying is as similar as the designed nozzle size.

3.3.3  Micro-CT scan analysis

Micro-CT imaging was used to investigate the horizontal filament distance/pore size (dyy) and vertical filament distance (d.), and
porosity of DIW printed PCL/PEO/HAp scaffold as shown in below (Figure 7 (a)). Both the horizontal and vertical filament distance
are important factors in terms of allowing vascularization and cell migration (39, 40). The theoretical horizontal and vertical filament
distance of CAD model are 500 um and 300 um, respectively. The horizontal filament distances for DIW printed samples of
PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp were 0.59+0.01 mm, 0.58+0.02 mm,
0.52+0.02 mm and 0.50+0.02 mm, respectively. The vertical filament distances for DIW printed samples of PCL/PEO/55%HAp,
PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp were 0.15+0.02 mm, 0.22+0.03 mm, 0.25+0.03 mm and
0.30£0.01 mm, respectively. Horizontal filament distance (dxy) gradually decreases while the vertical filament distance (dz)
gradually increases when the HAp concentration increases from 55% to 85% w/w. This result corresponds to the filament width of

3D printed construct in Figure 6 (b).
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Meanwhile, the theoretical porosity of CAD model is 49%. In Figure 7 (b), the porosity of the DIW printed PCL/PEO/HAp 3D
construct increased from 38.8+2.7% to 53.1+1.1% (p<0.05, significant difference) when the HAp concentration was raised from
55% to 85% w/w. This result may be attributed to filament solidification from the addition of nanoHAp particles into the solvent-
based polymeric matrix; this phenomenon is desirable for preventing sagging of the filaments when spanning features are

manufactured, particularly in porous 3D constructs (37, 38).

3.4  Mechanical properties

The compressive test was applied to evaluate the mechanical properties of DIW printed samples - PCL/PEO/55%HAp,
PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEOQ/85%HAp. In Figure 8 (a), the compression experiment results indicate that
the elastic modulus of PCL/PEO/HAp scaffolds significantly increased (p<0.05) from 8.33 + 0.98 MPa to 12.33 + 0.29 MPa when
the HAp concentration increased from 55% w/w to 65% w/w. However, elastic modulus values significantly decreased (p<0.05)
when the HAp concentration rose from 65% to 85% w/w; the elastic modulus values for PCL/PEO/75%HA and PCL/PEO/85%HA
were 4.50 £ 0.57 MPa and 3.60 = 0.29 MPa, respectively. The stress-strain curves of DIW printed samples are in Supplementary
Figure 2. This result may be attributed to the complex interaction between the organic phase and HAp nanoparticles. Once HAp
nanoparticle concentration increases above 65%w/w, the nanoparticles can behave like “defects” in the composite network (e.g.,
the HAp nanoparticles can aggregate and form larger particles), which contribute to failure of the material under mechanical loading.
Figure 8 (b) contains SEM micrographs of the surface morphology of the DIW printed scaffolds, which show small cracks on top

of the surface of the PCL/PEO/75%HAp and PCL/PEO/85%HAp scaffolds.

The yield strength values had the same trend as the elastic modulus values; yield strength values of 0.77 + 0.03, 0.97 £ 0.03, 0.42 +
0.02, 0.35 £ 0.05 MPa were obtained for the samples PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and
PCL/PEO/85%HAp, respectively. This result indicates that the scaffold PCL/PEO/65%HA had significantly higher elastic modulus

and yield strength compared to others (p<0.05).

3.5  Surface morphology and wettability

The SEM micrographs showing the surface morphology of the DIW printed samples are provided in Figure 9 (a). The surface
roughness of the DIW printed PCL/PEO/HAp was evaluated using surface roughness measurements, which are shown in Figure 9
(c). The sample roughness values (e.g., Ra, Rz, Rq) obtained from a quantitative analysis of the filament top layers are summarized
in Table 3. The surface roughness (e.g., Ra, Rz, Rq) of PCL/PEO/65%HAp was significantly higher (p < 0.05) than that of
PCL/PEO/55%HAp. Surface roughness also plays a role in cell adhesion, growth, and differentiation. The nanoscale roughness of
the surface may support cell adhesion and growth. In addition, micro-roughness (100 nm-100 um of Ra value) has been shown to
improve osteogenic differentiation of the cells [22, 35]. It has previously been demonstrated that the proliferation of rat osteoblasts

was improved with an increase of the surface roughness (in the range of 0—4 um Ra) (41).
13



Contact angle (CA) is a measure of surface wettability, which indicates whether the material is hydrophilic (<90°) or hydrophobic
(>90°) (42). The CA values from the top layer filament of DIW printed samples are shown in Figure 9 (b). A droplet volume of 4 x
1072 uL was applied for the CA measurement; the droplet diameter was approximately 200 um, which was smaller than the filament
width (ranging from 420 to 570 pwm). Thus, the CA approach was able to place the water droplets on top of a single filament. Figure
9 (c) shows the initial contact point of a droplet on the top layer filament of DIW printed samples. The initial CA results (drop age
= 0 second) were 41.3 + 7.6° 15.1 + 0.3°, 37.8 + 6.4° and 23.8 + 6.3° for PCL/PEO/55%HAp, PCL/PEO/65%HAp,
PCL/PEO/75%Hap, and PCL/PEO/85%HAp, respectively. After 500 ms, the droplets absorbed into the filament of
PCL/PEO/65%HAp samples, and the CA values (drop age = 500 ms) become 0, thus indicating that the filaments of
PCL/PEO/65%HAp wetted entirely within less than 500 ms. For PCL/PEO/55%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp,
the CA values at the drop age of 10 s were 32.5 £ 5.5°, 27.5 + 3.7°, and 15.3 + 5.1°, respectively. The PCL/PEO/65%HA scaffold

showed the smallest CA values (p < 0.05).

3.6  Drug loaded 3D scaffolds

3.6.1 Material characterization

FTIR was used to understand the chemical bonding in the PCL, PEO, HAp, and PCL/PEO/HAp composite scaffolds (Figure 10a
(a-d)). The FTIR spectra of the DIW printed VAN-loaded PCL/PEO/HAp scaffolds (Figure 10a (e, f)) and VAN (Figure 10a (g))
were also obtained. Characteristic absorption bands in PCL such as asymmetric CH stretching vas (CHy) at 2943 cm™, symmetric
CHj stretching vs (CH,) at 2865 cm™2, and carbonyl stretching v(C=0) appear at 1720 cm™ were noted. The PEO spectrum showed
a sharp band at 2865 cm™, which was assigned to C-H asymmetric stretching of the methylene group. The absorption band located
at 1110 cm corresponds to the C-O-C stretching mode. The HAp spectra show features associated with the phosphate group around
900 to 1300 cm™* and the carbonate group between 850 and 890 cm™. VAN showed three peaks at 1506 cm™, which were attributed
to the aromatic rings; features at 1588 cm and 1652 cm™ correspond to the amide I and amide Il peaks, respectively. The intensity
of the peaks at 1652 cm™ was found to rise with an increase in the VAN concentration. This feature was not observed in
PCL/PEO/HAp scaffolds that do not contain VAN. As shown in Figure 10a (f), features at 1506 cm™ and 1588 cm™ were detected

only in scaffolds with a VAN concentration of 9% w/w.

The interaction between VAN and either PCL or PEO potentially occurs via hydrogen bond formation. The N-H moiety in the
vancomycin molecule is capable of forming hydrogen bonds with the C-O-C moiety in PCL and PEO. The intensities of peaks at
1187 cm™, 1168 cm™, and 1095 cm™, attributed to OC-O stretching, symmetrical COC stretching, and C-O-C stretching vibration,
were reduced. The reduced intensities of these peaks could indicate that OC-O and C-O stretching of PCL and PEO monomers were

diminished, which may be caused by hydrogen bond formation between PCL and VAN. The FTIR spectra of drug-loaded scaffolds
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showed no visible peak shifts compared with the unloaded scaffold (Figure 10). This result indicated that drug-composite
interactions were weak after the DIW process. The PCL/PEO/HAp composite scaffold shows the main characteristic absorption
bands of PCL, PEO, and HAp. The FTIR spectra also confirmed the presence of VAN in the DIW printed composite scaffold,

suggesting that VAN was successfully encapsulated by DIW printing method to produce a drug/polymer/ceramic composite scaffold.

PXRD was used to determine the phase structure of the PCL/PEO/HAp composites. Figure 10b shows the pXRD pattern of the
printed PCL/PEO/HAp scaffold. The peaks at angles 20 = 21.4° and 23.8° correspond to the (110) and (200) crystallographic planes
of the semi-crystalline nature of the PCL biopolymer (43). PEO exhibits two characteristic peaks at angles around 26 = 23°, and 19°
(44). HAp exhibits broad peaks, suggesting that the nanoparticle size is very small (45). The characteristic of peaks of PCL, PEO
and HAp were unchanged in the PCL/PEO/HAp blends. Additionally, a broad feature was observed in the pXRD pattern of
vancomycin from 26 of 10° to 35°; this result indicates that VAN is amorphous (46). The pXRD patterns of the VAN loaded
PCL/PEO/HAp samples - PCL/PEO/HAp_3%VAN and PCL/PEO/HAp_9%VAN were similar to that of PCL/PEO/HAp_without

VAN. These results suggest that the crystallinity of the PCL/PEO/HAp was maintained after loading with VAN.

3.6.2  Invitro dissolution profile

The release kinetics of DIW printed PCL/PEO/HAp samples containing low and high VAN loading (3% and 9% w/w) were
determined in vitro; the effect of drug loading on release profile was examined. The cumulative release profiles of VAN from the
DIW printed constructs is shown in Figure 11. Total release values of 82.67 = 0.06% and 91 + 0.03% were obtained for
PCL/PEO/HApP_3%VAN and PCL/PEO/HAp_9%VAN, respectively, after 480 min. The in vitro release profile results were in line
with the literature data reporting an initial burst release of the incorporated drug followed by a slow-release phase (47, 48).
Additionally, the release profiles revealed the formulation with a higher VAN loading released VAN faster than the formation with
a lower drug loading, especially for the time points of 30 min, 60 min, and 120 min; the drug release results were 33.01%, 48.57%,
72.06% at 30 min, 60 min, and 120 min for PCL/PEO/HAp_3%VAN and 49.66%, 69.39%, 86.18% at 30 min, 60 min, and 120 min
for PCL/PEO/HAp_9%VAN. SEM micrographs in Figure 11 (b, ¢, d) shows the surface morphology of VAN-free scaffold surface,

VAN-loaded scaffold before and after the release study of sample PCL/PEO/HAp_9%VAN.

4 Discussion

An increase in the HAp concentration in PCL/PEO/HAp inks had a noteworthy impact on the ink rheological properties. The initial
viscosity (when shear rate as 0.05 s*) of PCL/PEO/65%HAp inks was the highest, and the initial viscosity of the PCL/PEO/85%HAp
inks was the lowest. This result may be due to the greater interchain bonding in the polymers within PCL/PEO/65%HAp inks than
in the PCL/PEO/85%HAp inks, which in turn lead to higher viscosity values for the PCL/PEO/65%HAp inks at rest or low shear

strains. This phenomenon also can be correlated with ink recovery behavior results. At the high shear rate (50 s*), the
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PCL/PEO/65%HAp inks had the highest recovery percentage (95%); the PCL/PEO/85%HAp inks had the lowest recovery
percentage (74%). Moreover, the power law index (n) of PCL/PEO/HAp inks decreased with the increase in the HAp concentration
from 55% to 85% wi/w. This result could be due to the difference in solute polarity between the polymer molecules and HAp particles.
All inks showed the shear-thinning non-Newtonian behavior; however, an adequate recovery percentage of viscosity (>80%) with
a time-dependent increase were only possible with the PCL/PEO/55%HAp, PCL/PEO/65%HAp, and PCL/PEQ/75%HAp inks. This
result implies that inks with a HAp concertation greater than 75% w/w (such as PCL/PEO/85%HAp ink) would not be an ideal

printable material for DIW printing.

The mathematical analysis of ink flow within the nozzle was applied to predict the shear rate that the ink would experience during
the extrusion process. This phenomenon is similar to a fully developed parabolic fluid profile within a pipe; internal friction in the
fluid would resist flow motion (49, 50). When a fluid is in contact with a static solid surface (i.e., the needle wall), adhesion can
reduce the fluid flow. The higher shear rate of the PCL/PEO/85%HAp ink and the lower recovery percentage after removal of a
high shear rate (i.e., 50 s) in the creep recovery test could make the PCL/PEO/85%HAp ink more prone to printing failure; the

other inks may be more suitable for successful DIW printing via extrusion.

The elastic modulus and yield strength values are greater when HAp concentration increases from 55% to 65% w/w. Similar results
also can be found in other studies (51, 52). However, when the HAp content increased up to 75% w/w, the elastic modulus and yield
strength decreased. One possible reason could be related to the ink recovery behavior. The mechanical property results of the
PCL/PEO/HAp scaffold were in line with the ink recovery percentage. Another possible reason is that small cracks were observed
from the SEM images on the surface of DIW printed samples with more than 75% w/w HAp content. There was an increase of
polymer and ceramic molecule bonding when the concentration of HAp was increased from 55% to 65% w/w. However, when the
HAp concentration was increased to 75% and 85% wi/w, the additional HAp particles did not bond with polymer molecules and
directly attached on top of the filament surface to form small cracks. From this perspective, the PCL/PEO/65%HAp ink is the most
suitable formulation for the DIW fabrication 3D scaffolds. The poor mechanical properties of PCL/PEO/85%HAp may be associated

with the high porosity of this material (as indicated by micro CT analysis).

The elastic modulus and yield strength of PCL/PEO/HAp scaffolds fabricated in this study were in the range of 8.33 MPa to 12.33
MPa and 0.35 to 0.97 MPa, respectively, and were dependent on the HAp concentration. To the best of the authors' knowledge, the
scaffold mechanical properties obtained in this study are higher than those reported in previous studies involving DIW printed
PCL/HAp based scaffolds (22, 23). Previous studies indicate that the compressive elastic modulus of human cancellous bones is in
the range of 1-900 MPa (1, 53-58). The pore size of cancellous bones varies between 50 and 850 um; the porosity varies between
40 and 90% (59, 60). The horizontal and vertical filament distance/pore size, porosity, and elastic modulus of the PCL/PEO/HAp

scaffold obtained in this study were similar to those of human cancellous bones. It should be noted that the scaffold porosity affects
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the mechanical properties; for example, there is a linear relationship between scaffold porosity and elastic modulus (61). Apart from
scaffold porosity, interconnectivity is also an important factor that would affect cell growth within the tissue scaffold. Ashworth,
Mehr (62) developed percolation diameter theory to investigate scaffold interconnectivity in terms of a characteristic feature size
for cell transport. The percolation diameter is the size of the largest spherical object able to travel through an infinitely large scaffold.
Scaffolds with a certain percolation diameter will impede the transport of any object larger than this diameter. Since the micro-CT
scan analysis results show the horizontal and vertical pore size/filament distance were larger than 0, the scaffolds developed in the
study exhibited 100% interconnectivity. In comparison to traditional scaffold fabrication methods (e.g., freeze-drying or gas
forming), 3D printing has the advantage of being able to prepare a scaffold with 100% interconnectivity. This attribute would be

beneficial for vascularization and minimizing cell necrosis in the tissue scaffold (62-64).

The surface roughness had a substantial impact on scaffold surface wettability. The results showed that the rougher surfaces of the
DIW printed scaffold were associated with lower contact angle values and better wettability; this result is in line with previous
studies (65, 66). The relationship between roughness and wettability was noted by Wenzel (67), who indicated that surfaces with

higher levels of roughness exhibit enhanced wettability.

The VAN drug was successfully loaded into the DIW printed PCL/PEO/HAp composite scaffolds. The VAN loaded PCL/PEO/HAp
scaffolds exhibited a first-order immediate release mechanism and showed burst release within the first half-hour. The initial burst
phenomenon was more prominent for PCL/PEO/HAp_9%VAN than for PCL/PEO/HAp_3%VAN. A similar trend was found in
previous studies (25, 68, 69). This result may be attributed to the hydrophilic nature of VAN. The vancomycin molecules do not
have a specific binding affinity to the components of the PCL/PEO/HAp scaffold. The VAN was distributed on the surface of
filament before the release study as seen in the SEM image of Figure 11 (b); this initial burst release in the initial phase may be
attributed to this morphology. Figure 11 (c) shows the surface morphology of the scaffold after release revealed that VAN was
almost entirely eluted. Thus, the drug release results showed sudden drug release within a short period, particularly for the scaffold
with a higher VAN concentration. Previous studies indicated that a tissue scaffold loaded with an antibiotic agent can relieve
inflammation (26, 70, 71). If the scaffold with drug loading has a relatively rapid drug release rate, then it can be used for bone
tissue application-related surgical hemostasis and anti-inflammatory conditions (72, 73). It is noted that apart from drug
concentration and the interaction between the drug and the polymers, the scaffold geometry also has an influence on the drug release
mechanism. Previous studies indicate (74, 75) that materials with higher porosity and surface/volume ratios exhibit a more rapid
drug release profile; however, materials with higher porosity exhibit poor mechanical properties. Thus, the interrelation between

scaffold geometry, drug release, and mechanical properties must be balanced based on each individual patient’s requirements.
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5  Conclusions

This study demonstrates the processing of biocomposite PCL/PEO/HAp inks with HAp concentrations from 55 to 85% w/w;
woodpile scaffold structures with the formulated composite inks were successfully fabricated. The ink rheology properties, scaffold
material properties, surface properties, and mechanical properties of the scaffold structures were investigated. The rheological data
indicate that upon increasing the concentration of HAp, more marked shear-thinning behavior was observed. Based on the
mathematical modeling analysis of ink conditions within the printing needle, the shear rate of the PCL/PEO/85%HAp ink was higher
than that of other types of inks; while it had the lowest ink recover rate. Thus, the results suggest HAp concentration should be not
higher than 75% w/w in PCL/PEO/HAp composite inks for scaffold fabrication using DIW printing. Compared with other types of
scaffolds, the PCL/PEO/65%HAp scaffold had better wettability and higher mechanical properties. Furthermore, in vitro drug
release demonstrated that the VAN-loaded scaffolds were capable of releasing VAN. The PCL/PEO/HAp composite developed in
this study offers a new feedstock material for DIW printing of 3D scaffolds with antibacterial activity for bone tissue engineering

applications.
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Table 1. The material composition of samples with and without VAN loading?.

Scaffold names PCL conc. PEO conc. HAp conc. HAp conc. VAN conc.
(wiw) (wiw) (wiw) (VIv) (w/w)
PCL/PEOQ/55%HAp 22.5% 22.5% 55% 30.2% 0
PCL/PEOQ/65%HAp 17.5% 17.5% 65% 39.5% 0
PCL/PEOQ/75%HAp 12.5% 12.5% 75% 51.3% 0
PCL/PEOQ/85%HAp 7.5% 7.5% 85% 66.3% 0
PCL/PEO/HAp_3%VAN 17% 17% 63% 38.4% 3%
PCL/PEO/HAp_3%VAN 15.5% 15.5% 60% 36.2% 9%

aThe percentage of polymers, HAp and VAN is related to dry solute.

Table 2. The comparison of designed theoretical values of CAD structures and DIW printed 3D scaffolds. VValues represent means
and standard error of N=3; the width, length, and thickness of DIW printed PCL/PEO/85%HAp scaffold was significant higher

(P<0.05) than PCL/PEO/55%HAp.

Width (mm) Length (mm) Thickness (mm)
Theoretical value 14 14 5
Experimental value
PCL/PEO/55%HAp 12.65+0.23 12.50 £ 0.20 4.24 £ 0.03
PCL/PEO/65%HAp 12.89 £ 0.24 12.95+0.16 4.43 £ 0.08
PCL/PEO/75%HAp 13.53+0.10 13.55+0.26 4.64 £ 0.09
PCL/PEO/85%HAp 13.95 + 0.03 13.83+£0.10 4.67 £ 0.06

Table 3. Roughness parameters (Ra, Rz, Rq) for the DIW printed samples - PCL/PEO/55%HAp, PCL/PEO/65%HAp,
PCL/PEO/75%HAp, and PCL/PEO/85%HAp. Values represent means and standard error of N=3. The surface roughness of
PCL/PEO/65%HAp was significantly higher (p < 0.05) than that of PCL/PEO/55%HAp.

Sample name Roughness parameters (um)
Ra Rz Rq
PCL/PEO/55%HAp 1.95+0.09 10.82 £ 0.44 2.34+0.10
PCL/PEQ/65%HAp 2.98+0.14 17.49 +£1.09 3.70+0.20
PCL/PEO/75%HAp 257 +£0.25 16.18 £ 1.30 3.25+0.34
PCL/PEO/85%HAp 291+£0.14 16.42 £ 0.46 3.58£0.17
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Figure 1. (a) The shear rate-viscosity flow curves. (b) Power law model fitting parameters, consistency index (m) and power-law
index (n), for the PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEQ/75%HAp, and PCL/PEO/85%HAp inks. Values represent
means and standard error of N=5, asterisk (*) represents p<0.05. (¢) Viscosity as a function of the time for the creep recovery test
among PCL/PEO/HAp inks. The inserted table includes the viscosity recovery percentages that were calculated from the creep

recovery test.
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Figure 2. The ink velocity (Z direction) (V) profile inside a printing nozzle for inks of PCL/PEO/55%HAp (a), PCL/PEO/65%HAp

(b), PCL/PEO/75%HAp (c) and PCL/PEO/85%HAp (d).
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Figure 3. The DIW printing viscosity (a) and wall shear rate (b) as a function of the extrusion fluid rate for the PCL/PEO/55%HAp,

PCL/PEO/65%HAp, PCL/PEO/75%Hap, and PCL/PEO/85%HAp inks.
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Figure 4. (a) The printed filament width of ink PCL/PEO/55%HAp decreases with the increased print speed (Vyy) when the extrusion
rate (Qg) as 0.8 mm?¥/s, the scale bar is 1 mm; the DIW printed filament width compared with the applied nozzle diameter (d = 603
pum) at the designated printing speed (Vyy) and extrusion rate (Qg) with PCL/PEQO/55%HAp (b), PCL/PEO/65%HAp (c),
PCL/PEO/75%HAp (d), and PCL/PEO/85%HAp (e) inks. Values represent means and standard error of N=50 (measurement on
multiple measurements on multiple filaments). Asterisk (*) represents p<0.05, which indicates that there was a significant difference

from the ideal value (d=603 pum).
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Figure 5. Relative filament deviation (of;amene) as an index to evaluate the DIW printed filament width under the designated

printing speed (Vyy) and extrusion rate (Qz) with PCL/PEO/55%HAp (a), PCL/PEO/65%HAp (b), PCL/PEO/75%HAp (c), and

PCL/PEO/85%HAp (d) inks. Values represent means and standard error of N=50 (measurement on multiple measurements on

multiple filaments). Asterisk (*) represents p<0.05, which indicates that there was a significant difference from the ideal value

(d=603 pm).
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Figure 6. Scaffold image (a) and the measured filament width (Wy;;4en:) compared with the applied nozzle diameter (d = 603 um)
(b) and the relative filament deviation (ofamen:) () Of the DIW printed 3D scaffolds. Values represent means and standard error
of N=50. (measurement on multiple measurements on multiple filaments). Asterisk (*) represents p<0.05; there was a significant

difference in filament width and the relative filament deviation among PCL/PEO/55%HAp, PCL/PEO/65%HAp,

PCL/PEO/75%HAp, and PCL/PEO/85%HAp.
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Figure 7. (a) Micro-CT scan generated 3D model of DIW printed PCL/PEO/HAp scaffold (example of PCL/PEO/85%HAp). (b)
Porosity of the DIW printed PCL/PEO/HAp 3D construct. Values represent means and standard error of N=3. Asterisk (*) represents
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Figure 8. (a) The elastic modulus and yield strength of DIW printed scaffolds; the images shown in the inserts are the DIW printed
PCL/PEO/HAp scaffolds PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEQ/75%HAp, and PCL/PEO/85%HAp (scale bar=5 mm).

Values represent mean and standard error values of N=4. Asterisk (*) represents p<0.05. (¢) SEM images collected on the pristine

DIW printed samples (i.e., before mechanical testing).
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Figure 9. (@) SEM images showing the surface morphology of the DIW printed scaffolds. (b) Schematic diagram of contact angle
values. (c) The roughness and initial CA results (drop age = 0 second) on the filament surface of the DIW printed samples -
PCL/PEO/55%HAp, PCL/PEO/65%HAp, PCL/PEO/75%HAp, and PCL/PEO/85%HAp. Values represent means and standard error

of N=3. Asterisk (*) represents p<0.05.
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Figure 10. (a) FTIR spectra of PCL (a), PEO (b), HAp (c), DIW printed PCL/PEO/65%HAp scaffold (d), PCL/PEO/HAp_3%VAN
scaffold (e), PCL/PEO/HAp_9%VAN scaffold (f) and VAN (g). The insert shows the stacked spectra of VAN and PCL/PEO/HAp
scaffolds with and without VAN; the intensity of the VAN peak at 1662 cm™ increases with increasing VAN content. (b) PXRD
patterns of the DIW printed PCL/PEQ/65%HA scaffold (i.e., PCL/PEO/HAp without VAN), PCL/PEO/HAp_3%VAN scaffold,
PCL/PEO/HAp_9%VAN scaffold, and VAN powder; the VAN amount does not affect the crystallinity of the DIW printed

PCL/PEO/HAp scaffold.
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Figure 11. (a) VAN release profiles from the DIW printed samples PCL/PEO/HAp_3%VAN and PCL/PEO/HAp_9%VAN in PBS
(pH=7.4) at a temperature of 37°C. Values represent means and standard error of N=3. Asterisk (*) represents p<0.05. (b) SEM
images of the VAN-free scaffold surface. VAN-loaded scaffold surface before (c) and after (d) PCL/PEO/HAp_9%VAN release

studies.
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