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Abstract

Growth factors such as bone morphogenetic protein-2 (BMP-2) are potent tools for tissue 

engineering. Three-dimensional (3D) printing offers a potential strategy for delivery of BMP-2 

from polymeric constructs; however, these biomolecules are sensitive to inactivation by the 

elevated temperatures commonly employed during extrusion-based 3D printing. Therefore, we 

aimed to correlate printing temperature to the bioactivity of BMP-2 released from 3D printed 

constructs composed of a model polymer, poly(propylene fumarate). Following encapsulation of 

BMP-2 in poly(DL-lactic-co-glycolic acid) particles, growth factor-loaded fibers were fabricated 

at three different printing temperatures. Resulting constructs underwent 28 days of aqueous 

degradation for collection of released BMP-2. Supernatants were then assayed for the presence 

of bioactive BMP-2 using a cellular assay for alkaline phosphatase activity. Cumulative release 

profiles indicated that BMP-2 released from constructs that were 3D printed at physiologic and 

intermediate temperatures exhibited comparable total amounts of bioactive BMP-2 release as 

those encapsulated in non-printed particulate delivery vehicles. Meanwhile, the elevated printing 

temperature of 90 ºC resulted in a decreased amount of total bioactive BMP-2 release from the 

fibers. These findings elucidate the effects of elevated printing temperatures on BMP-2 bioactivity 

during extrusion-based 3D printing, and enlighten polymeric material selection for 3D printing 

with growth factors.
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Introduction

For biomedical applications ranging from regenerative medicine and wound healing to 

potential therapies for ischemic cardiac and neurologic conditions, the controlled delivery 

of therapeutic proteins such as growth factors bears great potential for directing cellular 

activities biomimetically55, 57. These biomolecules can be incorporated into and delivered 

from constructs composed of biomaterials, particularly synthetic polymers with tunable 

material properties such as their degradation rate3, 40. Effective incorporation of growth 

factors into a polymeric matrix can prevent immediate diffusion of large quantities 

of the loaded biomolecule from its biomaterial carrier26, 28, 35. This strategy aims to 

avoid excessive burst release and a consequent need to load supraphysiologic dosages to 

compensate for this early loss.

However, growth factor bioactivity can be debilitated by conditions employed during 

fabrication of biomaterial constructs26. For example, extrusion-based three-dimensional 

(3D) printing is an increasingly accessible and cost-effective fabrication method with the 

capacity for enabling complex spatial patterning of growth factors, in order to target desired 

cell populations and establish directionality of resulting tissue growth2, 38. To lower a 

material’s viscosity sufficiently to allow extrusion, some biomaterials must be heated to 

temperatures incompatible with the maintenance of growth factor bioactivity17, 54. While 

less mechanically robust hydrogels can be 3D printed by extrusion-based techniques at 

or below physiologic temperatures45, 58, hydrophobic and synthetic polymeric biomaterials 

possessing the mechanical properties needed for applications like bone tissue engineering 

must often be subjected to elevated printing temperatures18, 25. The introduction of 

this additional thermal energy may disrupt the molecular interactions that dictate the 

characteristic 3D conformation of loaded growth factors11, 13. These biomolecules may then 

become denatured, rendered unrecognizable to the membrane receptors on targeted cells, 

and are thus irreversibly inactivated7, 41.

To avoid this inactivation of growth factors during extrusion-based 3D printing with 

mechanically robust materials, previous studies have altered various components of 

biomaterial printing formulations. For example, in one strategy, biomaterial formulations are 

prepared by supplementing a polymer with its constituent monomer, to reduce formulation 

viscosity and enable printing at lower temperatures, while maintaining other material 

characteristics50. In another strategy, the biomolecules are encapsulated in intermediary 

delivery vehicles composed of materials with reduced heat conduction, to provide a 

protective barrier from the elevated temperature of the bulk polymer matrix during 

printing46. While this prior work has demonstrated preservation of growth factor bioactivity 

using these strategies31, 46, retention of the bioactivity of growth factors at different 3D 

printing temperatures has not yet been investigated systematically. Moreover, the method 

of particulate delivery vehicle fabrication must also permit maintenance of growth factor 

bioactivity, such as during double emulsion particle synthesis techniques with potential 

exposure of the growth factor to a denaturing interface with the strong organic solvent8.

Importantly, altering biomaterial formulations and printing temperatures for the purpose 

of growth factor bioactivity retention may also affect biomaterial characteristics such as 
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crosslinking behavior29, 33, 49. Therefore, the modification of these fabrication parameters 

may in turn alter the kinetics of growth factor release16, 39. This influence could necessitate 

further optimization of biomaterial formulations for 3D printing, such that possible printing 

temperatures allow for both the preservation of growth factor bioactivity and a growth 

factor delivery rate that is advantageous for interacting with cells at key timepoints during 

therapeutic processes14.

In the present work, we investigated the effect of printing temperature on the release of 

bioactive growth factors from 3D printed polymeric constructs. Specifically, we employed 

the synthetic polymer poly(propylene fumarate) (PPF) supplemented with its monomer, 

diethyl fumarate (DEF), as a model biomaterial formulation. Bone morphogenetic protein-2 

(BMP-2), an osteogenic growth factor used for bone tissue engineering, was encapsulated 

in particulate delivery vehicles made of poly(DL-lactic-co-glycolic acid) (PLGA), and these 

particles were mixed with PPF and DEF prior to extrusion-based 3D printing at physiologic 

(37 °C), intermediate (60 °C), and elevated (90 °C) temperatures. Resulting biomaterial 

fibers were evaluated morphologically and subjected to degradation and release studies to 

collect released BMP-2. The release kinetics of bioactive BMP-2, as determined by the 

upregulation of cellular alkaline phosphatase (ALP) enzyme production, were characterized 

to elucidate the possible relationships between 3D printing temperatures and the release 

of bioactive growth factor from the biomaterial constructs. Figure 1 presents a summary 

of this experimental process. We hypothesized that while higher printing temperatures 

would result in lower bioactive BMP-2 release due to thermal denaturation, this effect 

would be minimized at lower printing temperatures. Consequently, this study enlightens the 

considerations for selection and design of biomaterial formulations and printing conditions 

for extrusion-based 3D printing with growth factors.

Materials and Methods

Synthesis of PPF

PPF was synthesized according to the procedure described by Kasper et al.19 All 

reagents were purchased from Sigma-Aldrich Corporation (St. Louis, MO) unless otherwise 

stated. Briefly, DEF was reacted with propylene glycol (Fisher Scientific™; Waltham, 

MA) in a 1:3 molar ratio at 130 °C, under mechanical stirring and nitrogen flow. 

After allowing this reaction to proceed for 32 hr, the transesterification reaction was 

performed under high vacuum for 6 hr to synthesize PPF. The resulting product was 

then purified with five different aqueous washes and an ether wash to remove remaining 

unreacted components. The final number-average molecular weight (Mn) and weight­

average molecular weight (Mw) of purified PPF were measured by an ACQUITY advanced 

polymer chromatography™ (APC) system (Waters™ Corporation; Milford, MA) as the 

averaged values for six injections with reference to polystyrene standards.

Synthesis of BMP-2–loaded PLGA particles

Growth factor-loaded PLGA particles were synthesized using a modified water-in-oil-in­

water double emulsion solvent evaporation technique20, 43, as described in Supplementary 

Methods.
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Extrusion-based 3D printing of PLGA particle–loaded PPF-based fibers

To prepare the mixture for printing, DEF was added to the synthesized PPF polymer 

in a 90:10 PPF:DEF mass ratio. In addition to participating in the post-extrusion 

photocrosslinking reaction, the DEF monomer was included to lower the temperatures 

required for the printing process by reducing the viscosity of the printing formulation22, 50. 

The photoinitiator bisacylphosphine oxide (BAPO; Sigma-Aldrich Corporation; St. Louis, 

MO) was then introduced to the mixture at 1 wt% concentration to enable photocrosslinking. 

The components were next homogeneously mixed at 100 °C using a magnetic stirrer, then 

allowed to cool to room temperature50. The mixture was subsequently warmed to 37 °C, 

and 2 wt% of unloaded or BMP-2–loaded PLGA particles were mixed in using a spatula. 

This mass concentration was determined to be the maximum loading of PLGA particles for 

this printing formulation (the synthesized PPF with 10 wt% DEF) that permitted consistently 

uninterrupted material extrusion during preliminary printing attempts. The mixture was then 

kept at 37 °C overnight to enable its transfer into a high-temperature printing cartridge with 

a 22G needle.

For printing, the cartridges were inserted into high-temperature printing heads of an 

extrusion-based 3D-Bioplotter® (EnvisionTEC; Gladbeck, Germany). The printing heads 

were heated to physiologic, intermediate, or elevated temperatures (37, 60, or 90 °C, 

respectively) for at least 30 min prior to printing, and the printing platform was cooled to 

10 °C. Thereafter, the materials were extruded onto glass slides in a single-layer rectangular 

pattern at printing pressures and speeds adjusted to minimize differences in fiber diameter 

for the different printing temperatures (Table 1). Upon completion of printing, the fibers 

were subjected to 1000 consecutive flashes (at a rate of 10 flashes/s for a total duration of 

100 s) within a multi-lamp flash box of 200 W power and 300-700 nm spectral distribution 

(Otoflash Post Curing Light Pulsing Unit, EnvisionTEC; Gladbeck, Germany). The printed 

constructs were positioned approximately 4.2 cm from the light source, and the flashes were 

administered in increments of 100 flashes followed by 1 min of flash cessation to minimize 

heating of the printed fibers due to high-energy light flashes.

Morphological characterization of PLGA particles and 3D printed fibers

Morphological characteristics of particles and printed fibers were analyzed using scanning 

electron microscopy (SEM). To this end, PLGA particles or 3D printed PPF-based fibers 

were distributed on carbon tape and sputter-coated with a 10 nm gold layer prior to imaging 

with a Quanta 400 field emission gun ESEM (Field Electron and Ion Company; Hillsboro, 

OR). Particle size was measured through manual analysis using ImageJ by overlaying a 

7 x 8 grid onto the image. The boxes (fifty-six in total) delineated by the gridlines were 

each assigned a sequential number, and a numerical randomization algorithm was employed 

to select five of the boxes. The diameters of all particles positioned fully or partially 

within the chosen grid boxes were measured, resulting in 184 distinct particles’ diameters 

measured through this process. Finally, optical images were acquired using a trinocular 

stereomicroscope (SM-4TZ-144A, AmScope; Irvine, CA) from 10 fibers with or without 

unloaded PLGA particles per printing temperature, and pre-degradation fiber diameters were 

manually quantified using ImageJ.
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Degradation of 3D printed fibers in aqueous medium

Fibers printed with or without unloaded PLGA particles were subjected to 28 days 

of aqueous degradation conditions with measurements of supernatant pH, pre- and post­

degradation fiber diameters, and sample mass loss, as noted in Supplementary Methods.

Collection of BMP-2 released from 3D printed PPF-based fibers

n = 4 samples of fibers with BMP-2–loaded PLGA particles were fabricated per printing 

temperature. The printed fibers were sterilized by ethylene oxide with an Anprolene 

AN74i gas sterilizer (Andersen Sterilizers; Haw River, NC), and 4-(2-hydroxyethyl)-1­

piperazineethanesulfonic (HEPES) buffer solution was introduced at a concentration of 150 

mg printed fibers or 3 mg BMP-2–loaded PLGA particle controls per mL buffer solution.

During the 28-day study, the release supernatant was collected and replaced at each 

timepoint on days 1, 4, 7, 10, 14, 18, 21, 24, and 28. Maximum removal of supernatant 

was facilitated by centrifuging the tubes containing release samples at 1600 x g for 5 min 

for particle samples, or 400 x g for 2 min for fiber samples. Upon collection, a 450 μL 

aliquot of each release supernatant was prepared for the bioactivity assay by adding a 7 

mg mixture of high-glucose Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher 

Scientific; Waltham, MA) and sodium bicarbonate (Sigma-Aldrich Corporation; St. Louis, 

MO) in a 7.3:1 DMEM:bicarbonate mass ratio, along with 45 μL of fetal bovine serum 

(FBS; 10% of total aliquot volume, Gemini Bio; West Sacramento, CA) and 4.5 μL of 

penicillin-streptomycin (1% of total aliquot volume). All release samples were then stored at 

−80 °C until the bioactivity assays were performed.

Bioactivity of released BMP-2

Collected release supernatants were exposed to the BMP-2–responsive murine bone marrow 

stromal W-20-17 cell line, which was then assayed for ALP activity normalized to DNA 

content. These measurements were compared to normalized ALP activity values stimulated 

by known concentrations of bioactive BMP-2, in order to calculate cumulative release 

profiles of bioactive growth factor for each experimental group. A detailed description of 

this methodology can be found in Supplementary Methods.

Statistical analysis

GraphPad Prism software was used to perform the statistical analyses with a two-way 

analysis of variance with repeated measures and post hoc Tukey’s honestly significant 

difference test to compare values among experimental groups and release timepoints. 

Unpaired t-tests with Bonferroni-Dunn correction were performed to compare measured 

values to the baseline for the culture medium control without added growth factor (0 ng/mL 

BMP-2) for the bioactivity study data. Data are presented as mean ± standard deviation, with 

a statistical significance threshold of p < 0.05.
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Results

Morphological properties and degradation behavior of PLGA particles and 3D printed 
fibers

PPF was successfully synthesized with a measured Mn of 2891 Da and Mw of 4068 Da. 

The PLGA particle synthesis yielded 356 mg of BMP-2–loaded PLGA particles with a 

theoretical loading of approximately 0.7 μg of BMP-2 per mg of PLGA particles (assuming 

100% loading efficiency). The average diameter of synthesized particles was 980 ± 1426 nm 

(Fig. 2A). These materials were mixed and printed at 37, 60, or 90 °C, with average fiber 

diameters of 0.831 ± 0.179, 1.093 ± 0.259, and 1.387 ± 0.218 mm, respectively (Fig. 2B). 

PPF-based fibers without incorporated PLGA particles were also fabricated with average 

diameters of 0.916 ± 0.049, 0.923 ± 0.270, and 0.851 ± 0.102 mm upon printing at 37, 60, or 

90 °C, respectively.

These fibers were then subjected to 28 days of incubation in aqueous medium, with 

measurement of pH and replacement of the medium every 3-4 days after the Day 1 

timepoint. Figure 3A illustrates the changes of pH for the degradation buffer over 28 days. 

All printed fiber groups exhibited significantly reduced pH relative to the PLGA particle 

group for Days 1-18 (Supplementary Table S1). In addition, the particle-containing fiber 

groups printed at 37 °C for Day 24, or at 37 and 60 °C for Day 28, showed significantly 

reduced pH relative to the PLGA particle group.

Furthermore, as shown in Figure 3B, none of the groups exhibited a significant change 

in fiber diameter after exposure to 28 days of degradation conditions. Fibers with the 

highest printing temperature (90 °C) were larger than those fabricated at lower printing 

temperatures both before and after degradation. Moreover, higher mass loss (Fig. 3C) was 

generally observed for printed fibers without PLGA particles (9.1 ± 2.4 %, 7.6 ± 1.7 %, 

and 5.0 ± 0.3 % for printing temperatures of 37, 60, or 90 °C, respectively) than for particle­

loaded fibers (3.4 ± 2.7 %, 6.0 ± 0.2 %, and 5.0 ± 1.1 %, respectively), although most of 

these comparisons were not statistically significant. While the non-particle-containing 90 

°C printing temperature group displayed non-zero mass loss despite its slightly increased 

average fiber diameter after degradation, the latter finding was not statistically significant. 

Meanwhile, the mass loss of the PLGA particle control samples was undetectable after 28 

days of incubation in aqueous medium.

Normalized ALP activity stimulated by bioactive BMP-2 release

Prior to normalization by cellular DNA content, none of the measured ALP activities 

were significantly elevated from the baseline production of the enzyme as measured 

from the non-BMP-2 containing control (Supplementary Fig. S1A). Significant differences 

in ALP activity stimulated by different experimental groups only occurred for Day 1 

(Supplementary Table S2a), and within each experimental group, differences in ALP 

activity occurred between one or two timepoints (Supplementary Table S3a). Meanwhile, 

all experimental groups were found to yield equal or greater cell numbers than the non­

BMP-2-containing control (Supplementary Fig. S1B). For all groups, cells exposed to 

supernatant samples from earlier release timepoints (such as Day 4 or Day 7) were lower in 
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number than those exposed to supernatants collected later in the studied release timeframe 

(Supplementary Table S3b).

The ALP activity normalized by DNA for each experimental group is shown in Figure 4A. 

Notably, normalized ALP activity for the 37 °C and 60 °C printing temperature groups 

was higher than that of the 90 °C printing temperature and PLGA particle groups at Day 4 

(Supplementary Table S2c). Each printed fiber group also displayed higher normalized ALP 

values at some of the earlier timepoints (such as Day 1, Day 4, or Day 7) relative to later 

timepoints (such as Days 21, Day 24, or Day 28; Supplementary Table S3c). Meanwhile, 

comparisons among release timepoints for the PLGA particle group revealed no significant 

differences.

Calculated bioactive BMP-2 concentration and cumulative release

Next, the normalized ALP activity stimulated in cells exposed to controls of BMP-2 added 

to culture medium at known concentrations were used to generate a calibration curve (Fig. 

4B). Four-parameter logistic regression was performed to derive an equation for correlating 

normalized ALP activity to the concentration of bioactive BMP-2 present (0-100 ng/mL), 

yielding the following parameters: A = 34.39, B = 3.140, C = 2.563, and D = 0.1543 (R2 

= 0.8767; see Supplementary Fig. S2 for a description of parameters). This equation was 

then employed to calculate the concentration of bioactive BMP-2 present in each release 

sample from normalized ALP measurements. These calculated values of BMP-2 ranged 

from 0-64 ng/mL and were then summated to quantify cumulative release of bioactive 

growth factor from 3D printed fibers and particulate delivery vehicles, as shown in Figure 

4C and Supplementary Figure S3. During the first half of the release study (Days 4-14), 

the cumulative release profiles for both the 37 and 60 °C printing temperatures indicated 

significantly higher bioactive BMP-2 release than for the 90 °C group (Supplementary Table 

S2d). A significantly higher amount of bioactive BMP-2 release was also detected for the 

60 °C group relative to the PLGA particle-only groups on Days 4-21. By the end of the 

release study (Days 24-28), the cumulative release of bioactive BMP-2 from PLGA particles 

became statistically equivalent to that of the 37 and 60 °C groups, while the 90 °C group 

remained at lower bioactive BMP-2 release than for the 60 °C group.

Discussion

BMP-2–loaded PLGA particles and 3D printed fibers with embedded growth factor-loaded 

particles were incubated in release medium for 28 days, with supernatant collection and 

replacement every 3-4 days to avoid growth factor denaturation upon extended presence 

in aqueous solution23. W-20-17 cells, a mouse bone marrow stromal cell line which 

upregulates expression of ALP enzyme upon exposure to bioactive BMP-2 in a dose­

dependent manner, were then cultured in the release supernatants1, 20. ALP activity was 

assessed by colorimetric assay relative to that induced by known values of fresh BMP-2 

added to the culture medium as controls20, 24, 47. These values were normalized to cell 

number using a DNA quantification assay44.

For all experimental groups, upregulation of ALP activity at each individual timepoint 

was not detected. This lack of increase in ALP activity relative to the cells’ baseline 
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production of this enzyme, as measured from non-BMP-2-exposed cells, is likely due to 

the necessity to dilute the collected release supernatants substantially (100-fold) before 

introduction to cells. This dilution was performed in order to minimize the previously 

reported12, 34, 48, 53 concentration-dependent in vitro cytotoxicity of the employed PPF­

based bulk material components and their degradation products. Other investigations 

demonstrating preserved cell viability with PPF-based systems similarly feature high 

degrees of material dilution6, 52, 53. Additional studies have also shown the sensitivity of 

this particular cell line to increased concentrations of material additives such as crosslinking 

agents24. The cell number measurements indicate the successful preservation of cell viability 

at the implemented degree of sample dilution. However, it is possible that bioactive BMP-2 

was indeed present in the samples collected at the specified time intervals, yet the growth 

factor concentrations were then diluted below the detection limit of the BMP-2 bioactivity 

assay, in order to enable the survival of the growth factor-responsive cells.

Thus, the challenge of incorporating growth factors into 3D printed scaffolds lies not only 

in the maintenance of their bioactivity, but also in the necessity to verify their bioactivity 

experimentally through their introduction to cell culture. For such in vitro investigations, 

these biomolecules must be present at sufficiently high concentrations to be detectable, 

yielding statistically significant effects despite the inherent variability of biological systems. 

For material systems displaying concentration-dependent cytotoxicity, the loading quantity 

of growth factor must be additionally increased according to the anticipated dilution factor, 

to enable detectability by subsequent cellular assays.

The cumulative release of bioactive growth factor was quantified relative to upregulated 

alkaline phosphatase expression stimulated by known concentrations of unencapsulated 

BMP-2. While the employed concentrations of these growth factor controls are consistent 

with previous reports20, 24, additional intermediary concentrations are suggested for future 

studies to provide additional datapoints for fitting of the calibration curve using four­

parameter logistic regression. In the current work, an early release profile of gradual rather 

than burst release of bioactive growth factor from the PLGA delivery vehicles was observed, 

while the two lower-temperature printing groups exhibited bioactive BMP-2 release within 

the earliest timepoints. These results may be attributed to the significantly decreased 

pH observed during the Day 1-18 timepoints for degradation of the 3D printed, particle­

containing fiber groups (Fig. 3A), as local acidity is known to accelerate the degradation of 

PLGA4, 42.

These findings differ from another investigation31 employing scaffold fabrication by 

microstereolithography, with the same material components including 30 wt% DEF and 

a printing temperature of 60 °C. Relatively delayed kinetics of growth factor release 

from the 3D printed fibers relative to PLGA particles alone were observed, which was 

attributed to the additional diffusional barrier provided by the PPF-based bulk material. 

However, it bears consideration that the bulk material might also serve as a diffusional 

barrier to the degradation products of PLGA, thus facilitating the local accumulation of 

these acidic compounds and contributing to the auto-catalytic degradation of the polymeric 

delivery vehicles, with subsequently enhanced release of encapsulated BMP-2 from particle­

containing fibers relative to PLGA particles alone4, 42.
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For the present study, warming of PLGA particles within fibers above ambient temperature 

may have altered their permeability to BMP-2 diffusion, as the glass transition temperature 

of this PLGA formulation is 44-48 °C. Therefore, for the physiologic and intermediate 

printing temperature groups (37 and 60 °C), the PPF-based fibers with embedded PLGA 

particles displayed accelerated growth factor release to a statistically notable extent, while at 

the final timepoints, no statistically significant difference existed between the total amounts 

of bioactive BMP-2 released from PLGA particles and these experimental groups. The 

non-printed particles were consequently revealed to release statistically equivalent quantities 

of bioactive growth factor at a slower release rate than the two lower printing temperature 

groups.

While the differences between the 37 °C, 60 °C, and PLGA groups were not statistically 

significant at the final timepoints, their means displayed a notable trend of increase from the 

lower values for the PLGA group to the highest values for the 60 °C group. We postulate 

that the trend of higher and faster release of BMP-2 from fibers printed at 60 °C than from 

those fabricated at 37 °C could relate to increased PLGA degradation at this transiently 

elevated printing temperature, with resulting accumulation of acidic polymeric degradation 

products, auto-catalysis, and increased biomolecule release56.

In terms of bioactivity, the cumulative release of BMP-2 calculated for Day 4 indicates 

preservation of growth factor bioactivity for the 37 and 60 °C printing temperatures rather 

than for 90 °C, with the different release pattern for PLGA resulting in its value being 

initially less than that of the 60 °C group. Indeed, the presence of bioactive growth factor 

for the 60 °C group was higher than that of the 90 °C at all timepoints beginning with 

Day 4, indicating potential inactivation of growth factor bioactivity rather than a delayed 

release profile. Unlike the eventual release of a statistically equivalent amount of bioactive 

growth factor from the PLGA particles, the outcome observed for the 90 °C group can be 

attributed to denaturation of the growth factor at this printing temperature, as other studies 

have indicated the reduction of in vitro BMP-2 bioactivity at 65 or 90 °C using different cell 

lines36, 41.

Therefore, printing formulations must be chosen to enable preparation, transfer to the 

printing cartridge, and extrusion printing at minimized processing temperatures, which can 

be accomplished by introducing additives such as DEF to decrease material viscosity. In 

the present study, systematic investigation of various printing temperatures was intended 

to elucidate selection of other materials for extrusion-based 3D printing with BMP-2, 

revealing that material formulations should require printing temperatures of less than 

90 °C to avoid inactivation of this growth factor. For different growth factors and 

other temperature-sensitive bioactive molecules, similar consideration must be given to 

excluding materials or material formulations which require printing temperatures that exceed 

the biomolecules’ tolerance for preserved bioactivity. Furthermore, during each of these 

experimental processing steps, such as the post-synthesis lyophilization of BMP-2–loaded 

PLGA particles, and the frozen storage of release supernatants, the sensitivity of growth 

factor bioactivity to freeze-thawing must be carefully considered and accommodated.
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Additionally, material selection for the present study was intended to enable printing of 

the chosen formulation at 37, 60, and 90 °C with comparable printed fiber diameters, in 

order to avoid introducing an additional variable (the surface area for material degradation 

and growth factor release) to the comparison among experimental groups. This objective 

was attempted by printing the higher-temperature and thus lower-viscosity formulations at 

lower pressures and higher speeds (Table 1). Nonetheless, increasing printing temperatures 

yielded larger fiber diameters, likely because the decreased material viscosity compromised 

the material’s ability to maintain its original extruded diameter and morphology (presumably 

matching that of the printing nozzle), due to material flow that resulted in spreading on 

the printing surface9, 27, 30, 51. As this phenomenon may be influenced by the time delay 

between extrusion of the liquid material and its solidification via photocrosslinking, the 

employment of simultaneous photocrosslinking during extrusion through the nozzle can 

improve the consistency of fiber diameters for different printing temperatures in future 

studies15.

For all investigated printing temperatures, these fibers did not undergo a significant decrease 

in diameter, while displaying less than 10% mass loss upon 28 days of aqueous incubation, 

indicating the capacity of released growth factor to diffuse through the PPF and PLGA 

matrices, both of which undergo bulk hydrolytic degradation5, 37. The pH changes caused 

by fiber incubation were also consistent among printed groups and thus did not appear to 

independently impact bioactivity of the reputedly acid-stable BMP-2 growth factor32.

When adding particulate delivery vehicles, one must further avoid their excessive 

aggregation and consequent interference with material extrusion, such that occasional 

interruption of fiber continuity would be observed, with a resultant disruption in the intended 

pattern of the 3D printed layer. One major determinant of the likelihood of this undesired 

phenomenon is the diameter of the particulate delivery vehicles and/or their aggregates, 

which should ideally be at least one order of magnitude less than the inner diameter of 

the printing nozzle to avoid issues such as clogging during extrusion10. In the present 

study, particulate delivery vehicles of suitable size for extrusion-based 3D printing were 

synthesized, with an average particle diameter of 0.980 μm, compared to the needle inner 

diameter of 413 μm (22G). These desirably small particle sizes were enabled by the 

modification of two previously reported protocols, yielding an approximate 30-40 times 

reduction of average particle diameter compared to the original methods21, 43.

In conclusion, 3D printed constructs fabricated at an elevated printing temperature (90 

°C) were demonstrated to decrease the total amount of bioactive BMP-2 released, while 

physiologic (37 °C) or intermediate (60 °C) printing temperatures did not exhibit decreased 

bioactivity of released BMP-2 relative to that released from PLGA particles alone. Future 

biomaterial systems designed for delivery of this osteogenic growth factor should therefore 

be designed to allow printing temperatures less than 90 °C, through appropriate selection 

and modification of both bulk materials and intermediary carriers such as particulate 

delivery vehicles. This work highlights the capacity and considerations for preservation 

of BMP-2 bioactivity during extrusion-based 3D printing, towards the incorporation of 

bioactive growth factors in 3D printed scaffolds for bone tissue engineering applications.
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Figure 1. Overview of study design.
Schematic of fabrication of BMP-2–loaded 3D printed constructs, collection of released 

growth factor by incubation in aqueous medium, and exposure of collected release 

supernatants to W-20-17 cells for measurement of alkaline phosphatase activity.
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Figure 2. Morphology of delivery vehicles and 3D printed constructs.
A) Scanning electron microscopy (SEM) image of BMP-2–loaded PLGA particles. Scale 

bar = 10 μm. B) SEM image of extrusion 3D printed PPF-based fiber (left) and magnified 

cross-section view (right) with embedded PLGA particles indicated by white arrows. Scale 

bar = 500 μm (left) or 25 μm (right).
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Figure 3. Characterization of degradation for 3D printed PPF-based fibers.
A) pH of degradation buffer during incubation with 3D printed PPF-based fibers or PLGA 

particles, with replacement of buffer at each measurement timepoint. Data are reported 

as mean ± standard deviation for n = 3 samples. Statistical comparisons can be found in 

Supplementary Table S1. B) Average diameters of ten randomly selected fibers from each 

material formulation and printing temperature, prior to or following 28 days of incubation in 

degradation buffer. * above a data bar indicates significant difference (p < 0.05) relative to 

the corresponding particle-containing 90 °C group, with pre-degradation groups compared to 

the pre-degradation particle-containing 90 °C group, and post-degradation groups compared 

to the post-degradation particle-containing 90 °C group; # above a line between data bars 

indicates significant difference (p < 0.05) between those groups. C) Percentage of sample 

mass loss during the 28-day degradation study. Data are reported as mean ± standard 

deviation for n = 3 samples. * above a data bar indicates significant difference (p < 0.05) 

relative to the PLGA particle-only control group; # above a line between data bars indicates 
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significant difference (p < 0.05) between those groups. (+) or (−) refers to printed fiber 

groups that either contain or do not contain PLGA particles, respectively.
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Figure 4. Cellular bioactivity assay of ALP upregulation.
A) ALP activity normalized by DNA content for W-20-17 cells. Horizontal dotted line 

indicates averaged value for control cells incubated in culture medium without added growth 

factor; grey box represents ± standard deviation of these controls cells’ values. * denote 

significant upregulation (p < 0.05) from the averaged value for control cells as determined 

by unpaired t-tests. B) Calibration curve derived from four-point logistic regression which 

correlates normalized ALP activity of cells incubated with known concentrations of 

bioactive BMP-2 in ng/mL. C) Cumulative release profile of bioactive BMP-2 calculated 

from normalized ALP measurements for 3D printed constructs and PLGA delivery vehicles. 

Data are reported as mean ± standard deviation for n = 3-4 samples. Legends refer to 

printing temperature or non-printed PLGA particle control.
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Table 1.

Ranges of printing parameters used for extrusion-based 3D printing.

Printing
Temperature
(° C)

Material Formulation Range of Extrusion
Pressures (bar)

Range of Printing
Speeds (mm/s)

37

Without PLGA particles 7.0-7.0 0.1-0.1

With unloaded PLGA particles 4.5-6.5 0.3-2.5

With BMP-2–loaded PLGA particles 6.5-7.2 0.1-0.8

60

Without PLGA particles 1.0-2.0 0.4-1.0

With unloaded PLGA particles 0.3-0.5 0.8-1.2

With BMP-2–loaded PLGA particles 1.0-2.4 0.2-1.0

90

Without PLGA particles 0.2-0.2 2.0-2.5

With unloaded PLGA particles 0.1-0.5 2.0-2.6

With BMP-2–loaded PLGA particles 0.2-0.4 2.2-2.2
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