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Abstract 

Electrospinning is a promising technique for the production of scaffolds aimed at the regeneration 

of soft tissues. The aim of this work was to develop electrospun bundles mimicking the architecture 

and mechanical properties of the fascicles of the human Achille tendon. Two different blends of 

poly(L-lactic acid) (PLLA) and collagen (Coll) were tested, PLLA/Coll-75/25 and PLLA/Coll-

50/50, and compared with bundles of pure PLLA. First, a complete physico-chemical 

characterization was performed on non-woven mats made of randomly arranged fibers. The 

presence of collagen in the fibers was assessed by thermogravimetric analysis, differential scanning 

calorimetry and water contact angle measurements. The collagen release in phosphate buffer 

solution (PBS) was evaluated for 14 days: results showed that collagen loss was about 50% for 

PLLA/Coll-75/25 and 70% for PLLA/Coll-50/50. In the bundles, the individual fibers had a 

diameter of 0.48± 0.14 µm (PLLA), 0.31±0.09 µm (PLLA/Coll-75/25), 0.33±0.08 µm (PLLA/Coll-

50/50), whereas bundle diameter was in the range 300-500 µm for all samples. Monotonic tensile 

tests were performed to measure the mechanical properties of PLLA bundles (as-spun) and of 

PLLA/Coll-75/25 and PLLA/Coll-50/50 bundles (as-spun, and after 48 hour, 7 days and 14 days in 

PBS). The most promising material was the PLLA/Coll-75/25 blend with a Young modulus of 

98.6±12.4 MPa (as-spun) and 205.1±73.0 MPa (after 14 days in PBS). Its failure stress was 

14.2±0.7 MPa (as-spun) and 6.8±0.6 MPa (after 14 days in PBS). Pure PLLA withstood slightly 

lower stress than the PLLA/Coll-75/25 while PLLA/Coll-50/50 had a brittle behavior. Human-

derived tenocytes were used for cellular tests. A good cell adhesion and viability after 14 day 

culture was observed. This study has therefore demonstrated the feasibility of fabricating 

electrospun bundles with multiscale structure and mechanical properties similar to the human 

tendon.  

 

Keywords: human Achille tendon, electrospinning, bundle, poly(lactic acid), collagen, tissue 

engineering, tenocytes. 

 

 

1. Introduction 

The reconstruction of the tendon tissue is a current problem in medicine and orthopedic surgery. 

Over 30 million human tendon-related procedures take place annually worldwide [1]. However, due 

to the anatomical and physiological complexity of the hierarchical structure of this tissue, it is very 

difficult to obtain satisfactory results [2-4]. Often, the formation of scar tissue generates 

morphological discontinuities which impair the mechanical properties and the proper work of the 
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tendon [5]. Moreover, since tendon responds to mechanical forces by adapting its metabolism and 

its mechanical properties [6], its immobilization for long periods decreases its mass and reduces its 

stiffness and strength [7]. Surgical intervention is frequently considered in serious injuries and 

when damage is extensive tendon grafts may be required [8]. The grafts can be i) prosthetic devices 

made of synthetic materials, ii) allografts, iii) autografts and iv) resorbable devices. The choice of 

the most suitable option encompasses considerations of the type and site of injury and of the patient 

but, in a way, all the options above present some drawbacks. For instance prosthetic devices, 

besides developing inflammatory process, can encounter mechanical damage over time [9]. 

Autografts are better immunologically suitable, but their success is associated to morbidity of the 

donor site [10-15]. Alternatively, with autografts the risk of rejection exists [16-19]. Tendon 

reconstruction through tissue engineering is an additional option that encompasses the use of a 

biocompatible and bioresorbable scaffold capable of promoting tissue healing and of withstanding 

mechanical stresses. The design of a scaffold for tendon reconstruction must take into account the 

complex hierarchical structure of native tendon which is constituted by Collagen Type I (Coll) 

filaments aggregated in fascicles, with increasing diameters, orientated in the directions of applied 

loads [20, 21]. 

One promising technique for the production of scaffolds for tendon tissue is electrospinning. 

Thanks to its ability to produce filaments of both natural and synthetic polymers with nano- and 

micrometric diameters and oriented in specific directions, electrospinning grants the potential of 

producing scaffolds morphologically very similar to the hierarchical structure of the tendon 

collagen fascicles. Several technical approaches have been developed for producing electrospun 

bundles of highly aligned fibers [22-24] that have been proposed for tendon tissue engineering [23, 

25-27]. Bosworth et al., in particular, developed electrospun bundles of poly(ε-caprolactone), they 

carried out in vitro cell culture under dynamic tensile loading [27] and assessed the in vivo 

performance of the bundles [26], gaining encouraging results. Recently, Zhang et al. demonstrated 

that the unidirectional alignment of electroscope fibres helps enabling tenogenic differentiation of 

human-induced pluripotent stem cells in vitro and in vivo [28]. Mouthuy et al. developed a robust 

and automated method to manufacture continuous electrospun filaments that can be stretched and 

used to create multifilament yarns that imitate the hierarchical architecture of tendons and ligaments 

[23]. Besides morphological features of the scaffold, it is well-established that chemical properties 

are also extremely important in ensuring cell adhesion and proliferation. Because of their inherent 

properties of biological recognition, natural polymers have therefore been proposed in combination 

with synthetic polymers for tendon reconstruction: for instance poly(L-lactide-co-ε-caprolactone) 

copolymer has been blended with either collagen [29] or silk [30] and chitosan and gelatin have 
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been used in combination with poly(L-lactic acid) (PLLA) [28]. While blends of collagen and 

PLLA have been investigated in the past [31-34] they have never been manufactured to produce 

bundles for tendon reconstruction. Moreover, the effect of the amount of the natural component on 

the mechanical properties of the bundle and on cell behaviour, as well the stability of bundle 

composition under physiological condition have never been deeply investigated.  

The aim of this study was to design, manufacture and characterize bioresorbable electrospun 

bundles made of highly aligned fibers of PLLA-collagen blends, to mimic the morphology and 

mechanical properties of the bundles composing the human Achilles tendon (300-500 µm in 

diameter). The two polymers were selected in order to seek an optimal compromise in terms of 

biocompatibility, stiffness, hydrolytic degradation and toughness. Bundles of PLLA containing 

different amounts of collagen have been prepared and characterized to determine the effect of 

collagen on scaffold wettability, thermal and mechanical properties. The compositional stability of 

the scaffold and its mechanical performances have been evaluated over 14 days. Human tenocytes 

were cultured over the same time range on the bundles and cell morphology was assessed by 

Scanning and Transmission Electron microscopy.  

 

 

2. Materials and Methods 

 

In a first phase, flat mats were prepared to allow physico-chemical characterization of the material , 

bundles were then prepared to assess the mechanical properties and to perform cell culture 

experiments.  

 

2.1 Materials 

Acid soluble collagen type I (Coll), extracted from bovine skin was kindly provided by Kensey 

Nash Corporation d/b/a DSM Biomedical (Exton, USA). Poly-L-lactic acid (PLLA) (Lacea H.100-

E, Mw = 8.4 × 104 g/mol, PDI = 1.7) was purchased from Mitsui Fine Chemicals (Dusseldorf, 

Germany). 2,2,2-Trifluoroethanol (TFE), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), 

Dichloromethane (DCM) and Dimethylformamide (DMF) were purchased from Sigma-Aldrich and 

used as received. The following polymeric solutions were used: (i) PLLA samples were produced 

from a 13% (w/v) solution of PLLA dissolved in DCM:DMF=65:35 (v/v); (ii) PLLA/Coll-75/25 

(w/w) samples were prepared from a 15% (w/v) solution of PLLA and Coll dissolved in 

TFE:HFIP=50:50 (v/v) (1.125 g of PLLA and 0.375 g of Coll were dissolved in 10 mL); 
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PLLA/Coll-50/50 (w/w) samples were prepared from a 15% (w/v) solution of PLLA and Coll 

dissolved in TFE:HFIP=50:50 (v/v) (0.75 g of PLLA and 0.75 g of Coll were dissolved in 10 mL).  
 

2.2 Electrospinning and imaging 

The home-made electrospinning apparatus consisted of a high-voltage power supply (Spellman SL 

50 P 10/CE/230), a syringe pump (KD Scientific 200 series), a glass syringe containing the polymer 

solution and connected to a stainless-steel blunt-ended needle through a Teflon tube. 

Electrospinning was performed at room temperature (RT) and relative humidity 40–50%. PLLA 

solution was electrospun by applying the following processing conditions: applied voltage = 18 kV, 

feed rate = 1.2 mL/h, needle inner diameter = 0.84 mm. PLLA/Coll solutions were electrospun by 

applying the following processing conditions: applied voltage = 22 kV, feed rate = 0.5 mL/h, needle 

inner diameter = 0.51 mm.  

The grounded collector was positioned 200 mm away from the tip of the needle. The non-woven 

mats made of randomly arranged fibers were electrospun on an aluminium flat plate (100 mm x 100 

mm). A high-speed rotating collector (length = 120 mm, diameter = 50 mm, 6000 rpm, peripheral 

speed = 16.2 m/s) was used to produce mats made of fibers preferentially aligned in the direction of 

drum rotation as previously described [35, 36] (figure 1(A)). The central part of the sleeve (about 75 

mm long) was manually rolled up transversely to the length of the roller, from end to end (figure 

1(B)). To remove it from the collector, the rolled-up scaffold was incised axially with a cutter 

(figure 1(C)). Thus, the final bundle was as long as the circumference of the rotating collector 

(approximately 150 mm), and was made of fibers predominantly aligned axially (figure 1(D)). 

Scanning Electron Microscopy (SEM) observations were carried out using a Philips 515 SEM at an 

accelerating voltage of 15 kV, on samples sputter-coated with gold both of flat mats and bundles. 

The distribution of fiber diameters (average and standard deviation) was measured on the SEM 

images of about 200 fibers, by means of an acquisition and image analysis software (EDAX 

Genesis). The one-way ANOVA was used to test the statistical significance of the differences 

between averages. 

The diameter of each bundle depended on the amount of fibres deposited in the central part of the 

collector, that in turn was affected by polymeric solution concentration, flow rate and jet deposition 

diameter. For each blend, the deposition time was optimized to produce bundles with a diameter of 

300-500 µm (figures 1(E) and 1(F)).	

In addition, to investigate the three-dimensional structure high-resolution images of one bundle was 

acquired with a micro-computed tomography scanner (micro-CT) (ZEISS Xradia 520 Versa) (figure 

1(G)) with the following settings: 40 kV/3W Power, 149 µA tube current, 10-12 seconds exposure 

time. Images were collected at rotational steps of 0.09-0.11 over 360°, for a scanning time of 10-15 
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hours. The reconstructed micro-CT images had an isotropic voxel size of 0.4 µm. To quantify 

directionality and scatter, the scans were analysed with ImageJ [37], using a dedicated plugin called 

Directionality [38-39]. Directionality histogram reports the amount of fibers as a function of the 

fiber orientation. The fiber alignment followed a gaussian distribution (goodness > 0.90) with a 

narrow scatter (standard deviation < 15°, figure 1(F)). The 3D reconstruction video of the bundle is 

available as Supporting Information. 

	

Figure 1. Procedure for the fabrication of the bundles: polymeric fibers were collected on a high-

speed rotating drum (A) the mat made of aligned fibers was manually rolled up (B and C) to 

produce a bundle (D). The three-dimensional organization from the micro-CT images is reported as 

an example for a typical PLLA/Coll-50/50 specimen (E, scale bar = 200 µm). The Directionality 

histogram is also reported for the same specimen (F, in degrees). The real histogram values are used 

for the summation, not the gaussian fit. SEM images of a bundle are reported for a section (G, scale 

bar = 50 µm) and for the external surface (H, scale bar = 5 µm).  

	

2.3 Release of collagen from the electrospun mats 

Specimens of non-woven mats made of randomly arranged fibers (about 25 mg) were dried over 

P2O5 under vacuum at RT and weighed to obtain the sample initial mass. The specimens were 

individually immersed in 3 mL of PBS (0.1 M, pH = 7.4) with sodium azide (Sigma-Aldrich) and 
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incubated in a SW22 Julabo water bath at 37°C with shaking at 80 rpm. At different time intervals, 

triplicate specimens for each sample were recovered from the bath, gently washed with deionized 

water and dried over P2O5 under vacuum. 	

The amount of collagen released in the PBS (Collagen Loss %) was determined using Biuret assay 

[40]. The Biuret reagent was prepared by dissolving 0.375 g of copper sulphate (Sigma-Aldrich) 

and 1.69 g of sodium tartrate hemihydrate (Sigma-Aldrich) in 100 mL distilled water. 

Subsequently, 100 mL of 10.5% (w/v) NaOH was added to the solution. The resulting solution was 

then diluted up to 250 mL and stored at 2-8 °C. 0.5 mL of the retrieved PBS which previously 

contained the mat specimen was mixed with 2.25 mL of Biuret assay solution and kept at RT for 10 

min. UV absorbance at 545 nm was measured with a Cary 1E (Varian) spectrophotometer, and 

converted to collagen concentration through a calibration curve obtained by measuring the 

absorbance of collagen standard solutions. Collagen Loss % was calculated: 

Collagen Loss %= mColl
min×wColl

×100         [1] 

Where mColl is the mass of Collagen released in PBS determined by Biuret assay, min is the initial 

dry sample weight and wColl is the Collagen weight fraction in the flat mats (i.e. wColl = 0.25 for 

PLLA/Coll-75/25 and wColl = 0.5 for PLLA/Coll-50/50). The same analysis was also carried out on 

PBS medium containing PLLA mats, demonstrating that substances interfering with the Biuret 

method were absent.		

In parallel, the Collagen Loss % was also evaluated gravimetrically by comparing the sample dry 

weight remaining at a specific time with the initial sample weight (Equation 2) and by assuming 

that the weight loss was only ascribable to collagen dissolution. This assumption was supported by 

the fact that PLLA mat incubated in PBS did not show any weight loss in the time range 

investigated (up to 14 days). 	

Collagen Loss %= min-mfin
min×wColl

×100         [2] 

Where min is the initial dry sample weight, mfin is the dry sample weight after PBS immersion and 

wColl is the Collagen weight fraction in the flat mats sample (i.e. wColl = 0.25 for PLLA/Coll-75/25 

and wColl = 0.5 for	PLLA/Coll-50/50). 	

	

2.4 Physico-chemical characterization techniques	

Thermogravimetric analysis (TGA) were performed with a TA Instruments TGA2950 analyzer 

from RT to 600 °C (heating rate 10 °C/min, nitrogen gas).  

Differential Scanning Calorimetry (DSC) measurements were carried out using a TA Instruments 

Q100 DSC equipped with the Liquid Nitrogen Cooling System (LNCS) accessory. DSC scans were 
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performed in helium atmosphere from -60 to 190 °C. The heating rate was 20 °C/min and the 

cooling rate was 10 °C/min.  

The static water contact angle (WCA) was measured under ambient conditions with a KSV CAM 

101 instrument. Milli-Q water was used for measurements. The side profiles of water drops laying 

on the surface of non-woven mats made of randomly arranged fibers were recorded in a time range 

0-30 s. At least six drops were observed for each mat.  

 

2.5 Mechanical characterization of the bundles	

Stress-strain measurements were carried out with a material testing machine (Mod. 4465, Instron, 

Canton, MA) on electrospun bundles of the three compositions. In order to evaluate the variation of 

mechanical properties in relation to collagen loss, bundles of PLLA/Coll-75/25 and PLLA/Coll-

50/50 were also immersed in PBS at 37°C for 48 hours, 7 days and 14 days. After these time 

intervals, the bundles were retrieved from PBS and dried before mechanical testing. Six specimens 

were tested for each composition and each type of ageing. To measure the diameter of each bundle, 

a polarized light optical microscope (Axioskop Zeiss,) equipped with a camera (AxioCam MRc 

Zeiss) was used (average of 5 measurements). The section was measured (average of 5 

measurements) immediately after preparation of the bundles, and also after permanence in PBS 

(where applicable).  

‘Ad hoc’ designed capstan grips were used to limit the stress concentrations at sample ends. The 

gauge length was 20 mm. The actuator speed was 5 mm/min. Load-displacement curves were 

converted to stress-strain curves using the cross-section area measured in the dry specimens as-

spun. The following indicators were considered: Young modulus, yield stress, failure stress, failure 

strain, and work to yield and failure. The stress-strain curves were analysed as described in figure 2. 
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Figure 2. Sketch of the method used to analyse the stress-strain curves. The initial toe region was 

disregarded; the failure stress (E) was identified as the highest stress in the entire curve; the starting 

point of the linear region (A) was univocally identified as 20% of failure stress; an initial guess for 

the yield strain was visually identified (C); the initial linear regression (solid line) was applied to the 

first 50% of the linear region, between points A and B (which was half-way between A and C); a 

second line parallel to the initial regression was drawn, with an offset of 5% strain (dashed line); the 

limit of proportionality was defined with the 0.5%-strain offset criterion as the intersection (D) 

between the latter line and the stress-strain curve; the Young modulus was calculated as the slope of 

a new regression line between A and D. The work to yield and to failure were calculated as the 

integrals under the curves (with the method of trapezoids). 

 

The significance of differences between bundle compositions was assessed with the one-way 

ANOVA; the effect of PBS immersion on the two blends was assessed with the two-way ANOVA. 

 

2.6 Biological assessment 

Cell Isolation 

Human tenocytes were isolated from anterior cruciate ligament of healthy subjects undergoing 

surgery for orthopaedic trauma (mean age 60 years). In accordance with the Local Ethical 

Committee guidelines and with the 1964 Helsinki declaration an informed consent was obtained 

from all individual participants included in the study. Briefly, ligament explants were aseptically 

rinsed three times with Dulbecco’s Phosphate-Buffered Saline (D-PBS) lacking in Ca2+ and Mg2+, 

then cut into small pieces and incubated with 1 mg/mL type I collagenase (Collagenase NB 4G 

Proved Grade, Serva Electrophoresis GmbH) in Dulbecco’s modified Eagle’s medium (DMEM; 

Sigma-Aldrich, Milan, Italy) supplemented with 2% foetal bovine serum (FBS) and 1% antibiotics 

(penicillin-streptomycin; Gibco-Life Technologies, Milan, Italy) for approximately 18 hours at 

37°C in controlled atmosphere. 

After digestion, the suspension was passed through a sterile cell strainer (70 µm in diameter) to 

remove debris and the filtrate centrifuged at 1200 rpm for 10 min. The cell pellet was then 

resuspended in DMEM supplemented with 10% FBS and 1% antibiotics, and placed in sterile 

vented cell culture flasks. The medium was changed twice a week. Confluent cells were detached 

with 0.25% trypsin in 1 mM ethylenediaminetetraacetic acid (EDTA) (Gibco-Life Technologies) 

and split 1:2.  

Cell characterization  
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Tenocytes at the 3rd passage were seeded in chamber-slides (NuncTM, Rochester, NY) at a density 

of 5x103 cells/cm2. At confluence, cells were fixed in 4% paraformaldehyde in PBS for 15 min at 

RT, permeabilized using 0.1% Triton-X-100 in D-PBS for 15 mins at RT, and then incubated with 

anti-fibronectin (dil. 1:600; clone IST-4, Sigma Aldrich), anti-collagen Type I (dil. 1:1000; clone 

COL-1, Abcam  Cambridge, UK), anti-collagen Type III (dil. 1:100; clone Col-29, Abcam) or anti-

vimentin (ready to use, Clone V9, Dako Cytomation, Milan, Italy) mouse monoclonal antibodies. 

Cells were incubated overnight at 4°C with primary antibodies and then washed in D-PBS. The 

immuno-complexes were visualized  using the streptavidin–biotin peroxidase technique (Envision 

peroxidase kit, Dako). After the incubation with 0.05% 3, 3′-diaminobenzidine (Sigma–Aldrich) in 

0.05 M Tris buffer, pH 7.6 with 0.01% hydrogen peroxide, cells were counterstained with Mayer’s 

haematoxylin (BioOptica, Milan, Italy), dehydrated in ethanol and coverslipped with Eukitt 

mounting medium (Electron Microscopy Sciences, PA, USA). For negative controls, the primary 

antibody was replaced with non-immune serum. The immunohistochemical expression of the before 

mentioned antigens was evaluated under a Nikon Eclipse E600 light microscope (Nikon, Milan, 

Italy). Images were captured with a Nikon DSVi1 digital camera (Nikon Instruments) and NIS 

Elements BR 3.22 imaging software (Nikon Instruments) was used. Stained cells were counted in at 

least 10 fields per sample (field’s area: 0.7 mm2, magnification: 400X) and quantified as a 

percentage of the total counted cells. The fields were randomly selected evaluating the most 

positive, moderate and less positive areas. Average ± standard deviation (SD) was considered for 

each value. 

Cell Cultures 

Before seeding, PLLA/Coll-75/25 and PLLA/Coll-50/50 bundles were sterilized with 70% ethanol 

for 30 min, washed twice in D-PBS, and then incubated with DMEM supplemented with 10% FBS 

and 1% penicillin-streptomycin (100 U/mL) at 37 °C. After one hour, the bundles were cut into 1-

cm pieces and placed in 24-well polystyrene plates (Corning® ultra-low attachment) and fixed with 

CellCrown™ (Scaffdex, Tampere, Finland). Tenocytes were detached from culture flasks using 

0.25% trypsin in 1 mM EDTA and seeded on the samples at a density of 1×105 cells/sample in a 

volume of 50 µL. After one hour incubation at 37°C, necessary to allow cell adhesion and prevent 

sliding off and falling in the wells, 1 mL of DMEM was added in each well, and samples were 

further cultured for 7 and 14 days. Medium was changed twice a week. 

Scanning Electron Microscopy (SEM) 

For SEM analysis, the cell-material constructs were fixed in 2% v/v glutaraldehyde in 0.1 M 

cacodylate buffer (pH 7.4) for 1 h at 4 °C, post-fixed in 1% v/v osmium tetroxide for 1 h at 4°C, 

dehydrated for 15 min at 4 °C in a series of increasing ethanol concentrations (from 25% to absolute 
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ethanol), critical point dried using CPD 010 Balzers Instruments (FL-9496 Balzers, Liechtenstein) 

according to the manufacturer’s instructions, mounted on aluminium stubs and gold-sputtered 

(Edwards Sputter Coater B150S). Samples were observed with a Philips XL 20 SEM (FEI Italia 

SRL, Milan, Italy) using the secondary electron detector. 

Transmission Electron Microscopy (TEM) 

Samples were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at 4°C and post-fixed 

in 1%. Osmium tetroxide in 0.1 M cacodylate buffer for 30 min at RT. Samples were dehydrated in 

graded ethanol and finally infiltrated and embedded in RL London White (Fluka, Sigma Aldrich, St. 

Louis, Missouri, USA). 100 nm ultra-thin sections were cut using a Diatome (Diatome, Hatfield, 

PA, USA) diamond knife on a NOVA LKB Ultratome. Sections were picked up on nickel grids and 

stained with alcoholic uranyl acetate and Reynold’s lead citrate. Ultrastructural examination was 

performed using the Philips CM10 Transmission Microscope (FEI Company, Eindhoven, The 

Netherlands). Images were recorded by Megaview III digital camera (FEI Company, Eindhoven, 

The Netherlands). 

 

3. Results  

 

3.1 Morphology of the electrospun mats 

Electrospun mats made of randomly oriented continuous fibers were produced by collecting fibers 

on an aluminium plate target (figure 3). PLLA bead-free fibers with diameters of (0.48 ± 0.14) µm 

were obtained as previously reported [41-43] by dissolving the polymer in a mixture of DCM (to 

dissolve the polymer) and DMF (to improve the electrical properties of the solution). PLLA/Coll-

75/25 fibers had diameters of (0.31 ± 0.09) µm and PLLA/Coll-50/50 fibers had diameters of (0.33 

± 0.08) µm (figure 3).  

The behaviour of a representative water drop for each sample is reported in figure 3(E). PLLA mat 

displayed a WCA of 110° ± 6° that remained constant during the measurement. Conversely, for 

PLLA/Coll samples the WCA values significantly decreased with time: the water drop was 

completely absorbed after 30 and 10 sec by PLLA/Coll-75/25 and PLLA/Coll-50/50 mat, 

respectively.  
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Figure 3. Representative SEM micrographs of PLLA (A), PLLA/Coll-75/25 (B) and PLLA/Coll-

50/50 (C) non-woven mats of randomly arranged fibers. Scale bar = 1 µm. The diameter (average 

and standard deviation) of the fibers is plotted for the three compositions (D), together with 

statistical significance of post-hoc comparisons (Tuckey multiple comparisons, * P≤ 0.05, ** P≤ 

0.01, *** P≤ 0.001, **** P≤ 0.0001). (E) WCA as a function of time of a representative drop for 

each electrospun mat. 

 

3.2 Thermal characterization of the electrospun mats  

TGA curves of electrospun mats are reported in figure 4(A). For sake of comparison, TGA of 

collagen powder is also shown. PLLA sample started losing weight above 250°C and degraded in a 

single-step process that leaded to an almost negligible residue (4%) above 350°C. Thermal 

degradation of collagen powder proceeded via a multistep process that started at RT with a residual 

weight of about 27% at 600°C. Collagen weight loss at low temperature (RT-150°C) has been 

attributed to the removal of bound water [44, 45]. Similarly, to collagen powder, PLLA/Coll 

samples displayed an initial weight loss in the range RT-150°C, ascribable to water evaporation 

from the Coll component. Subsequently, the samples showed a weight decrement in the range 200-
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500°C, due to the concomitant degradation of Coll and PLLA fractions, and weight residues at 

600°C of 18% and 10% for PLLA/Coll-50/50 and PLLA/Coll-75/25, respectively. The residual 

weights at 600°C of blends were in line with the theoretical ones, the latter being calculated by 

considering the feed of PLLA and Coll in the starting polymeric solutions. Indeed, the theoretical 

residual weight values - calculated by taking into account the weight residues of pure components - 

of PLLA/Coll-50/50 and PLLA/Coll-75/25 are 15.5% and 9.75%, respectively, which are close to 

the experimental ones, within the accuracy of TGA quantification. 

The DSC curve of collagen powder showed a broad and intense endothermic peak in the range 0-

150°C in the first heating scan (figure 4(B)), due to the evaporation of water [44], whereas no 

appreciable thermal transitions where observed in the second heating scan (figure 4(C)). The first 

heating scan of PLLA showed a glass transition (Tg) at a temperature around 61°C and a cold 

crystallization exothermic peak (Tc = 87°C) followed by a melting endothermic peak (Tm = 163°C) 

of the same entity (ΔHc = ΔHm = 33 J/g) (figure 4(B)). This result indicates that the melting 

phenomena that follows the cold crystallization concerns only the PLLA crystal phase developed 

during the heating scan, thus demonstrating that completely amorphous PLLA mats were obtained 

through the electrospinning process, as previously reported [46]. The first heating scans of 

PLLA/Coll-75/25 and PLLA/Coll-50/50 samples displayed the above described PLLA thermal 

transitions whose entity correlated with the PLLA weight fraction in the blends. In addition, the 

endothermic peak of water evaporation from the Coll fraction was also visible (figure 4(B)). Since 

the second heating scan of the blends displayed only the thermal transitions associated to the PLLA 

component, it was possible to calculate the effective PLLA/Coll composition in the blends by 

comparing the PLLA ΔCp and ΔHm of the blends with those of pure PLLA. In Table 1 calorimetric 

data of the second heating scans are reported together with the value of PLLA content in the blend, 

calculated on the basis of either ΔCp or ΔHm : 

PLLAwt%∆Cp=
∆Cp

PLLA/Coll

∆CpPLLA
×100         [3] 

PLLAwt%∆Hm=
∆Hm

PLLA/Coll

∆HmPLLA
×100         [4] 

Mat composition calculated according to DSC data agrees with the starting solution composition in 

terms of PLLA/Coll ratio, within the accuracy of DSC quantification. 
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Figure 4. Thermal characterization of collagen powder (a), PLLA/Coll-50/50 (b), PLLA/Coll-75/25 

(c) and PLLA (d). (A) TGA curves; (B) DSC first heating scans; (C) DSC second heating scans 

after controlled cooling at 10°C/min.  

 

Table 1. Calorimetric data of Collagen, PLLA, and PLLA/Coll blends (heating run at 20 °C/min 

following the cooling run). 

Sample Tg 
(°C) 

ΔCp 
(J/g°C) 

Tc 
(°C) 

ΔHc 
(J/g) 

Tm 
(°C) 

ΔHm 
(J/g) 

PLLA 
(wt%)a 

PLLA 
(wt%)b	

Collagen powder n.a. n.a. n.a. n.a. n.a. n.a.  	
PLLA 60 0.53 126 31 162 32  	
PLLA/Coll-75/25 59 0.39 122 20 160 23 74 72	
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PLLA/Coll-50/50 58 0.27 119 13 159 14 51 44	
a) PLLA wt% in the blend calculated by using Equation 3 

b) PLLAwt% in the blend calculated by using Equation 4 

 

 

3.3.Release of collagen from the electrospun mats 

Figures 5(A) and 5(B) show the collagen percentage loss (Collagen Loss %) calculated for 

PLLA/Coll-50/50 and PLLA/Coll-75/25. Data obtained from Biuret assay (using Equation 1) 

showed a significant collagen loss at the very beginning of the experiment: after 30 min 

PLLA/Coll-75/25 and PLLA/Coll-50/50 lost about 40% and 50% of their initial collagen content, 

respectively. At the end of the experiment (14 days) the collagen loss was about 50% and 70% for 

PLLA/Coll-75/25 and PLLA/Coll-50/50, respectively, corresponding to a final composition of 

PLLA/Coll-86/14 for the former, and PLLA/Coll-77/23 for the latter. Data obtained from 

gravimetric analysis had a similar trend but a higher collagen loss was always determined. 

According to gravimetric measurements (Equation 2) the collagen loss after 14 days in PBS was 

about 80% and 90% for PLLA/Coll-75/25 and PLLA/Coll-50/50, respectively. This discrepancy 

between the results of gravimetric method and Biuret assay can be explained considering that 

electrospun samples retrieved from the buffer were fragile and might have undergone a further loss 

during sample washing with fresh water.  

As expected, PLLA fibers did not show any evident change of fiber morphology during 14 days of 

permanence on PBS (figure 5(C)). PLLA/Coll-75/25 fibers appeared slightly swollen (compare 

figure 5(D) with figure 3(B)) and PLLA/Coll-50/50 fibers were welded at contact points after 14 

days in PBS (compare figure 5(E) with figure 3(C)). 
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Figure 5. (A) Percentage of collagen loss during immersion of PLLA/Coll-75/25 (black triangles) 

and PLLA/Coll-50/50 (red circles) in PBS at different times; (B) an enlarged view in the range 0-25 

hours. The collagen loss was determined both gravimetrically (full markers) and throughout Biuret 

assay (empty markers).	Representative SEM micrographs of PLLA (C), PLLA/Coll-75/25 (D) and 

PLLA/Coll-50/50 (E) samples after 14 days of immersion in PBS. Scale bar = 1 µm. 

 

3.4 Mechanical properties of electrospun bundles 

Stress-strain curves of the three types of bundles (i.e. PLLA, PLLA/Coll-75/25, and PLLA/Coll-

50/50) presented a similar non-linear behaviour at the foot of the curve (toe region), but different 

trends and different magnitudes were found for the three as-spun compositions at higher stress 

(figure 6(A)). The PLLA bundles had a ductile behaviour, with large plastic deformation; the 

PLLA/Coll-75/25 bundles had a ductile behaviour, but with a higher Young modulus, higher yield 

and failure stress, and lower failure strain than PLLA; finally the PLLA/Coll-50/50 bundles showed 

an elastic and brittle behaviour, with lower Young modulus and failure stress than the other two 

types. Such differences were statistically significant (figure 6(B)-6(E); one-way ANOVA p-

value<0.05). 
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Figure 6. (A) Typical stress-strain curves for as-spun PLLA, PLLA/Coll-75/25, PLLA/Coll-50/50 

bundles tested. Comparison of the mechanical properties of the as-spun bundles: (B) Young 

modulus (E); (C) yield stress (σY); (D) failure stress (σF); (E) work to failure (LF). The average and 

standard deviation is plotted for the three compositions, together with statistical significance of 

post-hoc comparisons (Tuckey multiple comparisons, * P≤ 0.05, ** P≤ 0.01, *** P≤ 0.001, **** P≤ 

0.0001). The yield stress is missing for the PLLA/Coll-50/50 composition as it had a brittle 

behaviour. 

 

After the electrospun bundles of the two blends (i.e. PLLA/Coll-75/25 and PLLA/Coll-50/50) were 

maintained in PBS they still consistently exhibited the initial non-linear toe-region, independent of 

the time in PBS, but showed some variation of mechanical properties over time (figure 7). In 

particular, the PLLA/Coll-75/25 bundles after 48 hours demonstrated a ductile behaviour and values 

similar to the as-spun ones (figure 7(A)). After 7 days in PBS, the bundles were still ductile, and 

stiffer, with lower yield and failure stress and strain. At 14 days PLLA/Coll-75/25 bundles showed 

an elastic-brittle behaviour, with failure stress and strain lower than the previous ones. The 

PLLA/Coll-50/50 bundles always showed an elastic-brittle behaviour (figure 7(B)) with values of 
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stiffness that increased over time while the failure stress and strain decreased. Such differences 

were statistically significant (figures 7(C)-7(F); two-way ANOVA p-value<0.05). 

 
 

Figure 7. Typical stress-strain curves for PLLA/Coll-75/25 (A) and PLLA/Coll-50/50 (B) bundles 

after ageing in PBS solution (as-spun bundles (as-spun), after 48 hours (48h), 7 days (7d) and 14 

days (14d) in PBS). Comparison of the mechanical properties: (C) Young modulus (E), (D) yield 

stress (σY), (E) failure stress (σF), (F) work to failure (LF) of the bundles PLLA/Coll-75/25 and 

PLLA/Coll-50/50 as-spun and after immersion in PBS. The average and standard deviation is 

plotted for the three compositions, together with statistical significance of post-hoc comparisons 

(Tuckey multiple comparisons, * P≤ 0.05, ** P≤ 0.01, *** P≤ 0.001, **** P≤ 0.0001). The yield 

stress is missing for the PLLA/Coll-50/50 composition as it had a brittle behaviour. Similarly, the 
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yield stress is missing for PLLA/Coll-50/50 at 14 days, as 3 specimens out of 6 had a brittle 

behaviour.	

 

3.5 Biological assessment 

First, to confirm the identity of tenocytes the immunocytochemical detection of collagen Type I and 

Type III, fibronectin and vimentin was performed. The majority of cells were positive for vimentin 

and fibronectin (figures 8(A) and 8(B)). Vimentin is an intermediate filament that is 

characteristically found in cells of mesenchymal origin and usually used as a tenocyte marker [47, 

48]. The expression of this marker was so high that counterstaining with haematoxylin and eosin 

was not perceptible (figure 8(A)). The production of collagen type I and a low expression of 

collagen type III were also detected (figures 8(C) and 8(D)), indicating the fibroblastic phenotype 

(tenocytes) of selected population, as previously described for this model [47, 49, 50].	

 
Figure 8: Tenocytes characterization. Tenocytes were characterized through vimentin (A), 

fibronectin (B), and Collagen Type I (C) and III (D) immunostaining. Scale bars = 50 µm; original 

magnification 200x. Histogram depicts percentage of positive cells (E). 

 

Morphological analyses showed a different adhesion of tenocytes onto the PLLA/Coll bundles. 

Overall adhesion seems better on PLLA/Coll-50/50 samples in comparison to PLLA/Coll-75/25 one 

(figure 9). Light microscopy and SEM observations evidenced that cells were present only on 
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bundle surface with a more elongated morphology on PLLA/Coll-50/50 (figures 9(B) and 9(D)) and 

more spread features on PLLA/Coll-75/25 at both time analysed (figure 9(F) and 9(H)).	

 
Figure 9: Light and scanning electron microscopy of tenocytes cultured onto PLLA/Coll-50/50 (A-

D) and PLLA/Coll-75/25 (E-H) bundles for 7 (A,B,E,F) and 14 (C,D,G,H) days. Elongated cells 

were detectable on the surface of fibres. Scale bar A, C, E, G = 20µm; scale bar B, D, F, H = 50µm; 

insets scale bar = 10µm. 

 

TEM ultrastructural assessment demonstrated cells in good condition. Nuclei and the relative 

envelops were well preserved and the quite rare mitochondria maintained a correct morphology, 

with well evident cristae. The Rough Endoplasmic Reticulum (RER) cisternae were always dilated 

and some rare vacuole autophagocytosis were visible (figure 10). This well preserved cell 

ultrastructure is suggestive of a good compatibility of the proposed bundles. Cells adhered to the 

bundles only in small points (figure 10) and not in the extended areas and this is probably 

responsible for the detected low proliferation. 
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Figure 10: Transmission electron microscopy of tenocytes cultured onto PLLA/Coll-50/50 (A-G) 

and PLLA/Coll-75/25 (H-L) after 14 days. Cells showed a preserved cell ultrastructure as well as 

adhesion to bundles (E-G). Square indicates area enlarged in B and I, respectively. Note the well 

conserved nuclear envelop (white pointed arrows), the enlarged RER cisternae (red pointed arrows) 

and well conserved mitochondria (asterisks). Small bundle adhesion points are also evident (white 

arrows). G= Golgi apparatus. Scale bars A, B, D, H = 0.2 µm; Scale bars E, I, L = 0.1 µm; scale 

bars C, F, G, J, K = 500 nm. 

 

4. Discussion 

In the design of a biomimetic scaffold for tendon tissue repair it is mandatory to consider the high 

complexity of the natural tendon hierarchical structure both from a morphological and from a 

chemical point of view, in order to achieve the mechanical properties required to restore function 

while allowing regeneration. The aim of this study was to develop and characterize bundles of 

PLLA-Coll blends, to be used as bioresorbable scaffolds for the repair of tendon tissue. In this work 

we focused on the chemical composition, cellular response and mechanical properties. 

Electrospinning has been used to reproduce the morphology of a subfascicle, having a diameter in 

the range 300-500 µm, similar to that of native human Achille’s tendon [51]. To manufacture the 

bundles, PLLA was used in combination with collagen. The expected advantages of this 
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formulation were long-term degradation, plasticity and toughness (provided by PLLA) and high 

biocompatibility and stiffness (provided by Collagen). Two different compositions were 

investigated and tested against tenocytes culture: PLLA/Coll-75/25, and PLLA/Coll-50/50, while 

pure PLLA was characterized as a reference to assess the effect of collagen addition on scaffold 

properties. Collagen content in the fibers was not further increased to ensure long-term 

degradability of the scaffolds. 	

Flat mats and bundles made of sub-micrometric fibers were successfully spun (figure 1 and 2): the 

diameter of the fibers developed in our study (PLLA/Coll-75/25: 0.31 ± 0.09 µm; and PLLA/Coll-

50/50: 0.33 ± 0.08 µm) were in the same range of the diameter of the fibrils of the Achille tendon 

(i.e. 0.3 µm [52]). Moreover, the bundles diameters for the two blends were in the same range 

proposed in the literature for Achille tendon fascicles [21, 51, 53]. TGA and DSC analyses (figure 

3) enabled to quantitatively confirm that the effective Coll content in the blend corresponded to the 

initial feeding, for both compositions. The wettability (measured as drop water contact angle, figure 

2) indicated that increasing the collagen content led to an improved scaffold wettability, a positive 

aspect for the intended application. In nature, collagen molecules are arranged in a triple-helix 

structure [4, 21], which guarantees stability in a watery environment, while electrospun collagen 

normally requires a crosslinking treatment to reduce its dissolution upon water contact [54], 

However, in previous literature studies crosslinking was not performed when collagen was blended 

with a synthetic polymer [55-57]. In these cases, although the effective stability of electrospun fiber 

composition upon water contact was not verified, the addition of the natural polymer had positive 

effects on cell culture [55-57]. In another study it was demonstrated that collagen release from 

weakly crosslinked poly(lactide-co-glycolide)/collagen blends occurred and had a remarkable effect 

on fiber morphology at high collagen content [58]. In the present study, crosslinking was not 

performed in order to avoid the use of toxic agents and possible contaminants. For both PLLA/Coll 

compositions we found that a portion of collagen was lost after very short time of water immersion 

(30 minutes); the PLLA/Coll-75/25 and PLLA/Coll-50/50 scaffolds after 14 days in PBS had 

respectively an effective composition of 86/14 and 77/23 (determined by Biuret Assay, figure 4). 

These results suggest that part of collagen in our electrospun fibers is promptly dissolved by water, 

reasonably the portion at fiber surface, while the remaining collagen is in intimate contact with the 

PLLA component and is not susceptible of rapid dissolution. Similar results were found by Yang et 

al. on electrospun blends of PLLA/gelatin [59]. 

The mechanical tests confirmed that, in general, all the tested compositions showed an initial 

highly-compliant toe-region similar to that of natural tendon fascicles. The initial properties of the 

PLLA/Coll-75/25 were most promising: in fact this composition had the highest Young modulus 
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(about 100 MPa), which was closest to the values reported for tendon collagen (about 200 MPa 

[51]), and a higher failure stress than both pure PLLA and PLLA/Coll-50/50. Furthermore, 

PLLA/Coll-75/25 had a ductile behaviour, with higher yield stress than pure PLLA which can 

guarantee some safety factor in case of overload. It must be noted that the toughness of PLLA/Coll-

75/25 was half of that of pure PLLA. PLLA/Coll-50/50 exhibited the worst properties in terms of 

brittleness. The PLLA/Coll-75/25 blend showed a significant increase of the Young modulus after 

permanence in PBS, whereas for PLLA/Coll-50/50 the Young modulus first increased and then 

decreased over time. For both blends, a significant reduction of the yield stress, failure stress and 

work to failure was observed due to collagen loss during immersion in PBS. 

The Young modulus and failure stress of our PLLA/Coll-75/25 bundles (figure 6) were in the same 

range as the human Achille tendon. The failure stress of fascicles from the Achille's tendon of Afro-

Americans was 21.9 ± 9.9 MPa, and for Caucasians was 28.1 ± 9.8 MPa, with a Young’s modulus 

of 316.8±110MPa and 222.8 ± 84.6 MPa respectively [51]. This data confirms the suitability of the 

Young modulus of the PLLA/Coll-75/25 bundles, especially after 7 and 14 days in PBS (about 200 

MPa, figure 7). The failure stress of PLLA/Coll-75/25 as-spun bundles is however lower than that 

of human tendons, and it further decreased due to permanence in PBS. A possible explanation for 

this progressive embrittlement and stiffening of the bundles is related to the loss of collagen from 

the bundles. Collagen component may be responsible of water absorption in PBS, that is expected 

to act as plasticizer and thus to promote material plasticity; the decrease of the amount of collagen 

in the fibers after 14 days in PBS may thus contribute to promoting material stiffening. This 

suggests that crosslinking the collagen might make it more stable after ageing in PBS. No other 

study reported the mechanical properties of electrospun PLLA-Coll bundles in the literature, rather 

mechanical properties were reported for: bundles of poly(ε-caprolactone) (PCL) (E = 12.44±4.96 

MPa, σF = 4.12±2.00 MPa [26]; bundles of poly(lactide-co-glicolide) (85:15) (E = 138.20±16.98 

MPa, σF = 9.48±0.82 MPa [26]); non-woven scaffolds made of PCL/Chitosan/Cellulose 

nanocrystals aligned fibers (E = 540.5±83.7 MPa, σF = 39.3±1.9 MPa) [60] and non-woven 

scaffolds made of Chitosan/PLLA/Gelatin/PEO aligned fibers (E = 325.01±25.05 MPa, σF = 

14.23±1.08 MPa) [28]. 

Cells biological tests confirm that fibers orientation represents an instructive pattern for the 

alignment of tenocytes [50]. SEM ultrastructural analysis suggested that the presence of collagen is 

of outmost importance for the adhesion and proliferation of human cells. TEM investigation 

demonstrated, however, that tenocyte metabolic activity is not impaired by the presence of PLLA. 

Overall, this investigation support the hypothesis that the proposed bundles may prospectively 

provide a clinical option for tendon tissue augmentation. The present findings about cell viability 
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are in agreement with previous works on electrospun PLLA/Coll scaffolds. Schofer et al. described 

the good osteoblastic differentiation of mesenchymal stem cells on random fiber electrospun 

scaffolds mats of PLLA/Coll in ratio 4:1 [31, 32]. Theisen et al. tested the same blend in 

electrospun scaffolds, and demonstrated a good proliferation of human tenoblasts from long biceps 

tendons [33]. Conçalves et al. studied the morphology, mechanical properties and osteoblastic 

differentiation of random electrospun fiber scaffolds mats made by five different kinds of 

PLLA/Coll blends and solvents systems, confirming their good biocompatibility [34].  

One limitation of the present findings is certainly the fast loss of collagen, which resulted in a 

significant loss of the mechanical properties of the two blends within 14 days in PBS that can be 

reasonably limited by treating the electrospun bundles to crosslink the collagen.  

It is pointed out that after permanence in PBS, some of the bundles had shrunk to the point that their 

length was no more sufficient to roll them around the pins of the capstan grips for the tensile tests. 

In these cases, standard clamps were used: this might have resulted in a slight under-estimate of the 

failure properties. However, as no specimen failed in the clamp, such effects, if present at all, must 

have been negligible. Hansen et al. used an actuator speed of 2 mm/min, with a specimen free 

length of 10 mm [48], which results in a strain rate slightly lower than the present study. 

It must be noted that our bundles were produced with an operator-dependent approach. In the 

future, a more automated electrospinning configuration should be defined to standardize the 

manufacturing process. In fact, it has been shown that bundle production can be standardized [22].  

From a biological point of view, it will be necessary to improve cell adhesion on the proposed 

bundles by limiting the loss of collagen and possibly tests other kind of cells involved in tendon 

regeneration (i.e. mesenchymal stem cells).  

 

5. Conclusions 

This study has demonstrated the feasibility of manufacturing bundles of a blend of bioresorbable 
polymers (PLLA and collagen). The use of electrospinning resulted in an arrangement of the fibers 

that mimicked that of tendon collagen. In fact, bundles with a cross section of 300-500 micron and a 

length of 150 mm were fabricated with different blends. The mechanical properties (stiffness and 

strength) achieved are similar to those of natural tendon. The cellular culture tests confirmed that 

the electrospun bundles of the selected blends promoted tenocyte adhesion and proliferation. In this 

study single bundles were manufactured and tested. The future steps will include assembling 

multiple bundles in a multiscale arrangement mimicking the hierarchical structure of collagen in the 

human tendon.  
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