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Abstract: Limitations of bone defect reconstruction include poor bone healing and osteointegration
with acrylic cements, lack of strength with bone putty/paste, and poor osteointegration. Tissue
engineering aims to bridge these gaps through the use of bioactive implants. However, there is
often a risk of infection and biofilm formation associated with orthopedic implants, which may
develop anti-microbial resistance. To promote bone repair while also locally delivering therapeutics,
3D-printed implants serve as a suitable alternative. Soft, nanoporous 3D-printed filaments made
from a thermoplastic polyurethane and polyvinyl alcohol blend, LAY-FOMM and LAY-FELT, have
shown promise for drug delivery and orthopedic applications. Here, we compare 3D printability
and sustained antibiotic release kinetics from two types of commercial 3D-printed porous filaments
suitable for bone tissue engineering applications. We found that both LAY-FOMM and LAY-FELT
could be consistently printed into scaffolds for drug delivery. Further, the materials could sustainably
release Tetracycline over 3 days, independent of material type and infill geometry. The drug-loaded
materials did not show any cytotoxicity when cultured with primary human fibroblasts. We conclude
that both LAY-FOMM and LAY-FELT 3D-printed scaffolds are suitable devices for local antibiotic
delivery applications, and they may have potential applications to prophylactically reduce infections
in orthopedic reconstruction surgery.

Keywords: tissue engineering; drug delivery; antibiotics; bone defect; antimicrobial resistance

1. Introduction

The management of critical-sized bone defects continues to be a challenging problem
in orthopedics. Such defects are not capable of spontaneous healing without intervention
due to their large size. Common causes of bone defects include high energy trauma,
infection, and cancer [1]. Current surgical management techniques include bone grafting,
distraction osteogenesis, and the induced membrane technique. Although these techniques
have been shown to be effective in varying degrees in the literature, large-scale randomized
controlled trials are lacking to determine the best treatment approach for large bone defects,
mainly due to the low incidence of the condition [2]. Additionally, there are limitations
attributed to each technique. Autologous bone grafts are quite effective in inducing bone
growth due to their osteoconductive and osteoinductive properties. However, the limited
available quantity in a patient, donor site morbidity, and resorption by the body make them
unfeasible in large bone defects [2–4]. Similarly, allografts have limited effectiveness in
inducing bone growth as a stand-alone solution. However, these two techniques and others
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may require multiple operations, increasing patient morbidity and risk of infection [3,5].
Distraction osteogenesis is effective but inefficient due to the very long treatment durations
required and the high risk of infection at the pin sites for the distraction mechanism [2].
Although effective to varying degrees, none of these techniques address all the requirements
for managing critical-sized bone defects effectively while minimizing surgical morbidity
for patients and there remains a risk of infection at the reconstruction site and surgical
wound [6,7].

Tissue engineering is a rapidly expanding field in regenerative medicine using cells,
scaffold biomaterials, and biologic factors [8] which may provide unique solutions to
managing critical-sized bone defects. Tissue engineering in bone regeneration has focused
on developing bioactive implants with osteoconductive and osteoinductive properties.
One advantage of tissue engineering is its ability to utilize 3D printing to create highly
customizable implant structures to achieve the desired structural integrity and porosity
for creating a suitable bone scaffold [2,9]. These scaffolds can be made from biocompatible
porous materials coveted in tissue engineering applications [10]. They can subsequently
be loaded with bioactive compounds such as growth modulators, chemotherapeutics, and
antibiotics [11] to aid in the proliferation and differentiation of host cells for full osteoin-
tegration of the implant and subsequent healing of a bone defect [12]. This “all-in-one”
solution can allow for implantation of a therapeutic-loaded structural implant at the site of
a bone defect to restore structural integrity to the affected bone [3,5]. Subsequent elution of
a cocktail of therapeutics, including prophylactic antibiotics, can promote osteointegration
and prevent further infection, especially in high energy trauma scenarios. This approach
would solve many of the limitations associated with current surgical options including a
scarcity of autogenous bone graft and the need for multiple operations, as seen with the
induced membrane technique.

The current clinical standard for local antibiotic delivery to bone defects is the use of
antibiotic-impregnated polymethyl methacrylate (PMMA) cement, which is free-formed
intraoperatively to fill the defect [13]. Powdered antibiotic is usually added to the cement
composition during mixing intraoperatively, which can limit use of various antibiotics
sensitive to the exothermic polymerization process [14]. Much of the antibiotic release
has been attributed to a surface burst effect and increasing the concentration of antibiotics
in the cement mixture leads to a weaker cement structure [13]. Alternate materials with
higher surface to volume ratios may be useful for better controlled release in orthopedic
implants. Additive manufacturing in the form of 3D printing has been increasingly used to
generate custom bioresorbable implants with high mechanical strength.

Three-dimensional printing exists in several forms, with stereolithography, laser sin-
tering, powder printing, fused-deposition modeling (FDM), and bioprinting to name a
few [15]. Each type of printing has different processes for layering the prints, and each one
can utilize different materials. Synthetic biocompatible polymers have been established as
a highly versatile substrate for 3D printing such scaffolds using FDM technology. Our lab
has previously demonstrated the 3D printability and osteoconductive properties of a com-
mercial line of synthetic polymer (PORO-LAY), alongside its ability to sustainably release
chemotherapeutics [16,17]. The PORO-LAY line of thermoplastic 3D-printed filaments are
a novel commercial product composed of a rubber elastomeric polymer with a soluble
polyvinyl alcohol (PVA) component [18,19]. They are hydrophobic in nature and act as a
sponge-like structure, which can swell with water and diffuse molecules. These unique fila-
ments can be 3D printed into a customized solid shape which upon washing away the PVA
becomes a micro-nano porous structure suitable for drug uptake [19,20]. We and others
have also demonstrated that this filament can be printed into custom geometries that are
both cytocompatibile in vitro [21] and biocompatible in vivo [22]. The PORO-LAY line of
filaments is available in different formulations that achieve different porosity characteristics,
presumably by altering the ratio of PVA to the rubber component. Specifically, the LAY-
FOMM variant transforms into a foam-like material, with micropores scattered throughout
the polymer structure upon dissolution of the soluble PVA component. Alternatively, the
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LAY-FELT variant transforms into a felt-like material with woven strands of the polymer.
These materials are not only suitable for drug delivery at implant sites, but may also be
applicable to surgical site wound infections, which are not uncommon following orthopedic
surgery [23]. Therefore, loading of such materials with antimicrobial agents may facilitate
prophylaxis against infection; however, it remains to be determined. Furthermore, our and
others’ previous studies have suggested prophylactic antibiotic delivery may prevent such
infections from occurring altogether [24,25]. Our goal in this study is to compare the drug
release rate of antibiotics between the foam and felt variants of this filament in an in vitro
bacterial culture model. We also compare the impact of various infill patterns. The results
of this study can help demonstrate the effectiveness of this approach for targeted antibiotic
delivery in the design of future tissue-engineered implants for managing critical-sized bone
defects or surgical site wound infections.

2. Materials and Methods
2.1. Three-Dimensional Printing of Disks

Printing filaments were purchased from Matterhackers (Burbank, CA, USA). The two
filament types were the PORO-LAY LAY-FOMM 60 porous filament 1.75 mm (Product
number: M-LWK-N3PY) and PORO-LAY LAY-FELT porous filament 1.75 mm (Product
number: M-8V4-0Q73). The disks were 3D modeled with a 6 mm diameter and 1 mm
depth and sliced into G-code using the Simplify3D software V 4.1.2 (Simplify3D, Cincinnati,
OH, USA). Batches with 3 different infill patterns (Figure 1) were then printed (concentric,
gyroid, grid) using a Flashforge Creator Pro (Flashforge Corp., Jinhua, Zhejiang, China),
with a 0.3 mm nozzle, print settings of 220 ◦C print temperature, 50 ◦C bed temperature,
and 18 mm/s speed. Separate batches were printed with Layfomm and Layfelt. The
diameter and height of each disk were measured using a micrometer, as well disk weight
using a calibrated microgram scale.

Micromachines 2024, 15, x FOR PEER REVIEW 3 of 15 
 

 

throughout the polymer structure upon dissolution of the soluble PVA component. Alter-
natively, the LAY-FELT variant transforms into a felt-like material with woven strands of 
the polymer. These materials are not only suitable for drug delivery at implant sites, but 
may also be applicable to surgical site wound infections, which are not uncommon fol-
lowing orthopedic surgery [23]. Therefore, loading of such materials with antimicrobial 
agents may facilitate prophylaxis against infection; however, it remains to be determined. 
Furthermore, our and others� previous studies have suggested prophylactic antibiotic de-
livery may prevent such infections from occurring altogether [24,25]. Our goal in this 
study is to compare the drug release rate of antibiotics between the foam and felt variants 
of this filament in an in vitro bacterial culture model. We also compare the impact of var-
ious infill patterns. The results of this study can help demonstrate the effectiveness of this 
approach for targeted antibiotic delivery in the design of future tissue-engineered im-
plants for managing critical-sized bone defects or surgical site wound infections. 

2. Materials and Methods 
2.1. Three-Dimensional Printing of Disks 

Printing filaments were purchased from Matterhackers (Burbank, CA, USA). The two 
filament types were the PORO-LAY LAY-FOMM 60 porous filament 1.75 mm (Product 
number: M-LWK-N3PY) and PORO-LAY LAY-FELT porous filament 1.75 mm (Product 
number: M-8V4-0Q73). The disks were 3D modeled with a 6 mm diameter and 1 mm 
depth and sliced into G-code using the Simplify3D software V 4.1.2 (Simplify3D, Cincin-
nati, OH, USA). Batches with 3 different infill patterns (Figure 1) were then printed (con-
centric, gyroid, grid) using a Flashforge Creator Pro (Flashforge Corp., Jinhua, Zhejiang, 
China), with a 0.3 mm nozzle, print settings of 220 °C print temperature, 50 °C bed tem-
perature, and 18 mm/s speed. Separate batches were printed with Layfomm and Layfelt. 
The diameter and height of each disk were measured using a micrometer, as well disk 
weight using a calibrated microgram scale. 
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dimensions were then switched to 6 mm, 0.8 mm discs for antibiotic release to make them compa-
rable to the commercial paper disks. Bottom images are representative LAY-FELT and LAY-
FOMM60 printed scaffolds after washing for 72 h. The far right image shows a pre-washed LAY-
FOMM60 scaffold to show how much they swell after washing. Scale bar is 5 mm. 

Figure 1. LAY-FOMM and LAY-FELT scaffolds were printed first in larger format to characterize the
print consistency with concentric, grid, and gyroid infill patterns, without solid top or bottom. The
dimensions were then switched to 6 mm, 0.8 mm discs for antibiotic release to make them comparable
to the commercial paper disks. Bottom images are representative LAY-FELT and LAY-FOMM60
printed scaffolds after washing for 72 h. The far right image shows a pre-washed LAY-FOMM60
scaffold to show how much they swell after washing. Scale bar is 5 mm.
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2.2. Scanning Electron Microscopy

Scanning electron microscopy on the 3D-printed scaffolds was performed exactly as
described elsewhere [22]. In short, printed scaffolds (both LAY-FOMM and LAY-FELT, with
concentric, gyroid, and grid infill patterns) were dehydrated using increasing concentra-
tions of ethanol up to 100% and then overnight in hexamethyldisilazane (HDMS, Sigma,
Oakville, ON, Canada). All samples were sputter-coated with 4 nm layer of platinum using
an ACE600 sputter-coater (Leica, Burlington, ON, Canada). Images were captured using an
FEI Quanta 450 Scanning Electron Microscope (ThermoFisher, Burlington, ON, Canada).

2.3. Antibiotic Solution Preparation

In total, 0.03 g of Tetracycline powder was mixed in 4 mL of solution inside a 50 mL
beaker. The solution was transferred to a clean 15 mL tube and allowed to settle. To remove
any undissolved solutes, 3

4 of the solution was transferred to a clean beaker and allowed to
settle. The process of transferring the solution from a beaker to a 15 mL tube was repeated
once more to remove any remaining undissolved solutes. The 15 mL tube containing the
final solution was mixed for 3 min using a mixer.

2.4. Disk Sterilization and Loading

Three-dimensional printed disks were soaked in distilled water for 3 days with 24 h
water changes. They were next placed in 70% isopropanol for 5 min and then washed in
sterile water to dispose of extra alcohol on the disks. Next, the disks were exposed to UV
light for 10 min on each side. Disinfected (UV) Kimwipes were used to remove extra water
over the disks. After, 5 µL of antibiotic solution was deposited onto each disk, and they
were allowed to dry in the biosafety cabinet for 30 min before transferring to the agar plate.
The commercially acquired antibiotic or blank disk was used directly from the package
under sterile conditions.

2.5. Agar Plate Preparation

Staphylococcus aureus (cat# 470179-208) and Pseudomonas fragi (cat# 470179-090) cultures
(VWR, Mississauga, ON, Canada) were used in this study. To subculture the two organisms,
single colonies were swabbed from each plate and streaked as new cultures on agar plates
made with tryptic soy broth. Individual colonies were suspended in 1 mL sterile PBS and
agitated for 2 h at 37 ◦C to activate the culture. Fresh agar plates were labelled into 8
different zones (H2O, N and 6 different disk zones). The 1 mL culture was then plated on
the agar plate and spread evenly (Figure 1). Disks were placed as indicated and the plates
were placed in 37 ◦C incubator for the indicated times.

2.6. Inhibition Zone Test Procedure

For controls, a Whatman paper and a 3D-printed scaffold (concentric infill) not loaded
with antibiotic were used. The remaining 4 disk zones were deposited with tetracycline-
loaded 3D-printed scaffolds with 3 different infills and a commercial disk. The disk-loaded
plates were incubated for 24 h, and then transferred to another plate and placed in the
incubator for 24 h (total of 48 h) and transferred once more, for a total of 72 h (Figure 2).

2.7. Metabolic Activity

Three-dimensional printed disks using LAY-FOMM or LAY-FELT were sterilized as
outlined before and placed inside a 24-well plate. Some disks were loaded with antibiotics
as outlined before and some were left blank. Anterior cruciate ligament (ACL) fibroblasts
were isolated from the samples collected from 3 patients with consent and approved
by RI MUHC ethics REB #2019-5390, as previously described [26]. The fibroblasts were
suspended in culture media at a concentration of 250,000 cells/well were cultured on the
disks for 24 h in an incubator at 37 ◦C. Next, cell metabolic assay using a commercial
Alamar Blue® kit (ThermoFisher, Burlington, ON, Canada) was conducted according to
manufacturer instructions into each well. After 24 h, 10 µL of Alamar Blue®-containing
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culture media was plated in a 96-well plate (Costar, Sigma, Oakville, ON, Canada) and
fluorescence (Excitation–540 nm, Emission–585 nm) was analyzed using the Tecan Infinite
M200 pro microplate reader (Tecan Trading, AG, Männedorf, Switzerland). Three wells
containing culture media and Alamar Blue without any scaffold or cells were also read on
the same plate to represent background fluorescence of the Alamar Blue dye. The average
fluorescence from these wells was subtracted from the experiment fluorescence readings to
remove background fluorescence. Results were analyzed using Microsoft Excel and t-test
analysis was conducted.
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Figure 2. Schematic view of inhibition zone test and disk transfer procedure over the 72 h experiment.
Antibiotic-loaded control disks and 3D-printed disks are placed on the bacterial spread plate and
incubated for 24 h, and diameter of growth inhibition zone is measured. The disks are aseptically
transferred to the next bacterial spread and the procedure is repeated two more times to measure the
sustained release of antibiotics from the disks.

2.8. Live/Dead Cell Viability Assay

Fibroblast cells were cultured onto disks according to the protocol in the metabolic
activity section. After 24 h incubation, live/dead assay (ThermoFisher, Burlington, ON,
Canada) was performed according to manufacturer instructions. Plates containing live/dead
assay were imaged using an Olympus IX73 inverted fluorescence microscope. Image J
software (NIH, v.1.6.0, Bethesda, MD, USA) was used to quantify the live and dead cells.
Results were analyzed using Microsoft Excel and t-test analysis was conducted.

3. Results
3.1. Filament Surface Analysis and Print Quality Control

We investigated microscopic changes in the surface structure of both 3D-printed
filaments before and after the soluble PVA component was dissolved in a water bath
(Figure 3). Visually, both filaments demonstrated a smooth surface at higher magnification
in the unwashed state. Upon washing and dissolution of the soluble component, different
surface changes were noted in each filament at a higher magnification. In particular,
LAY-FOMM demonstrated more pronounced parallel fibers at 20 µm and a roughened
pitted texture at 2 µm with no specific polymer strands visible. In contrast, LAY-FELT
demonstrated a more pronounced weave pattern of fibers at 20 µm with individual strands
visible at 2 µm.
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Figure 3. Scanning electron microscopy images showing the different surface texture of LAY-FOMM
and LAY-FELT disks after being washed.

To ensure each printed material and infill pattern resulted in consistent output from the
low-cost desktop 3D printers, individual weights, diameters, and heights were measured
for each print. A minimum number of 13 scaffolds was printed in each infill pattern
for each filament type. As for disk diameter, we noted a statistically significant lower
print diameter in all three infill patterns of the LAY-FOMM disks compared to LAY-FELT
(concentric (mm) = 8.86 vs. 9.27; grid (mm) = 8.87 vs. 9.21; gyroid (mm) = 8.86 (Figure 4).
As for disk height, there was no difference in height between the two filament types
with a concentric infill (2.08 mm vs. 2.05 mm; p 0.79). However, LAY-FOMM had a
statistically significant increased height compared to LAY-FELT (grid (mm) = 2.34 vs. 1.99;
gyroid (mm) = 2.35 vs. 1.98; p < 0.001). Lastly, the LAY-FOMM disks were on average twice
as heavy as the LAY-FELT filaments, regardless of the infill pattern (concentric (g) = 0.14 vs.
0.068; grid (g) = 0.13 vs. 0.064; gyroid (g) = 0.13 vs. 0.066; p < 0.001).
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FOMM and LAY-FELT scaffolds with concentric, grid, and gyroid patters were measured. Scanning
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after being washed. Scaffolds were printed larger for characterization and print consistency testing,
and then switched to 6 mm, 0.8 mm discs for antibiotic. All error bars = SD, with a minimum of
n = 13 for each infill pattern, * indicates p less than 0.001, two-tailed t-test for each group comparison.

3.2. Inhibition Zone Test

The 3D-printedfilaments used in this study have the unique ability to transform into
a porous structure upon dissolution of their soluble component, making them suitable
for absorbing and releasing therapeutics. Both filaments tested in this study achieve this
in different manners, with the LAY-FOMM filament forming a foam-like structure with
micropores, while the LAY-FELT filament forms a felt-like filamentous structure. Here, we
set out to test the difference in sustained antibiotic release between these two filaments
as well as with different 3D-printed infill patterns. We utilized a commercially available
antibiotic disk as a control. The 3D-printed and control disks were loaded with the antibiotic
Tetracycline as outlined in Section 2. Antibiotic-loaded disks were placed in agar plates
cultured with Staph. aureus (Figure 5) or Pseudomonas fragi (Figure 6) and inhibition zones
were measured at 24 h, 48 h, and 72 h time points. A total of three replicates were conducted
for Staph. aureus and five replicates for Pseudomonas fragi dishes. Overall, we observed that
3D-printed scaffolds achieved a lesser degree of sustained antibiotic release compared to
commercial disks, reflected through a smaller inhibition zone for longer incubation periods.
Tables 1 and 2 report the inhibition zone (%) as compared to the control disk for both
bacteria cultures for the LAY-FELT and LAY-FOMM disks, respectively. Comparing the %
zone of inhibition of the 3D-printed disks compared to the control disks, we observed no
significant difference in the inhibition zones of the LAY-FOMM and LAY-FELT disks for
either of the bacteria cultures (p ≈ 0.5 from two tailed t-test), as shown in Figure 7a,b.

Table 1. Inhibition zone (%) for the LAY-FELT disks relative to the control, ± SD.

Bacteria Disks 24 h 48 h 72 h

Staph. aureus

Control 100 ± 1.9 100 ± 2.9 100 ± 1.9
Concentric 95.6 ± 5.7 67.7 ± 3.3 60.8 ± 2.9

Grid 95.2 ± 4.3 69.9 ± 6.0 64.6 ± 2.7
Gyroid 98.8 ± 1.8 73.8 ± 1.9 66.1 ± 2.6

Psuedo. fragi

Control 100 ± 7.7 100 ± 8.4 100 ± 27.9
Concentric 91.1 ± 4.6 76.9 ± 29.8 68.7 ± 20.0

Grid 96.9 ± 5.7 77.3 ± 18.3 71.4 ± 18.6
Gyroid 92.9 ± 9.0 85.4 ± 17.8 72.0 ± 14.3
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Table 2. Inhibition zone (%) for the LAY-FOMM disks relative to the control, ± SD.

Bacteria Disks 24 h 48 h 72 h

Staph. aureus

Control 100 ± 3.6 100 ± 1.2 100 ± 4.5
Concentric 96.2 ± 3.0 73.3 ± 1.9 61.98 ± 0.6

Grid 99.5 ± 5.1 71.2 ± 1.3 62.0 ± 3.5
Gyroid 105.1 ± 5.8 73.5 ± 2.7 64.3 ± 19.7

Pseudo. fragi

Control 100 ± 9.0 100 ± 28.9 100 ± 7.9
Concentric 101.5 ± 11.9 54.1 ± 12.8 51.4 ± 8.5

Grid 86.4 ± 25.5 60.6 ± 17.3 51.1 ± 16.2
Gyroid 100.7 ± 6.8 60.3 ± 12.1 58.4 ± 9.3

Micromachines 2024, 15, x FOR PEER REVIEW 8 of 15 
 

 

Table 2. Inhibition zone (%) for the LAY-FOMM disks relative to the control, ± SD. 

Bacteria Disks 24 h 48 h 72 h 

Staph. aureus 

Control 100 ± 3.6 100 ± 1.2 100 ± 4.5 
Concentric 96.2 ± 3.0 73.3 ± 1.9 61.98 ± 0.6 

Grid 99.5 ± 5.1 71.2 ± 1.3 62.0 ± 3.5 
Gyroid 105.1 ± 5.8 73.5 ± 2.7 64.3 ± 19.7 

Pseudo. fragi 

Control 100 ± 9.0 100 ± 28.9 100 ± 7.9 
Concentric 101.5 ± 11.9 54.1 ± 12.8 51.4 ± 8.5 

Grid 86.4 ± 25.5 60.6 ± 17.3 51.1 ± 16.2 
Gyroid 100.7 ± 6.8 60.3 ± 12.1 58.4 ± 9.3 

 
Figure 5. Tetracycline loaded on 6 mm, 1 mm discs for antibiotic release, 1 = control Whatman paper, 2= 
control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = gyroid, 6 = grid. Error bars = SD, n = 3. 

 
Figure 6. Tetracycline loaded on 6 mm, 0.8 mm discs for antibiotic release, 1 = control Whatman 
paper, 2 = control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = grid, 6 = gyroid. Error bars = 
SD, n = 5. * indicates p < 0.05. 

Figure 5. Tetracycline loaded on 6 mm, 1 mm discs for antibiotic release, 1 = control Whatman paper,
2= control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = gyroid, 6 = grid. Error bars = SD, n = 3.

Micromachines 2024, 15, x FOR PEER REVIEW 8 of 15 
 

 

Table 2. Inhibition zone (%) for the LAY-FOMM disks relative to the control, ± SD. 

Bacteria Disks 24 h 48 h 72 h 

Staph. aureus 

Control 100 ± 3.6 100 ± 1.2 100 ± 4.5 
Concentric 96.2 ± 3.0 73.3 ± 1.9 61.98 ± 0.6 

Grid 99.5 ± 5.1 71.2 ± 1.3 62.0 ± 3.5 
Gyroid 105.1 ± 5.8 73.5 ± 2.7 64.3 ± 19.7 

Pseudo. fragi 

Control 100 ± 9.0 100 ± 28.9 100 ± 7.9 
Concentric 101.5 ± 11.9 54.1 ± 12.8 51.4 ± 8.5 

Grid 86.4 ± 25.5 60.6 ± 17.3 51.1 ± 16.2 
Gyroid 100.7 ± 6.8 60.3 ± 12.1 58.4 ± 9.3 

 
Figure 5. Tetracycline loaded on 6 mm, 1 mm discs for antibiotic release, 1 = control Whatman paper, 2= 
control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = gyroid, 6 = grid. Error bars = SD, n = 3. 

 
Figure 6. Tetracycline loaded on 6 mm, 0.8 mm discs for antibiotic release, 1 = control Whatman 
paper, 2 = control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = grid, 6 = gyroid. Error bars = 
SD, n = 5. * indicates p < 0.05. 

Figure 6. Tetracycline loaded on 6 mm, 0.8 mm discs for antibiotic release, 1 = control Whatman paper,
2 = control 3D scaffold, 3 = commercial disc, 4 = concentric, 5 = grid, 6 = gyroid. Error bars = SD,
n = 5. * indicates p < 0.05.



Micromachines 2024, 15, 83 9 of 14
Micromachines 2024, 15, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 7. Comparison of inhibition zones (%) of (a) LAY-FELT and LAY-FOMM for Staph. aureus and 
(b) concentric LAY-FELT disks for both bacteria cultures. 

3.3. Metabolic Activity and Cell Viability 
To determine whether disks loaded with or without antibiotics showed any cytotox-

icity, we tested the materials in culture with primary human fibroblasts. Alamar Blue cell 
metabolic activity and live/dead assay (Figure 8) showed that the fibroblast cells main-
tained metabolic activity (LAY-FOMM no antibiotic vs. antibiotic 29,127.67 units vs. 
29,127.67 units (p = 0.27); LAY-FELT no antibiotic vs. antibiotic 31,857.67 units vs. 34,550.67 
units (p = 0.17)) with no increase in the amount of cell death (LAY-FOMM no antibiotic vs. 
antibiotic 99% vs. 98% (p = 0.70); LAY-FELT no antibiotic vs. antibiotic 97% vs. 99% (p = 
0.27)) when cultured on the scaffold material. There was no statistical difference between 
filament types and whether antibiotics were loaded on the scaffolds or not. Regarding 
live/dead assay, we noted negligible cell death after 24 h and cell viability remained at 
more than 96%. 

 
Figure 8. Tetracycline-loaded (+) or unloaded 6 mm, 0.8 mm discs (gyroid), cultured for 24 h with 
250,000 primary human ACL fibroblasts. Alamar Blue assay was performed to measure metabolic 
activity and cellular health/toxicity followed by LIVE/DEAD assay, whereby dead cells appear red 
and live cells appear green. Data shown from 3 independent ACL donors, ±SD. 

Figure 7. Comparison of inhibition zones (%) of (a) LAY-FELT and LAY-FOMM for Staph. aureus and
(b) concentric LAY-FELT disks for both bacteria cultures.

3.3. Metabolic Activity and Cell Viability

To determine whether disks loaded with or without antibiotics showed any cytotox-
icity, we tested the materials in culture with primary human fibroblasts. Alamar Blue
cell metabolic activity and live/dead assay (Figure 8) showed that the fibroblast cells
maintained metabolic activity (LAY-FOMM no antibiotic vs. antibiotic 29,127.67 units
vs. 29,127.67 units (p = 0.27); LAY-FELT no antibiotic vs. antibiotic 31,857.67 units vs.
34,550.67 units (p = 0.17)) with no increase in the amount of cell death (LAY-FOMM no
antibiotic vs. antibiotic 99% vs. 98% (p = 0.70); LAY-FELT no antibiotic vs. antibiotic
97% vs. 99% (p = 0.27)) when cultured on the scaffold material. There was no statistical
difference between filament types and whether antibiotics were loaded on the scaffolds or
not. Regarding live/dead assay, we noted negligible cell death after 24 h and cell viability
remained at more than 96%.
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Figure 8. Tetracycline-loaded (+) or unloaded 6 mm, 0.8 mm discs (gyroid), cultured for 24 h with
250,000 primary human ACL fibroblasts. Alamar Blue assay was performed to measure metabolic
activity and cellular health/toxicity followed by LIVE/DEAD assay, whereby dead cells appear red
and live cells appear green. Data shown from 3 independent ACL donors, ±SD.
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4. Discussion

We have recently shown that LAY-FOMM, a commercial polyurethane/polyvinyl
alcohol blend thermoplastic, has sustainable release properties for the chemotherapeutic
doxorubicin [16] and the bisphosphonate zolodronate [17]. Furthermore, these drug-
loaded scaffolds can be used to effectively block the growth of patient-derived spine
metastases cells in vitro. We have now tested a scaffold printed from another commercial
PORO-LAY nanoporous 3D-printed filament, LAY-FELT, which shows different properties
at the nanoscale (Figure 3). Both materials are blended with polyvinyl alcohol, which
dissolves in water or buffer to expose tiny holes in the nanoscale range and resemble
sponge-like and elastic properties [27,28]. Furthermore, the visual appearance of the LAY-
FELT scaffolds resembles aligned collagen or extracellular matrix fibrils, which may be
even more conducive to tissue repair or drug delivery applications. Our results here
indicate compatibility with the uptake and sustainable release of antimicrobials. The data
also indicated no negative effects on primary human fibroblasts cultured with scaffolds
alone or loaded with antibiotics (Figure 8). Our most recent work with LAY-FOMM has
shown that it is cytocompatible with human osteoblasts, can promote stem cell osteogenic
differentiation, is biocompatible in vivo, and can promote bone formation in mandible
defects [22]. Together, these data suggest that such materials may be good candidates for
sustained local antibiotic delivery as well at topical or implanted sites.

Our results indeed demonstrate the capacity of both the LAY-FOMM and LAY-FELT
materials in the extended release of antibiotics, which is suitable for delivering antibiotics
locally/prophylactically while promoting tissue repair in orthopedic surgical sites [22]. We
tested three infill patterns corresponding to different surface areas, with the concentric
pattern having the least surface exposed to the antibiotic while being loaded and the gyroid
pattern having the most. The infill pattern had no significant impact on the release rates,
as observed in Figures 4 and 5 (p > 0.4 from a two tailed t-test). This may correspond to
the fact that although the concentric pattern has the least surface to absorb the antibiotics,
it has the largest mass compared to the other two infill patterns as the disks were printed
with the same diameters and heights. Hence, we were not able to quantify the impact of
the surface on releasing the antibiotic. We plan to systematically study the effect of the
surface by printing disks of the same infill pattern and volume but different surface areas
(different surface to volume ratios). No significant difference in the inhibition zone of the
LAY-FOMM and LAY-FELT disks (p > 0.4) was observed either, which indicates that the
release mechanism of the antibiotic is the same for both material systems, within the range
of our experimental parameters. Figure 7a shows an example of such comparison for the
concentric disk. The other infill patterns showed the same trend. Additionally, we did not
assess the impact of infill patterning on the mechanical strength of these scaffolds. However,
our previous work [22,27] showed that LAY-FOMM60 is quite elastic with significantly
lower mechanical strength than PLA, which is in agreement with other mechanical testing
of these materials [29–31]. Even though this material was able to promote bone repair in
a mandible defect, this would have to be considered for load bearing applications and
regeneration in large bone defects.

There have been many studies over the past decades investigating antibiotic release
from various polymers or mixes [32,33]. The polymers or blends often included the use
of ceramics or thermoplastics such as polylactic acid and polycaprolactone. Indeed, com-
mercially available antimicrobial products available for orthopedic applications are sold by
Johnson & Johnson, Stryker, or Heraeus, such as SMARTSET bone cement with Gentamycin
preloaded [34] or Smartset or Palacos cements with Tobramycin or Vancomycin [35]. Our
focus in this study was the use of porous polyurethane-based scaffolds for antibiotic deliv-
ery. In the past, polyurethane coatings have been applied to implants to facilitate antibiotic
delivery with some success [36–38]. A composite bioink consisting of polyurethane and
polyethylene–glycol was also 3D printed into small structures [39] for antibiotic release
and was successfully tested in vitro. Our study goes steps further by fabricating the entire
polyurethane scaffold on its own using additive manufacturing technology, which allows
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for anatomic geometries towards implant design [16,17,22,40]. Furthermore, we showed
that changing the infill patterns of the scaffolds may have an influence on the diffusion
capacity. Others have shown that 3D-printed ceramics can be used for antibiotic delivery
in bone implants [41], which is not too far removed from the commercially available bone
cements which may be of preference to orthopedic surgeons. Another recent use of 3D
printing for antibiotic release was in the form of polymethyl methacrylate microbeads
incorporated into PCL thermoplastics. In that study [42], the rifampicin antibiotic was able
to be printed at temperatures around 60 ◦C without losing its effective properties. Here,
we avoided any potential heat-induced complications by first printing our scaffolds and
then loading exact amounts of antibiotics. This opens up the possibility of using several
therapeutics which are sensitive to temperatures above 37 ◦C.

The commercial impact of the PORO-LAY series of 3D-printed filaments has been
explored over the past 5 years. Until now, LAY-FOMM and LAY-FELT 3D-printed scaffolds
have been assessed as low-cost filtration [43–45] or molecular collection devices [28,46,47].
In all cases, these studies show how well these low-cost 3D-printed materials can capture
small molecules through intricately designed scaffolds or patterns. Interestingly, the
common theme among these studies is that they all focus on the uptake and molecular
capture abilities of the PORO-LAY materials. To the best of our knowledge, our group has
been the only one to study these materials in the context of tissue regeneration [22,26,27]
and molecular uptake and sustained release [16,17]. Hence, these 3D-printed scaffolds
are not only useful in an industrial/commercial setting but also in a clinical/translational
setting. In terms of biocompatibility, we showed here that the drug-loaded scaffolds do
not impact the viability of primary human fibroblasts. This is in alignment with our
previous in vitro cytocompatibility tests with primary human osteoblasts [22] and ligament
fibroblasts [26], as well as in vivo bone defect implantation of LAY-FOMM 60 [22]. Future
work will test antibiotic release using sophisticated biofabricated human skin and bone
infection models. This will then be followed by in vivo orthopedic and topical animal
infection studies as well to determine clinical translational feasibility.

Our results showed that during the first 24 h, regardless of their material or infill
pattern, all the disks have a similar drug release as compared to the control Whatman disk.
The LAY-FOMM and LAY-FELT disks also showed a similar release rate through 48 h and
72 h, which was significantly lower than that of the control disk (p < 0.05). Similar release
rates during the first 24 h suggest that the diffusion mechanism is the same for all the
disks. Moreover, they suggest that the nature of bonding between the disk material and the
antibiotic is the same for both 3D-printed and control disks. Although, FTIR measurements
are necessary to confirm the nature of interaction (chemical vs. physical bonding). Lower
antibiotic release rates from the 3D-printed disks during the next 24 h (total 48 h) and 48 h
(total 72 h) suggest that the bulk diffusion through the 3D-printed disks is slower than
that of the Whatman paper (control disk). Since less antibiotics were released from the
3D-printed disks over a 72 h period, we would anticipate a sustained or prolonged release
of the drug, which is advantageous for applications where extended release is desired. To
further confirm this hypothesis, we plan to extend our observation time until all of the
loaded antibiotic is released from the disks.

Our goal in this study was to test the feasibility of using 3D-printed LAY-FOMM and
LAY-FELT devices for antibiotic uptake and release. However, there are several important
factors and concerns which must be raised concerning moving a device toward the market
and clinical applications. Firstly, on the translational side of work to be conducted with
our 3D-printed devices, in vivo topical applications as well as implant applications must
be performed using small and large animals. This would provide important feedback
on the biocompatibility and potential risks of device rejection. Second, the mechanical
stability of the device (both shelf life and application stability) must be considered since
we did not perform any long-term analysis of degradation in vitro or in vivo. Third, good
manufacturing procedures and standards would have to be implemented for a workflow
of the device’s manufacture, loading of antibiotics, sterilization, packaging, and delivery to
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clinics/operating rooms. This is no small feat and must be carefully orchestrated. Lastly,
cost considerations much be taken into account, along with health and safety for patients,
since the patient will likely have to consent to using such a device and pay for it through
their insurance provider. All these caveats need to be considered when moving such a
3D-printed biomedical device toward the market and clinic, and they have been considered
by others in great detail [10,15].

One major limitation of our study is that the release of antibiotics from each 3D-
printed scaffold was only monitored over 3 days. To determine whether this release can
be sustained past the initial burst effect (24 h), experiments over 1–4 weeks should be
conducted, similar to our past studies [16,17]. Another limitation in our study was the use
of simplified bacterial cultures on agar plates. A more robust series of experiments could be
conducted with our drug eluting scaffolds on either mammalian cell/infection cultures [48]
or even more sophisticated 3D-bioprinted or organotypic infection models [49,50]. Two
common microbes found in orthopedic infections or wound closure infections were used
in this study; yet, more species of microbes could certainly be tested. As such, we only
examined the release of Tetracycline from our scaffolds as proof of concept. Therefore, a
panel of various antibiotics and antimicrobial agents should be tested as well [51] such as
amoxicillin with clavulanic acid or vancomycin. Finally, the clinical translational relevance
of our 3D-printed drug delivery devices needs to be shown for in vivo applications, such as
rodent bone infection [52] or skin infection models [53]. Taken all together, future studies
using our drug delivery devices may lead to novel approaches for treating antimicrobial-
resistant infections or may even act prophylactically against biofilm formation.

In conclusion, the combined data gathered from this study show without a doubt that
both LAY-FOMM60 and LAY-FELT 3D-printed scaffolds can take up and release a standard
antibiotic, Tetracycline. The release of the antibiotic from a single scaffold was effective
at blocking two species of bacterial growth for at least 3 days. The infill patterns which
changed the surface area of the scaffolds did not affect the antibiotic release or efficacy.
Future work should explore studying the uptake and release of a panel of clinically relevant
antibiotics, as well as a panel of clinical patient-derived bacteria. Also, since these types of
scaffolds have been previously shown to be both cytocompatible and biocompatible, future
studies demonstrating their efficacy against bacterial infections in vivo are warranted.
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