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Abstract

Within the past two decades polylactic-co-glycolic acid (PLGA) has gained considerable attention 

as a biocompatible and biodegradable polymer that is suitable for tissue engineering and 

regenerative medicine. In this present study, we have investigated the potential of PLGA, collagen 

I (ColI), and polyurethane (PU) scaffolds for ligament tissue regeneration. Two different ratios of 

PLGA (50:50 and 85:15) were used to determine the effects on mechanical tensile properties and 

cell adhesion. The Young’s modulus, tensile stress at yield, and ultimate tensile strain of 

PLGA(50:50)-ColI-PU scaffolds demonstrated similar tensile properties to that of ligaments found 

in the knee. Whereas, scaffolds composed of PLGA(85:15)-ColI-PU had lower tensile properties 

than that of ligaments. Furthermore, we investigated the effect of fiber orientation on mechanical 

properties and our results indicate that aligned fiber scaffolds demonstrate higher tensile properties 

than scaffolds with random fiber orientation. Also, human fibroblasts attached and proliferated 

with no need for additional surface modifications to the presented electrospun scaffolds in both 

categories. Collectively, our investigation demonstrates the effectiveness of electrospun PLGA 

scaffolds as a suitable candidate for regenerative medicine, capable of being manipulated and 

combined with other polymers to create three-dimensional microenvironments with adjustable 

tensile properties to mimic native tissues.
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INTRODUCTION

The anterior cruciate ligament (ACL) is the most commonly injured ligament of the knee. 

More than 250,000 ACL tears occur in the U.S. annually and approximately 150,000 require 

surgical intervention.1,2 Ligaments augment joint stability and resist forces to prevent 

excessive motion. Extracellular matrix (ECM) forms 80% of the tissue volume and 

fibroblasts make up the remaining 20%. The dry weight of a ligament consists of collagen 

(75%), elastin (1%), and proteoglycans (20%). Ninety percentage of the collagen is type I 

and 10% is type III.3

It is well established that ligament injuries heal slowly and poorly because of limited 

vascularization, therefore, requiring surgical intervention.4 Functional repair or replacement 

of the ACL remains extremely challenging. Current ACL grafts, such as bone-patellar 

tendon-bone autograft (BPTB) and hamstring tendon autograft, often lack a combination of 

flexibility and tensile strength seen in native ACLs.5 In a survey of 993 physician members 

of the Amercan Orthopaedic Society for Sports Medicine, 46% commonly preferred BPTB 

autografts, 32% preferred hamstring autografts, whereas 22% preferred hamstring allografts.
5 Currently, allografts and autografts are the most commonly used methods for 

reconstruction. The ability for these substitutes to mimic the biomechanical properties of the 

original ligament is lacking, and although often successful, impaired function and 

complications are probable.6,7 Three-dimensional (3D) electrospun polymer scaffolds have 

come into interest within the past two decades as a means to overcome the limitations 

associated with current grafts.7,8 The ideal electrospun scaffold would match the mechanical 

properties of native ligament tissue, and the material selection would encourage the 

attachment, proliferation, and migration of ligament fibroblasts.9 3D scaffolds offer a fitting 

alternative due to their ability to overcome the limitations of current surgical procedures. As 

demonstrated in our present study, various parameters can be manipulated to alter the fiber 

diameter, porosity, and mechanical tensile strength. This can be utilized to manufacture 

scaffolds with the necessary characteristics ideal for ligament tissue engineering without the 

limitations imposed by grafts. The use of biomaterials facilitates the healing process by 

preventing the need for secondary surgical removal.10 Three biomaterials that are promising 

candidates for ligament tissue regeneration are polylactic-co-glycolic acid (PLGA), 

polyurethane (PU), and collagen I (ColI).11,12

Collagen scaffolds as well as matrices produced from other natural physiological 

components are advantageous due to their superior biocompatibility.13 Collagen is a central 

component of the ECM of ligaments and tendons, two physiological structures with 

mechanical properties necessary for the prominent load-bearing forces imposed on 

musculoskeletal tissues. Difficulty has ensued when attempting to attain biomechanical 

characteristics similar to that of native tissue.14 Its natural abundance within ligaments 

provides an environment similar to the in vivo ECM.15 Collagen also allows for affluent cell 

proliferation as well as incorporation and retention of extracellular macromolecules. The 

high retention of extracellular macromolecules in ColI can be attributed to its high porosity. 

Although advantageous with regards to certain aspects, the highly porous collagen scaffolds 

may lack the necessary rigidity for withstanding extensive loads.13 Robayo et al.16 
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demonstrated the viability of ACL fibroblasts in attaching to collagen scaffolds and 

proliferating successfully though aligned fiber formation.

In addition to collagen, PLGA has also been very well characterized in literature.17–22 

Altering the ratio of polylactic acid (PLA) to polyglycolic acid (PGA) can change the 

various biomechanical properties and biodegradability of PLGA—the extra methyl group on 

PLA confers higher hydrophobic and crystalline character, ultimately leading to a slower 

degradation rate.23 The crystallinity may be manipulated during the fabrication process by 

the application of heat, and it has been shown that a 50:50 ratio of PLA to PGA, with low 

porosity, degrades faster than highly porous samples.12 The introduction of polycaprolactone 

(PCL) in a PGA–PCL–PGA triblock decreased crystallanity as well in comparison to 

isolated PCL scaffolds.24 Furthermore, its high biocompatibility stems from its nontoxic and 

natural metabolic byproducts: lactic acid and glycerol.17 The overall hydrophilicity of 

PLGA can affect biological responses, such as cell adhesion and proliferation. Fewer cells 

attach to PLA as a result of its hydrophobic character, but when synthesized with PGA, this 

drawback can be overcome making PLGA a more suitable candidate. The composition of 

the hydrophobic and hydrophilic properties of PLGA must be appropriately balanced as to 

achieve an ideal combination that allows biodegradability as well as biocompatibility and 

cell proliferation.25

3D scaffolds have also been constructed with PU and proved to be of particular interest 

because of their variable porosity, hydrophilicity, and degradation lifetime.12 Another 

beneficial aspect of PU is the ability to easily manipulate the ratio of hydrophobic-to-

hydrophilic characteristics, which can be altered during its formation.12,26 Furthermore, 

there are other viable methods of increasing cell adhesion and proliferation by use of 

chemical modifications, such as synthetic peptides.12 Despite these benefits there are several 

major limitations with the use of PU. Among these is the inefficiency of macromolecule 

retention, which could be attributed to large pore size.27,28 However, lowering pore size on 

scaffolds could pose another issue of poor nutrient distribution, which leads to poor cell 

proliferation.26 Further studies are being carried out on the use of PU but the major 

limitations seem to suggest that PLGA is the more suitable biomaterial.

Specific to our investigation, we examined the effects of fiber orientation and PLGA ratio on 

the mechanical properties and cell adhesion of 3D hybrid coaxial scaffolds. Specifically, we 

measured and compared the Young’s modulus, tensile stress at yield, and ultimate tensile 

strain of PLGA(50:50)-ColI-PU and PLGA(85:15)-ColI-PU scaffolds with aligned and 

random fiber orientations.

MATERIALS AND METHODS

Scaffold fabrication

Electrospinning has been used to produce scaffolds with nano to microdiameter fibers with 

similar structural properties to the ECM as described in detail before.29 Briefly, PLGA 

(85:15 and 50:50) were purchased from Sigma-Aldrich (PLGA, Sigma-Aldrich 430471 and 

P2191). ColI (ColI, EPC No. C857) was purchased from Elastin Products polyurethane (PU, 

Fluka 81367) was acquired from Sigma-Aldrich. The selected polymers were used based on 
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their previously identified abilities to serve as suitable biomaterials for regenerative tissue 

engineering.10,11,16 The polymer solutions were prepared by dissolving one another at room 

temperature in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich 105228–500G) and 

left overnight until the solution was homogeneous. Two seperate samples were electrospun 

with the following solution properties: (1) 15 w/v % PLGA(85:15), 10 w/v % ColI, and 5 

w/v % PU, (2) 15 w/v % PLGA(50:50), 10 w/v % ColI, and 5 w/v % PU. The only variation 

from the two solutions listed is the substitution of PLGA(85:15 and 50:50)—all other 

parameters remained constant. With the two solutions, two scaffold types were electrospun: 

aligned and random oriented fibers.

Two separate 5 mL sterile syringes were loaded, one with the mixed solution of PLGA and 

ColI and the other with only PU; two needles with diameter of 0.2 and 0.5 mm were used, 

respectively. The smaller needle tip of the syringe contained the PU solution and was placed 

inside of the larger needle tip of the syringe, which contained the mixture of PLGA and 

ColI, forming a needle within a needle set-up that would produce PLGA/ColI fibers with a 

PU core as shown in (Figure 1). A high voltage supply was used (20 kV; Glassman High 

Voltage, NJ) with the negative output attached to the needle–needle complex and the positive 

output attached to rotating mandrel.

First, for the collection of the aligned fiber scaffolds, two parallel copper rods separated by a 

distance of 8 mm were attached to a rotating mandrel, and fibers were collected at a rotation 

speed of 500 RPM for 30 min at a solution displacement rate of 50 µL/min. The collector 

was stationed at a fixed distance of ~15 cm away from the needle tip for the duration of the 

collection.

For the creation of random fiber scaffolds, a stationary copper sheet (5 × 5 cm2) was used as 

the collection target for the sample solution as opposed to copper rods attached to a rotating 

drill as used for the creation of aligned fibers. All other parameters were identical to what 

was listed for the aligned fiber method.

The electrospun scaffolds were cut into (1 × 1 cm2) scaffolds, sanitized in 70% EtOH for 30 

min, followed by successive washes with sterile phosphate buffered saline (PBS) for three 

times prior to cell culturing for 3D in vitro studies.

Scanning electron microscopy

For ultrastructural analysis, unseeded and seeded scaffolds were processed for 

characterization by scanning electron microscopy (SEM) as described previously.29 Briefly, 

cell-seeded samples were rinsed with SEM buffer (0.1M sodium cacodylate buffer, pH 7.2, 

supplemented with 5% sucrose) for 10 min. The samples were then fixed for 30 min in 2% 

paraformaldehyde/2% glutaraldehyde in SEM buffer, followed by dehydration through 

grades of ethanol, 30, 50, 70, 80, and 95% for 10 min each, followed by three incubations in 

100% ethanol for 10 min and a final incubation in 100% ethanol for 40 min. The samples 

were dried by incubating in one-half volume 100% ethanol and one-half volume 

hexamethyldisilazane for 20 min followed by 100% hexamethyldisilazane for 20 min. 

Finally, the 100% hexamethyldisilazane solution was evaporated during 20 min air-drying. 

Once dry, the samples were mounted onto stubs and sputter coated by gold/palladium 
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(Au/Pd, thickness of ~10 nm) and SEM images were obtained via JEOL JSM-6490 (JEOL, 

Peabody, MA) SEM.

Mechanical testing

The tensile properties of the electrospun 3D fibrous scaffolds were characterized using an 

Instron mechanical testing instrument (Instron Corporation; Norwood, MA) as described 

previously.29 Briefly, the ends of rectangular specimens were mounted vertically between 

two mechanical gripping units leaving a 6 mm gauge length, and an extension rate of 1 

mm/min was then applied. Data from the load-deformation and stress–strain curves were 

recorded and the tensile stress at maximal load was obtained from these data for each 

sample. For each fibrous scaffold, at least three rectangular specimens were taken and 

averaged to determine the tensile properties of the entire scaffold.

Cell culture and scaffold seeding

Human foreskin fibroblasts (HFF) at passage 4–6 were seeded onto the electrospun scaffolds 

at a starting density of 106 cells/cm2 to reach a confluent cell layer. The HFF-seeded 

scaffold was then kept in culture for up to 4 weeks under dynamic conditions in 

DMEM-10% FBS at 37°C and 5% CO2.

Cell count, porisity, and fiber diameter

Cell-seeded scaffolds were also fixed, permeabilized with 0.5% Triton X-100 and nuclei 

stained with 4’–6-diamidino-2-phenylindole (DAPI). The number of DAPI-stained nuclei on 

the hybrid coaxial scaffold was counted using ImageJ software (free download available at 

http://rsbweb.nih.gov/ij/). ImageJ was also used to measure the diameter of individual fibers 

and pores.

Statistical analysis

Results are presented as mean ± standard error of mean. Statistical significance was tested 

using ANOVA. Probability values of p < 0.05 were considered statistically significant and all 

data is presented at a p < 0.05 significance level unless otherwise stated.

RESULTS

Fiber morphology

Random fibers.—Electrospinning using a stationary collector plate produced randomly 

oriented microfibers for both PLGA(50:50)-ColI-PU and PLGA(85:15)-ColI-PU. Randomly 

oriented scaffolds of PLGA(50:50)-ColI-PU and PLGA(85:15)-ColI-PU consisted of an 

average fiber diameter of 2.8 µm. The pore size of randomly oriented PLGA(50:50)-ColI-PU 

fibers consisted of 211.3 µm2, whereas PLGA(85:15)-ColI-PU fibers measured an average 

of 174.7 µm2 (Table I and Figure 2).

Aligned fibers.—Aligned fiber scaffolds of PLGA(50:50)-ColI-PU and PLGA(85:15)-

ColI-PU were produced via a cylindrical rotating collector, described further in the methods 

section. Morphological analysis of SEM images measured an average fiber diameter of 

0.759 ±0.02 and 0.712 ± 0.03 µm, PLGA(50:50)ColI-PU and PLGA(85:15)-ColI-PU. Pore 
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size measurements were not applicable as aligned fibers produced scaffolds with negligible 

distance between each individual fiber (Table I, Figure 2).

Mechanical properties

The effects of aligned and random fibers on mechanical properties were measured and 

evaluated according to the following categories: Young’s modulus (Mpa), tensile stress at 

yield (Mpa), and tensile strain at maximum (%).

Tensile strength.—To accurately compare aligned fibers to ligament tissues, the 

mechanical properties of aligned fibers were measured both perpendicular (⊥) and parallel 

(∥) to the length of the fiber. This is consistent with the displacement of tensile stress 

reflected by anatomical and tibial orientation.30 Parallel measurements indicate that stress 

was applied in the direction of the fiber length, whereas perpendicular measurements 

indicate that stress was applied in the direction of the fiber width. These parameters were not 

applied toward random fibers due their homogenous nature and thus were not applicable. 

Measurements are presented in Table II. On average, aligned fibers of either solution type 

[PLGA(50:50)-ColI-PU and PLGA(85:50)-ColI-PU] demonstrated higher tensile stress and 

strain than either solution types for random fibers. The highest and lowest mean values 

corresponding to tensile stress for aligned fibers were 8.9 ± 0.68 MPa [PLGA(50:50)-ColI-

PU, ⊥)] and 1.80 ± 0.32 MPa [PLGA(85:15)-ColI-PU, ∥]. This is in contrast to the highest 

and lowest values for random fibers that corresponded to 1.16 ± 0.2 MPa PLGA(85:15)-

ColI-PU and 0.86 ± 0.1 MPa PLGA(50:50)-ColI-PU, suggesting that fiber orientation has an 

effect on the elastic limit before permenant deformation is exhibited. Furthermore, aligned 

fiber samples regardless of PLGA ratio demonstrated significantly higher ultimate tensile 

strain, as shown in Table II.

Young’s modulus.—Young’s modulus was derived based on strain and stress values. It 

was observed that regardless of fiber orientation, PLGA(85:15)-ColI-PU demonstrated lower 

values in all corresponding categories in respect to scaffolds composed of PLGA(50:50)-

ColI-PU. Young’s modulus for random fiber orientation for PLGA(50:50)-ColI-PU and 

PLGA(85:15)-ColI-PU were 75.4 ± 6.3 MPa and 20.7 ± 6.5 MPa, respectively. Young’s 

modulus for aligned fiber scaffolds were as follows: (50:50, ∥: 52.1 ± 13.8 MPa), (85:15, ∥: 
38.1 MPa), (50:50,⊥: 348 ± 12.5 MPa), and (85:15,⊥: 63.1 ± 18.2 MPa). Aligned fiber 

oriented scaffolds showed a similar trend to random fiber orientation in that fibers composed 

of PLGA (50:50) showed a higher mean value as opposed to fibers composed of PLGA 

(85:15), suggesting an increase in Young’s modulus when the ratio of polylactic acid is 

equal to glycolic acid. This also suggests that scaffolds composed of PLGA (50:50) 

demonstrate higher resistances toward permanent deformation (Table II).

Cell adhesion

To determine the number of adhered cells to different types of scaffolds, based on the 

composition and fiber orientation as described earlier, the cell-seeded scaffolds were fixed 

and nuclei stained with DAPI. The number of DAPI-stained nuclei on the scaffolds was 

counted using ImageJ software. The data are listed in Figure 3. By day 4, randomly 

orientated fibers (50:50: 325.61 ± 22.81 cells adhered and 85:15: 317.25 ± 34.375 cells 
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adhered) showed higher cell adhesion as compared to aligned fiber orientation (50:50: 

285.33 ± 49.2 and 85/15: 271 ± 37.07). By day 7, scaffolds composed of PLGA(85:15) 

showed the lowest cell adhesion (Aligned: 323.25 ± 26.89 and Random: 158 ± 6.90), 

whereas the scaffolds composed of PLGA(50:50) began to show an increase in cell adhesion 

(aligned: 447 ± 2.78 and random: 427.22 ± 20.75). By day 14, PLGA(50:50) showed a 

significant increase in cell adhesion as compared to PLGA(85:15) aligned, PLGA(50:50) 

random, and PLGA(85:15) random (384.5 ± 4.75, 343.2 ± 14.38, and 182.25 ± 20.27, 

respectively).

DISCUSSION

Tissue engineering strategy involves the use of biodegradable and biocompatible 

biomaterials with adequate structural and mechanical properties that can mimic the 

organization of the native tissue. Other strategies include the use of healthy cells isolated 

from the patient’s own ligaments, or other alternative cell sources such as stem cells and 

growth factors to regulate the function of these cells. Conceptually, tissue engineering aims 

to improve the quality of the processes associated with the healing of ligaments by creating 

viable artificial substitutes in the laboratory that can undergo transplantation to the patient 

after in vitro maturation. Therefore, tissue engineering shows future promise in terms of 

decreasing the need for ligament grafting procedures while simultaneously reducing the 

risks associated with them, such as rejection and tissue mismatch, as the construct would 

carry the patient’s own cells.

From the clinical point of view, the main advantages offered by the use of tissue-engineered 

ligament is minimal patient morbidity, simpler surgical technique, reliable fixation methods, 

rapid return to preinjury functions, minimal risk for infection or disease transmission, 

biodegradation at a rate that provides adequate mechanical stability, and support for host 

tissue ingrowth.31

Another important aspect that should be taken into account in the clinical translation of 

tissue-engineered ligaments is the ligament-bone interface, which consists of a multilayered 

transition zone. The tissues involved in this interface display distinct mechanical properties; 

the ligament is strong in tension and bone is strong in compression.32,33 Therefore, interface 

is challenging for tissue engineers to mimic, which creates one of the current field of 

interests in ligament tissue engineering.

The structure and alignment of musculoskeletal tissues leads to their inherent biomechanical 

properties. It is thusly important to understand the effects on differing the architecture of 

fiber orientation. This is especially significant as it has been shown that fiber organization 

governs cell growth and ECM, which in turn can dictate cell differentiation into desired 

lineages.34 Aligned fibers, in comparison to randomly oriented fibers, have shown better 

ligament-like tissue formation.35 This can be attributed to better cell adhesion because of 

cell preference to grow lengthwise.36 The results of our cell attachment test, DAPI staining, 

showed that electrospun aligned fiber scaffolds containing PLGA had significantly higher 

cell attachment (p < 0.005) than randomly orientated fibers. Teh et al.37 also demonstrated 

similar findings that cell adhesion increased in aligned fibers as opposed to random fibers. 

Full et al. Page 7

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This could be attributed to favorable surface morphology for cellular and ECM proliferation.
37,38 Comparison of fluorescent micrographs of DAPI-stained nuclei on PLGA scaffolds 

demonstrated that aligned fiber scaffolds may provide an optimal microenvironment, which 

could mimic that of the ECM during cell proliferaion. As seen in previous studies, the ECM 

acts a major influencing factor in cellular support by creating an environment that relays 

regulatory signals for increased cellular proliferation and attachment.39 Thus, electrospun 

scaffolds show great potential in tissue regeneration and engineering by potentially 

mimicking the critical microenvironment required for cell proliferation, attachment, and 

differentiation.

Also, pore size has previously been shown to have an affect on cell infiltration as well as 

nutrient distribution.40–42 Specifically, Vaquetteand Cooper-White41 demonstrated that an 

increase in pore size allows a higher cell infiltration and cell adhesion rate. This 

phenomenon could potentially explain why in our study we observed a decrease in cell 

adhesion in randomly orientated fibers over a course of 4 weeks while seeing an increase in 

cell adhesion for aligned fiber scaffolds, which contained negligible-sized pores. Therefore, 

the decrease in randomly orientated fiber scaffolds could be attributed to cell migration 

rather than cell detachment or cell death. While aligned fibers mimic the mechanical 

properties of native ligaments, randomly oriented scaffolds demonstrate better cell 

infiltration and nutrient distribution. Therefore, fiber orientation can have a significant effect 

on mechanical properties as well as biocompatibility. In terms of mechanical properties, Yan 

et al.43 further demonstrated the effect of fiber alignment in scaffolds by showing that fiber 

alignment influences mechanical properties in such a way that Young’s Modulus is 

increased. This is attributed to the unidirectional fiber orientation that results in a higher 

tensile modulus and break strength.

In terms of ligaments, the mechanical properties largely vary by the specific type and age. 

For example, the human skin has shown an elastic modulus ranging from 15 to 150 MPa, 

whereas ligaments have been seen at levels of 50 MPa (periodontal), 250 ± 28 MPa (ACL), 

150 ± 69 MPa (posterior bundle of PCL), and 355 ± 234 MPa (meniscofemoral).31,44,45 

Jones et al.27 quantified the biomechanical properties of human ACLs of differing age 

groups. Failure of middle-aged ligament specimens occurred at loads greater than older-aged 

specimens (1.6 times the bodyweight compared to 1.3 times the bodyweight).27 Therefore, 

age of patient must also be a factor to be considered when determining the most optimal 

biomaterial for tissue engineering. Noyes and Grood46 further characterized the force and 

ultimate strain to failure of human anterior cruciate liagments. The yield at failure of older 

individuals (48–86 years) in comparison to younger individuals (16–26 years) was 4.89 ± 

2.36 (N m) and 12.8 ± 5.5 (N·m), respectively. Their corresponding strains were 48.5 ± 11.9 

and 60.25 ± 6.78.46 This provides a reference for fabricating high quality scaffolds of 

appropriate biomechanical properties, but is not representative of all musculoskeletal tissues.

In this regard, the mechanical properities exhibited in our study would be sufficient for 

certain forms of tissue regeneration. Specifically in our scaffold fabrication, PLGA(50:50)-

ColI-PU would be suitable in mimicking the mechanical properities of ligament types found 

in the knee.31 Our scaffolds composed of PLGA(50:50)-ColI-PU exhibit an elastic modulus 

(348 ± 12.5 MPa), ultimate tensile stress (8.9 ± 0.6 MPa), and strain (98.6 ± 12.28%) that 

Full et al. Page 8

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



would be suitable for tissue engineering. However, of more importance, what our study 

demonstrates is the potential of PLGA as an effective biocompatible and biodegradable 

polymer that can be easily manipulated or combined with other polymers to overcome 

limitations inherent to a specific polymer. This will, in turn, allow the creation of a variety of 

3D scaffolds that can cater to and mimic tissue types seen throughout the human body.

Aligned fiber scaffolds do have potential drawbacks including limited and slower cell 

infiltration resulting from the denser packing and reduced to nonexsistent pore size, as seen 

in our studies as well.47 Baker et al. showed that aligned PLGA fibers were significantly 

stiffer than nonaligned fibers.34,47 However, this could be overcomed by varying the ratio of 

PLGA, as demonstrated by Sahoo et al.,28 who showed that the increased ratio of Polylactic 

acid to glycolic acid will produce stiffer scaffolds (higher elastic modulus), which could 

ultimately lead to lower cell infiltration and adhesion. This may be further extrapolated and 

generalized to scaffolds synthesized from other polymers or a combination of other 

polymers.

Thus, to construct optimal scaffolds, the biomechanical properties inherent to native tissue 

must be determined and it is apparent that native tissues will vary depending on the age of 

the patient, as shown by the varying degree of elastic modulus in ligaments compared to age.
30

CONCLUSIONS

In our present study, we have shown that aligned fiber scaffolds demonstrated significantly 

higher tensile properties than that of randomly orientated fibers. Still, the ideal replacement 

scaffold for any tissue type must be sufficiently porous to facilitate cell perfusion and 

nutrient distribution of seeded cells. Therefore, pore size, fiber diameter, fiber orientation, 

and polymer combination are all factors for consideration that affect the cell viability and 

mechanical properities of a scaffold.

Electrospun aligned fiber scaffolds composed of PLGA(50:50)-ColI-PU have exhibited 

higher tensile properties than that of scaffolds composed of PLGA(85:15)-ColI-PU. In this 

regard, PLGA(50:50)-ColI-PU demonstrates the potential for use in tissue engineering 

requiring tensile properties similar to ligaments found in the knee: ACL, posterior cruciate 

ligament (PCL), and medial cruciate ligament (MCL), whereas PLGA(85:15)-ColI-PU 

demonstrates mechanical suitability for tissue demonstrating a lower elastic modulus.

Although we focus on comparing specific polymer combinations and their effects on 

mechanical properties suitable for tissue regeneration, the larger goal of our present study is 

to demonstrate the potentials of PLGA as an effective polymer that can be easily 

manipulated and combined with other polymers to fabricate 3D scaffolds suitable for a 

variety of tissue types seen throughout the human body.
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FIGURE 1. 
Schematic set-up of two-syringe system for electrospinning bicomponent fiber scaffolds. A: 

chemical fume hood. B: Support beams used to holster electrospinning syringe pumps. C: 

Syringe pumps. D: Electrospun fibers. E: Rotating drill system for aligned fiber production. 

F: 5 w/v % PU. G: 15 w/v % PLGA and 10 w/v % ColI. H: Static collector.
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FIGURE 2. 
(A and C): Scanning electron micrograph of aligned fiber scaffolds. (B and D): Cell-seeded 

scaffolds (2 weeks in culture). (E and G): Scanning electron micrograph of random fiber 

scaffolds. (F and H): Cell-seeded scaffolds (2 weeks in culture).
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FIGURE 3. 
A: Cell adhesion assay measured at days 4, 7, and 14. Bars represented as mean ± standard 

error of mean. Figure legend indicates scaffold composition as well as fiber orientation: A—

Aligned and R—Random. Asterisks represent statistical significance: *p < 0.05, ** p < 

0.005, and *** p < 0.0005. B: HFF seeded on scaffolds for 4, 7, and 14 days and nuclei 

stained using DAPI (blue), scale bar 20 µm. [Color figure can be viewed in the online issue, 

which is available at wileyonlinelibrary.com.]

Full et al. Page 15

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Full et al. Page 16

TABLE I.

Average Fiber Diameter and Pore Size of Hybrid Co-Axial Scaffolds of PLGA-ColI-PU

Fiber Types Fiber Diameter (µM) Pore Size (µM2)

Aligned Fibers

 PLGA (50:50) 0.759 ± 0.025 4.67 ± 0.46

PLGA (85:15) 0.712 ± 0.031 6.75 ± 0.75

Random Fibers

 PLGA (50:50) 2.82 ± 0.68 211.3 ± 31.1

 PLGA (85:15) 1.92 ± 0.58 174.7 ± 34.9

All measurements represent the mean ± standard error of mean of 50 fiber diameter and pore size measurements.
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TABLE II.

Mechanical Properties of Aligned and Random Hybrid Co-Axial PLGA-ColI-PU Scaffolds

Sample Type Young’s Modulus (MPa) Ultimate Tensile Strain (%) Tensile Stress at Yield (MPa)

Aligned Fiber PLGA (50:50)

 Perpendicular 348.38 ± 12.5 98.61 ± 12.28 8.98 ± 0.68

 Parallel 52.46 ± 13.8 79.48 ± 1.88 2.46 ± 0.64

Aligned Fiber PLGA (85:15)

 Perpendicular 63.12 ± 18.22 91.36 ± 17.31 7.09 ± 1.9

 Parallel 38.11 ± 6.8 82.99 ± 23.41 1.80 ± 0.32

 Random Fiber PLGA (50:50)

75.4 ± 6.3 28.55 ± 1.47 0.86 ± 0.11

 Random Fiber PLGA (85:15)

20.76 ± 6.5 56.16 ± 2.31 1.17 ± 0.21

All results are shown as mean ± standard error of the mean (n = 25).
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