
 

Acta of Bioengineering and Biomechanics Original paper 

Vol. 27, No. 2, 2025 DOI: 10.37190/abb/206093 

Radiopaque polycaprolactone/barium sulfate nanofibers 

for applications in soft tissue repair 

ANNA MARSZAŁEK
1*, MAGDA KOCYAN

1, TOMASZ SCHWARZ
2, 

ANNA ŚCISŁOWSKA-CZARNECKA
3, AGNIESZKA KRÓLICKA

4, 

MARCIN GAJEK
1, EWA STODOLAK-ZYCH

1 

1 Department of Biomaterials and Composites, AGH University of Krakow, Kraków, Poland. 
2 Department of Genetics, Animal Breeding and Ethology, Faculty of Animal Science, University of Agriculture in Krakow, Kraków, Poland. 

3 Institute of Applied Sciences, University School of Physical Education in Krakow, Kraków, Poland. 
4 Department of Building Materials Technology, AGH University of Krakow, Kraków, Poland. 

Purpose: Monitoring performance of material inside the human body is still an open problem. X-ray imaging is an easy and non-

invasive method of visualization, however, many biomaterials, such as polymers are radiolucent. Potential solution of this problem is to 

combine selected polymer with a compound which can act as a marker. Thus, this study aimed to obtain radiopaque polymeric fibers of 

polycaprolactone (PCL) by electrospinning. Methods: As radiopaque marker barium sulfate (BaSO4) powder was used. The obtained 

composite nonwovens were subjected to physicochemical properties (wettability, surface free energy), mechanical (uniaxial tensile test), 

stability in acidic environment and biocompatibility tests. Results: Barium sulfate (diameter of 0.03–1.3 µm for non-grinded, 0.8–90 µm 

for grinded) was encapsulated inside the PCL fibers (average diameter 0.91 µm), proved by scanning electron microscopy observations 

and energy-dispersive X-ray spectroscopy. Addition of barium sulfate to the fibers in caused them to become thicker and changed diame-

ter distribution from bimodal to unimodal. All materials were hydrophobic, with contact angle for water over 120 with no statistically 

significant difference and their surface free energy consisted mainly of disperse component (around 1:10 P/D ratio). Mechanical proper-

ties such as the maximum tensile force and tensile strength decreased by 50–60% after addition of barium sulfate. After three and seven 

days of cell culture with BJ fibroblasts, obtained materials proved to be biocompatible. Conclusions: The results presented in this work 

allow to state that fibrous composite material composed of PCL and barium sulfate has potential as biomaterial that can be visualized and 

monitored after implantation using RTG imaging. 
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1. Introduction 

The development of medical imaging, which is the 

visual representation of physiological and pathological 

changes occurring in the body, has greatly increased the 

effectiveness of medical diagnosis. Among the tech-

niques four groups can be distinguished, using various 

physical phenomena to create images: magnetic reso-

nance imaging, gamma-scintigraphy, ultrasonography and 

methods utilizing X-ray, for example computed tomo- 

graphy [37]. Among those groups especially X-ray im-

aging has great potential as method for monitoring both 

performance and location of implanted materials (e.g., 

endovascular stents), as its commonly used in clinical 

practice thanks to being fast, reliable and non-invasive 

technique [20]. However, like every method, X-ray im-

aging requires sufficient intensity of the signal to gen-

erate image which would allow to distinguish the object 

of interest from the surrounding tissue. Most polymer- 

-based biomaterials cannot be visualized due to their 

low radiographic density, which is similar to soft tis-

sues, such as muscle, epithelium, connective tissue and 

nervous tissue, because of a similar elemental compo-
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sition (hydrogen, oxygen, carbon). Especially long-term 

implants made of flexible materials, which can easily 

change their shape (contrary to e.g., metallic endoprothe-

ses) should be able to be observed non-invasively to 

ensure patient safety. Such devices are surgical meshes 

often used in treatment of injuries resulting from acci-

dents, heart valves, artificial blood vessels, catheters (in 

neurology, ophthalmology, urology, cardiology). Many 

works related to monitoring of behavior of implanted 

materials focus on implants with electronic components, 

especially within the circulatory system [23]. Implants 

integrated with sensors enable real-time monitoring of 

minor changes before they become detectable by other 

methods, until when the damage is irreversible. Nev-

ertheless, the issue of surveillance of implants such as 

meshes, etc., remains largely unexplored. This draw-

backs resulted in increasing interest in designing poly-

mers with suitable visibility [8], [11], [24], [25], [31], 

[37], 

There are different approaches to obtain radiopaque 

polymers. Early studies were focused on physical mix-

tures of polymers and metals or inorganic salts, such as 

iodine, barium, bismuth, zircon and tantalum. However, 

those materials were not homogenous due to incompati-

bility of ionic salts and polymer matrix, which had 

negative effect on their mechanical properties [8], [24], 

[37]. The next stage of the research was the creation 

of single-phase mixture consisting of polymer-salt com-

plex owing to the ability of some polymers to act as 

the ligands for chelation, avoiding modification of me-

chanical properties [8], [24]. Currently, the possibility 

of using various ceramic particles as radiopaque addi-

tive is studied, e.g., -Fe2O3, CaF, Y3F or HAp, as well 

as organic compounds as indocyanide green, ioxinadol 

and iohexol [20], [25], [31]. 

The different approach is to introduce radiopaque 

monomeric units before polymerization, such as iodine 

compounds. There is no risk of leakage of radiopaque 

agent as it is permanently bound in the polymer. Un-

fortunately, synthesis of desired polymer can be compli-

cated and ineffective. There is also not as wide a choice 

of polymer and contrast agent as with the first method, 

because this method is based on the homo- or copoly-

merization of iodine-containing monomers [2], [8], [20]. 

However, this method makes it possible to easily obtain 

radiopaque nano- and microparticles using dispersion 

polymerization or precipitation of iodinated copoly-

meric chains. Microparticles can be used for visualiza-

tion of embolization material and implants, while nano-

particles are useful in imaging of body organs and 

controlling behavior of nanoparticle-based drug delivery 

systems, since there is no risk of plugging blood ves-

sels, contrary to micrometer-sized particles. Contrast 

agents designed in this way ensure patient safety by 

preventing contact of radiopaque substance itself with 

the body [2]. 

Beside contrast agents used in diagnostic tests, when 

they are rapidly excreted, monitoring the biomaterial 

in vivo is particularly important for objects residing in 

the body for a long time, such as implants supporting the 

regeneration of damaged tissue. This application com-

monly uses polymers in fibrous form, as they imitate 

the microstructure of extracellular matrix [11], [39]. 

Incorporation of radiopaque marker can be easily ac-

complished by using the first of described approaches 

to obtaining radiopaque materials, i.e., mixing the ap-

propriate substance with the polymer solution during the 

fiber manufacturing process using the selected method. 

As the result, fibers with encapsulated contrast agent 

are obtained [32]. The highest encapsulation efficiency 

is shown by studies where electrospinning is used to 

produce fibers. Additionally, it prevents thermosensi-

tive compounds from degrading or changing structure 

and allows to produce fibers from various polymers 

such as proteins or carbohydrates, showing great po-

tential in manufacturing complex and novel materials 

[32], [38]. 

Considering the need for radiopaque polymeric 

materials and taking in mind, that poly(ε-caprolactone) 

is one of the most commonly used for implantable de-

vices, this work aims to provide fibrous material based 

on this polymer, which can be visualized using X-ray 

technique. PCL is a synthetic polymer used for devel-

oping fibrous scaffolds for repairing both hard and soft 

tissues, drug delivery systems, and bioresorbable surgi-

cal sutures due to its cytocompatibility and biodegra-

dability in the physiological environment. Moreover, it 

can be easily processed into various forms, such as nano-

particles, microcapsules or fibers and its cost is rela-

tively low. Compared to other degradable polymers its 

degradation time is long (2 to 4 years depending on 

the molecular weight), which makes the need to con-

trol its presence in the body even more important [22], 

[39]. While PCL by itself is most suited to the design 

of long-term implantable systems, in fiber form it has 

wider application. It has been investigated for use in 

drug delivery systems, absorbable sutures and scaffolds 

for tissue engineering [3], [39]. In this study, barium 

sulfate was used as radiopaque marker. This inorganic 

salt has been used for many years as a radiocontrast 

agent in form of water suspension, improving visuali-

zation of the gastrointestinal tract. Usually it is not de-

posited within the walls of intestine, unless the mucosa 

is injured. It was also used as marker in some bone 

cements, but has been shown to leak into surrounding 

tissues. However, both older and recent studies proved 
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this compound to be non-toxic in short term and low 

doses [28], [40]. Although both PCL and barium sulfate 

are widely used and their properties are well known, 

there is not much research done on their combination 

[3], [11], [39]. There are works concerning materials 

based on this polymer showing radiopacity, using vari-

ous contrast agents, such as hydroxyapatite, zirconium 

oxide or iodine compounds [10], [11], [25], [31]. 

In this study, we hypothesize that electrospinning 

will allow to successfully encapsulate barium sulfate. 

We aimed to compare three materials based on PCL 

fibers to determine their morphology, physicochemi-

cal and mechanical properties and cellular response of 

fibroblasts. 

2. Materials and methods 

2.1. Solution preparation 

and electrospinning 

Polycaprolactone (PCL, Sigma-Adrich, Mw ~80 kDa) 

was selected for the fibers fabrication. The solvent sys-

tem was dichlorometane (DCM, POCH) and dimethyl- 

formamide (DMF, POCH) in 7:3 ratio. As an radio-

opaque marker barium sulfate powder (BaSO4, Nacalai 

Tesque, Mw = 233.39 g/mol) was used. Viscosity-stable 

solution of PCL of concentration 12% (w/v) in solvent 

system of DCM and DMF in 7:3 ratio was prepared 

and placed on a magnetic stirrer for 24 hours. Then 

BaSO4 powder was mixed with polymer solution using 

ultrasonic processor (Vibra-Cell, Sonics Inc.). The elec-

trospinning equipment able to stabilize humidity and 

temperature was used to obtain the fibers. 

The material was modified by adding 2% w/w BaSO4 

to the 12% w/v PCL solution. Two types of solutions 

were used: BaSO4 was either used as-received (BaSO4 

NG) or after prior grinding (BaSO4 G) using a ball mill 

for 1 h with isopropanol as a medium. To study the 

effect of the amount of barium sulfate on the radiopac-

ity of samples, 10 ml of a 12% w/v PCL solution in 

DCM/DMF (7:3) solvent system, containing 1, 2, 3, 4 

or 5% by weight, was prepared. The prepared solutions 

were homogenized with a ultrasonic homogenizer and 

poured onto dishes. The samples were placed under 

a fume hood for one week to allow the solvents to 

evaporate completely. Their ability to absorb the X-ray 

radiation was evaluated in order to select the optimal 

concentration of BaSO4 using the X-ray equipment 

(XR 6000, GE Healthcare). Optimal electrospinning pa-

rameters are contained in Table 1. 

2.2. Dynamic light scattering method 

Barium sulfate particles size distribution was meas-

ured using the laser light diffraction method (Mastersizer 

2000, Malvern Instruments, Ltd.). Distilled water with 

DISPEX dispersing agent (BASF SE) was used as the 

medium. The solution was homogenized for 5 minutes 

before testing. Tests were also carried out in DCM 

and DMF, as well as in solvent system DCM/DMF. 

2.3. Scanning electron microscopy 

The microstructure of barium sulfate powder and 

nonwoven materials were investigated by scanning elec-

tron microscopy (Apreo 2 SEM, ThermoFisher Scien-

tific). Prior to observation, the samples were coated with 

a layer of carbon with a thickness of 6–10 nm. The SEM 

images of fibers were analyzed using ImageJ software 

(National Institute of Mental Health, v. 2015) to deter-

mine diameter size distribution. Energy-dispersive X-ray 

spectroscopy (EDS) was performed using the micro-

scope to confirm the encapsulation of BaSO4 powder 

in the fibers. 

2.4. Physicochemical properties 

Wettability of materials was determined through 

a sessile drop method using the goniometer (DSA 25 

KRÜSS). Surface free energy was calculated based on 

contact angles for water and diiodomethane by Owens, 

Wendt, Rabel and Kaelble (OWRK) method, accord-

ing to Eq. (1). 
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Table 1. Optimal electrospinning parameters 

PCL 

concentration 

(w/v) 

BaSO4 

concentration 

(w/v) 

Solvent 

system 

Voltage 

[kV] 

Needle-collector 

distance 

[cm] 

Flow 

rate 

[ml/h] 

12% 2% DMC/DMF (7:3) 14 9 2 
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where: 

LV – surface tension between liquid and gas [N/m], 

SV  – surface tension between solid and gas [N/m], 

 – contact angle [], 

d and p, respectively, represent dispersion and polar 

interactions. 

2.5. Porosity 

Porosity was determined by gravimetric method. 

Circular samples with diameter of 1.6 cm were 

weighted and their thickness was measured. Appar-

ent density of the materials was calculated according 

to Eq. (2). 

Apparent density of sample 

 







=

3cm

g

thicknesssampleareasurface

sampletheofmass
. (2) 

Then the porosity was calculated according to 

Eq. (3), assuming density for PCL = 1.145 g/cm3. 

Porosity 

 = 
Apparent density of sample

1 100[%]
Density of the material

  
−   
  
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2.6. Optical profilometry 

The nonwovens roughness and topography were 

evaluated using the Lext OLS 4000 laser confocal 

microscope (Olympus, Tokyo, Japan). The measure-

ments were carried out on sample surfaces of 258 

 258 µm. 

2.7. Mechanical testing 

Values of nonwovens thickness required for me-

chanical tests were measured using ImageJ software 

(version 2015) on pictures taken with a digital optical 

microscope (VHX-900F Keyence). Universal testing 

machine (RetroLine 1435, ZwickRoell) was used to 

study the tensile strength of the nonwovens. Uniaxial 

tensile tests were performed at 5 mm/min on samples 

0.5 cm wide and 6 cm long. Samples after 15, 30 and 

60 min of the electrospinning process were compared 

with each other. The effect of the addition of BaSO4 

particles on the tensile parameters of 60 min spun 

nonwovens was also investigated. 

2.8. In vitro study 

The in vitro study was divided into three steps. 

The first step involved 10-day incubation of the mate-

rials in an HCl solution of pH = 2, simulating condi-

tions in the stomach to study their stability in acidic 

environment. SEM images of the nonwovens after the 

incubation were taken. In the second step samples were 

incubated in 10 ml of distilled water or HCl solution 

for 7 days in 37 C to visually assess release of the 

additive from the fibers. The concentration of Ba2+ ions 

in distilled water and HCl after incubation was measured 

using flame photometry (BWB XP Flame Photometer). 

Then, cells-materials interactions were studied to en-

sure biocompatibility of substrates. For two time points 

four samples of each material were prepared and placed 

in tissue culture polystyrene (TCPS) 24-well plate. After 

sterilization with UV light, materials were seeded with 

1·104 BJ fibroblasts and incubated at 37 C. Cell via-

bility and toxicity of the samples were tested after 3 

and 7 days of incubation using ViaLight BioAssay Kit 

(Lonza Bioscience) and ToxiLight BioAssay Kit (Lonza 

Bioscience) assays respectively. For luminescence meas-

urement FLUOstar Omega (BMG Labtech) reader was 

used. 

2.9. Ex vivo study 

To study the effect of the barium sulfate additive 

on the radiopacity of the material, an X-ray machine 

was used (XR 6000, GE Healthcare). PCL films with 

different BaSO4 concentration (1, 2, 3, 4 and 5% by 

weight) were examined. To verify the visibility in tis-

sues, an ex vivo experiment was performed by placing 

the samples within the pig’s stomach. 

2.10. Statistical analysis 

For fiber diameter, 250 measurements were per-

formed. For nonwoven thickness, 10 measurements 

were taken and for in vitro tests 4 replicates were 

made. For wettability, SFE and mechanical testing 

three replicates were made. Where applicable, re-

sults were presented as mean value ± standard devi-

ation. One-way analysis of variance followed by 

Tukey–Kramer post hoc test were used to identify 

statistically significant differences with p-value less 

than 0.05. To determine effect size, Cohen’s f was 

calculated. 
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3. Results 

BaSO4 salt was added to the polymer matrices as 

a contrast agent. The purpose of grinding was to reduce the 

diameter of the powder grains to ensure a more uniform 

distribution of the salt in the fibers. The concentration of 

2% was chosen based on an examination of the disper-

sion in DCM and DMF forming the solvent system. 

3.1. Barium sulfate powder 

characterization 

Firstly, non-grinded and grinded barium sulfate were 

observed using SEM (Fig. 1). Both types are varied 

in size and have a tendency to agglomerate, however 

in case of grinded particles there are no grains as large 

as non-grinded ones. 

 

Fig. 1. SEM image of barium sulfate powder: (a) NG BaSO4, (b) G BaSO4 

 

Fig. 2. Distribution of particles size for grinded and non-grinded barium sulfate 

 

Fig. 3. BaSO4 particles size measured in different media 
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In Figure 2, distributions of size for particles of 

grinded and non-grinded BaSO4, measured using DLS 

are compared. 

The behavior of barium sulfate particles in different 

solvents was also investigated to ensure stability of sus-

pension. In Figure 3, the results of the DLS measure-

ments in the solvents used to prepare the spinning solu-

tion are presented. Suspension of BaSO4 particles in 

dimethylformamide (DMF) is stable (Fig. 3a), while in 

dichloromethane (DCM) the particles sediment rapidly 

(Fig. 3b), thus, it was impossible to perform repeata-

ble measurements (three attempts are illustrated with 

different colors). The mixing of two solvents used as 

the solvent system used in the PCL electrospinning 

process prevents the particles from rapid precipitation 

and ensures the stability of the suspension (Fig. 3c). 

3.2. Microstructure characterization 

The obtained PCL nonwovens are characterized by 

a random orientation of fibers. 2 ml/h was picked as the 

optimum flow rate of the solution in the process of elec-

trospinning, as it allows to obtain fibers of narrow bi-

modal distribution of diameter size and high surface 

smoothness. In Figure 4, the microstructure of obtained 

materials observed using SEM is shown. The fibers are 

free of beads and their diameter changes slightly along 

their length. 

The effect of the addition of barium sulfate was 

studied by observing the microstructure of nonwovens. 

Comparison of PCL and composite fibers diameters 

ranges is presented in Fig. 5. The addition caused 

the fibers to become more homogenous in diameter 

size – unlike in the case of PCL fibers, the size dis-

tribution of PCL/BaSO4 composite fibers is unimod-

al and shifted towards the higher values, as can be 

seen in Fig. 6. That allows to draw the conclusion, 

that addition of barium sulfate particles prevents 

forming fibers thinner than 0.94 μm for PCL/BaSO4 

G and 0.42 μm for PCL/BaSO4 NG – meanwhile the 

thinner fibers for PCL have diameter of 0.18 μm. 

However, composite fiber also have lower spread 

of size – the thickest PCL have 3.72 μm, while none 

of composites have fibers thicker than 2.66 μm and 

2.76 μm (BaSO4 NG and G, respectively). Additional 

statistical parameters calculated on the basis of di-

ameters measurement are contained in Table 2. 

In the SEM images, it can be observed how the bari-

um sulfate is distributed inside and on the surface of the 

fibers. The particles form clusters of different sizes, 

irregular shapes and uneven distribution. In the case of 

grinded BaSO4, the particles distribution is more ho-

mogeneous. 

EDS spectra obtained for PCL/BaSO4 nonwovens 

are presented in Figs. 6c, f. The analysis shows 

characteristic peaks for sulfur and barium for both 

types of composite materials proving that barium 

sulfate has been successfully incorporated in the 

fibers [34]. 

 

Fig. 4. Nonwoven constitution of PCL: (a) microstructure, (b) fiber diameter distribution histogram 

 

Fig. 5. Histograms showing comparison of fiber diameter 

distribution: PCL, PCL/BaSO4 G and PCL/BaSO4 NG 
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3.3. Physicochemical properties 

Measurements of contact angle with water of ob-

tained materials confirmed that polycaprolactone is in-

herently hydrophobic polymer with contact angle for 

water over 90 [22], [39]. The value of contact angle is 

relatively small spread, indicating the uniformity of the 

surface in terms of wettability. In Figure 7, contact angle 

for water on the studied materials is compared. BaSO4 

 

Fig. 6. PCL/BaSO4 composite nonwovens: (a), (b), (c) microstructure, fiber diameter distribution histogram and EDS spectrum 

for PCL/BaSO4 NG, (d), (e), (f) microstructure, fiber diameter distribution histogram and EDS spectrum for PCL/BaSO4 G 

Table 2. Calculated statistical parameters for morphology of the materials 

Parameter 
Group 

PCL NG G PCL  NG PCL  G NG  G 

Fiber diameter 

[µm] 
CI = [1.27 1.39] CI = [1.60 1.67] CI = [1.43 1.53] 

p < 0.001* 

f = 0.38 

p < 0.001* 

f = 0.17 

p < 0.001* 

f = 0.22 

Thickness 

[µm] 

15 min CI = [26.81 30.03] CI = [16.23 18.44] CI = [22.04 26.67] 
p = 0.084 

f = 2.49 

p < 0.001* 

f = 0.64 

p < 0.001* 

f = 1.20 

30 min CI = [36.63 41.39] CI = [20.73 25.73] CI = [29.24 33.31] 
p = 0.091 

f = 2.20 

p < 0.001* 

f = 1.08 

p < 0.001* 

f = 1.24 

60 min CI = [40.78 44.37] CI = [21.09 25.57] CI = [33.44 38.32] 
p = 0.053 

f = 2.94 

p < 0.001* 

f = 11.19 

p < 0.001* 

f = 1.66 

 

 

Fig. 7. Contact angle of PCL and PCL/BaSO4 nonwovens 
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has no significant effect on wettability, regardless of its 

form. 

As expected of PCL, surface free energy consists 

mainly of dispersive component [5], [6]. Similarly 

to contact angle, BaSO4 has no significant influence 

on SFE regardless of form. 

3.4. Porosity and profilometry 

Porosity of produced non-wovens higher than 90%, 

regardless of composition, is shown in Table 3. Both 

composite materials showed lower porosity than PCL. 

PCL/BaSO4 G material was slightly less porous than 

PCL/BaSO4 NG. 

The results of 3D imaging using optical profilometer 

of the composite nonwovens are presented in Fig. 8. The 

roughness parameters of the surface profiles of the 

nonwovens: arithmetic average of profile height de-

viations from the mean line Ra, total height of the 

roughness profile Rt and quadratic mean of profile 

height deviations from the mean line Rq are summa-

rized in Table 3. There is significant difference be-

tween composite materials and PCL nonwoven for Ra, 

Rt and Rq parameters. 

3.5. Mechanical testing 

As thickness of the sample is necessary to calcu-

late values of mechanical parameters such as tensile 

strength, in preparation to tensile testing thickness of 

the non-wovens was measured. Additionally, the ef-

fect of spinning time on thickness of the nonwovens 

was investigated. The results are presented as box-

plots in Fig. 9. Additional statistical parameters con-

cerning the impact of time of the electrospinning 

process on the thickness of the material can be seen 

in Table 2. 

Exemplary force-elongation curves obtained during 

tensile testing are shown in Fig. 10. In Table 4, meas-

ured and calculated parameters are measured. Within 

the PCL nonwovens as well as PCL/BaSO4 ones, it is 

possible to observe analogous relationships – with an 

increase in thickness, the maximum tensile force (Fm) 

and tensile strength () increase. In contrast, elonga- 

 

Fig. 8. Topography of surface of composite materials: (a) PCL, (b) PCL/BaSO4 NG, (c) PCL/BaSO4 G 

Table 3. Summary of physicochemical properties, size of fibers and roughness parameters 

 PCL PCL/BaSO4 (NG) PCL/BaSO4 (G) 

Contact angle [] 128.75 ± 3.10 127.63 ± 3.16 125.44 ± 1.99 

Total SFE [mN/m] 47.34 ± 4.71 47.06 ± 2.16 45.39 ± 1.87 

Porosity [%] 95.12 93.28 91.92 

Mean fiber diameter [μm] 0.91 ± 0.56 1.63 ± 0.29 1.48 ± 0.41 

Fiber diameter range [μm] 0.18–3.72 0.94–2.66 0.42–2.76 

Ra [μm] 1.91 ± 0.25 2.85 ± 0.74 2.56 ± 0.36 

Rt [μm] 10.60 ± 3.20 17.20 ± 3.98 16.10 ± 2.09 

Rq [μm] 2.37 ± 0.29 3.56 ± 0.98 3.21 ± 0.44 
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tion at failure (r) is highest for nonwovens spun for 

30 minutes. The effect of the addition of barium sul-

fate on the mechanical parameters of nonwovens was 

investigated in uniaxial tensile test for different spin-

ning times of nonwovens, in the same manner as for 

PCL nonwovens. 

 

Fig. 9. Thickness of the nonwovens spun for various time 

 

Fig. 10. Exemplary force-elongation curves for studied materials 
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3.6. In vitro study 

The first stage of the in vitro study involved plac-

ing material samples in an HCl solution simulating the 

acidic environment of the stomach to examine the 

stability of the nonwoven under such conditions. In 

Figure 11, SEM images of samples before and after 

the incubation in hydrochloric acid solution are pre-

sented. They reveal changes in the in the microstruc-

ture of the nonwovens caused by acidic environment. 

A partial degradation of the fiber surface can be ob-

served – the surface of the fibers after incubation is less 

smooth, and larger differences appear in the diameters of 

individual fibers along the length. However, despite visi-

ble changes in microstructure the material retained its 

integrity. Incubation in acidic environment caused the 

additive to release from the fiber surface in layers close 

to the surface of composite materials. In deeper layers, 

a few BaSO4 grains remaining within the material can 

be observed. 

Then, incubation in distilled water was performed. 

In Figure 12, microstructure of the materials after incu-

bation is shown. The fibers are not degraded as when 

incubated in hydrochloric acid, and the additive was 

washed out to a lesser extent – grains are also visible in 

the fibers on the surface, especially for PCL/BaSO4 G. 

Incubation of the obtained nonwoven fabrics with 

BaSO4 in distilled water proved their stability. During 

this time, the release of barium sulfate occurred in the 

near-surface layers. In contrast, the acidic environment 

caused the removal of the BaSO4 additive from both 

composite materials. In addition, the concentration of 

barium ions in the solutions after incubation of the 

Table 4. Summary of mechanical parameters of tested nonwovens 

 Spinning time 

[min] 

Maximum tensile 

force [N] 

Ultimate strength 

[MPa] 

Maximum elongation 

[mm] 

PCL 

15 0.276 ± 0.048 2.45 ± 0.43 135.30 ± 35.20 

30 0.559 ± 0.071 3.87 ± 0.50 168.10 ± 68.90 

60 1.190 ± 0.245 7.19 ± 1.48 139.60 ± 61.01 

PCL/BaSO4 NG 

15 0.148 ± 0.021 1.667 ± 0.24 164.36 ± 16.45 

30 0.279 ± 0.029 3.029 ± 0.27 176.46 ± 23.35 

60 0.542 ± 0.072 4.578 ± 0.73 122.81 ± 37.68 

PCL/BaSO4 G 

15 0.478 ± 0.057 0.425 ± 0.077 35.112 ± 5.48 

30 0.071 ± 0.012 0.491 ± 0.093 68.89 ± 12.54 

60 0.245 ± 0.343 1.480 ± 0.192 60.98 ± 7.26 

 

 

Fig. 11. Materials after incubation in HCl solution: (a) PCL, (b) PCL/BaSO4 NG, (c) PCL/BaSO4 G 

 

Fig. 12. Materials after incubation in distilled water: (a) PCL, (b) PCL/BaSO4 NG, (c) PCL/BaSO4 G 
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materials was determined. The results are shown in 

Table 5. 

Table 5. Concentration of Ba2+ ions after incubation 

 PCL/BaSO4 NG PCL/BaSO4 G 

water HCl water HCl 

Ba2+ concentration [mg/l] 21.2 40.5 21.5 38.2 

Lastly, cell-material interaction was investigated. 

Viability of BJ fibroblast after 3 and 7 days of culture is 

presented in Fig. 13. Higher value of ATP luminescence 

indicates greater amount of viable, metabolically active 

cells. For the tested materials, an increase of lumines-

cence in time has been observed, suggesting that both 

PCL nonwoven and PCL/BaSO4 composites are sub-

strates allowing cells to proliferate on their surface. 

 

Fig. 13. Fibroblasts viability after 3 and 7 days of culture 

Table 6. Calculated statistical parameters for in vitro tests results 

Parameter 
GROUP 

PCL NG G PCL  NG PCL  G NG  G 

Viability 

3 days CI = [494.47 696.53] CI = [507.95 672.55] CI = [721.13 913.37] 
p = 0.046* 

f = 0.03 

p = 1.000 

f = 0.78 

p = 0.041* 

f = 0.88 

7 days CI = [1863.10 2388.40] CI = [1979.25 2450.25] CI = [2416.18 2665.82] 
p = 0.051 

f = 0.699 

p = 0.021* 

f = 0.124 

p = 0.022* 

f = 0.599 

Cytotoxicity 

3 days CI = [56.18 98.32] CI = [112.65 130.85] CI = [106.77 132.23] 
p = 0.020* 

f = 0.95 

p = 0.029* 

f = 0.841 

p = 1.000 

f = 0.07 

7 days CI = [148.51 204.99] CI = [248.26 378.24] CI = [248.26 378.24] 
p = 0.079* 

f = 2.045 

p = 0.009* 

f = 0.944 

p = 0.371 

f = 0.364 

 

Fig. 14. Cytotoxicity of studied materials – after 3 and 7 days of culture 
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Comparison of PCL and PCL/BaSO4 did not show 

significant difference, however the addition of grinded 

BaSO4 had positive effect on the fibroblasts, improv-

ing their viability. Additional statistical parameters con-

cerning in vitro testing are contained in Table 6. 

A complementary cytotoxicity test was also per-

formed (Fig. 14). After 3 days, the toxicity of compo-

site materials was slightly higher than for PCL fibers, 

but after 7 days the difference between them increased, 

composite materials showing higher cytotoxicity. 

3.7. Ex vivo study 

The pictures of composite films obtained with 

casting method with various BaSO4 concentrations, 

obtained using X-ray equipment are shown in Fig. 15. 

RTG images of composite nonwovens were also taken 

during the ex vivo experiment (Fig. 16). 

4. Discussion 

4.1. Barium sulfate powder 

characterization 

The particle size of non-grinded barium sulfate 

ranges from 0.03 µm to 1.3 µm and its distribution is 

bimodal, with the two most common values being ap-

proximately 0,1 µm and 1 µm. In the case of grinded 

BaSO4, the particles size was spread in broader range 

of 0.8–90 µm, with a largest population size of 3.5 µm. 

DLS measurement proved them to be larger than non-

grinded, contrary to visual observation on SEM image. 

Additionally, this distribution is unimodal. Higher values 

were observed due to easier agglomeration of grinded 

particles. In works where BaSO4 was used as a con-

trast agent in solid form as powder, the particle size 

 

Fig. 15. RTG images of PCL films with barium sulfate added in different concentrations; 

sequentially from left 3, 4 and 5% 

 

Fig. 16. RTG images in ex vivo experiment (abdominal cavity of pig): 

(a) PCL/BaSO4 2%, non-grinded, (b) PCL/BaSO4 grinded, (c) control 
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was 0.5 µm [10], [11]. BaSO4 NPs significantly vary in 

size depending on the method of obtaining and pre-

cursors (2–190 nm). In case of obtaining NPs directly 

by milling bulk material it is not possible to precisely 

control size of the particles [17]. 

4.2. Microstructure characterization 

The effect of the addition of barium sulfate was 

studied by observing the microstructure of nonwovens. 

The addition caused the fibers to become more ho-

mogenous in diameter size. Unlike in case of PCL fibers, 

the size distribution of PCL/BaSO4 composite fibers is 

unimodal and shifted towards the higher values, as 

can be seen in Fig. 6. That makes it possible to draw 

the conclusion that addition of barium sulfate particles 

prevents forming fibers thinner than 0.94 μm for 

PCL/BaSO4 G and 0.42 μm for PCL/BaSO4 NG, while 

the thinner fibers for PCL have diameter of 0.18 μm. 

Composite fiber also have lower spread of size – the 

thickest PCL have 3.72 μm, while none of composites 

have fibers thicker than 2.66 μm and 2.76 μm (BaSO4 

NG and G respectively). This confirms the general ob-

servation, that encapsulating substance in the fibers in 

order to obtain composites affects their diameter [4], [9]. 

4.3. Physicochemical properties 

Additives can affect the wettability of composites, 

for example, changing the nature of the surface from 

hydrophobic to hydrophilic. Such effect in the case of 

PCL fibers have chitin nanofibril or ZnO nanoparti-

cles, mainly due to changes in the topography of the 

surface, which becomes more rough [13], [29]. How-

ever, in this study, no significant effect on wettability 

and SFE was found, despite higher roughness parame-

ters measured for composite materials. 

4.4. Porosity and profilometry 

Porosity is a determining factor of cells behavior. 

High porosity allows for cell spreading and migration 

as well as exchange of nutrients and metabolites. Low 

packing density of fibers improves cell viability, pro-

liferation and infiltration [30]. Addition of BaSO4 in-

creased values of roughness parameters, suggesting 

that the surface is more irregular. For two types of com-

posite materials values are similar regardless of the form 

of BaSO4 and their difference is insignificant. Many 

authors have concluded that surface roughness has 

a significant impact on the mechanical properties of fi-

brous materials, especially composites. In the case of 

higher roughness, fibers separate from each other more 

easily, impairing mechanical properties of the material 

as the result. At this point, it can be hypothesized that 

composite materials will perform worse than PCL fibers 

in tensile strength test [12], [16]. 

4.5. Mechanical testing 

With an increase of the electrospinning process the, 

thickness of the nonwoven increases, both for PCL and 

PCL/BaSO4 composites, regardless of form of the addi-

tion. The increase in nonwoven thickness is not directly 

proportional to the spinning time, as it slows down 

with time. The difference between PCL nonwoven and 

PCL/BaSO4 composite is statistically insignificant, but 

there is a clear difference between PCL/BaSO4 NG 

and two remaining materials. This suggests spinning 

process is hindered by the large grains, resulting in re-

duced efficiency. The reason may be changes caused by 

adding barium sulfate particles to the spinning solu-

tion, such as viscosity or conductivity. The effect of the 

addition of barium sulfate on the mechanical parame-

ters of nonwovens was investigated in uniaxial tensile 

test for different spinning times of nonwovens, in the 

same manner as for PCL nonwovens. It can be seen 

that the addition of barium sulfate particles negatively 

affects the mechanical properties of the nonwovens 

(Fm, ). This is the expected outcome, as various studies 

report, that encapsulation tends to impair the mechani-

cal properties, especially the tensile strength of the 

material [20], [27]. However, the impact on mechanical 

properties strongly depends on the type of additive, 

concentration and size of the particles. For alternative 

radiopaque material such as hydroxyapatite, the addi-

tion as nanoparticles enhances such parameters as ten-

sile strength, while introducing fibrous form improves 

the modulus of elasticity but impairs tensile strength 

due to agglomeration [14], [15]. In the case of iodinated 

polymers, mechanical properties are strongly dependent 

on the structure and interactions between the chains 

[18], [26], [33]. In addition, the relationship between 

higher surface roughness and strength deterioration 

was confirmed [12], [16]. 

4.6. In vitro study 

Acidic aqueous fluids are commonly present in liv-

ing tissues favor the release of radiopaque salts. Be-

sides potentially toxic effects, it gradually causes loss 



A. MARSZAŁEK et al. 74 

of the additive, changing the material into radiolucent 

[24]. The results presented in Table 5 confirm the release 

of the additive from the fibers with the ion concentration 

in the HCl solution being much higher. However, other 

works concluded, that neither BaSO4 NPs nor Ba2+ ions 

significantly cross the intestinal barrier. If BaSO4 NPs 

are orally administered, since the transit time in gas-

trointestinal tract is generally less than one day, 88% 

of them are removed within 24 hours. After 7 days al-

most 100% is removed from the body. Potential toxic 

effects of BaSO4 are most likely concerning only the 

smallest particles (<0.1 µm), since they are more likely 

to pass to the bloodstream [1]. After that, barium sul-

fate nanoparticles localize mainly in the liver, spleen, 

bone marrow and lungs, with increasing accumulation 

in the bone. No evidence of genotoxicity in the bone 

marrow was found [19]. 

Analysis of viability and cytotoxicity makes it pos-

sible to select material with the most optimal biological 

properties. Various radiopaque additives have already 

been tested. Some of them, like zirconia [36] do not 

affect the properties of the material, while the other can 

promote cell growth e.g., nanostructurized hydroxyap-

atite [35]. In the case of iodinated polymers, which have 

great potential as contrast agents, their impact on cells 

is still questionable. Extract from studied samples tend to 

be mildly cytotoxic in higher concentrations [18], [33]. 

All tested materials gave results indicating that the 

cells were viable and therefore the studied composites 

are biocompatible, pointing that the PCL/BaSO4 is the 

most beneficial for cell growth. Since ECM contains 

hydrophilic species, it is important for the PCL material 

to be adequately modified to become more hydrophilic, 

as it promotes its interactions with the ECM. Higher 

wettability causes better cell adhesion and proliferation, 

which is the reason of various modification of inherently 

hydrophobic PCL, for example mixing appropriate 

additive into the spinning solution. In literature, there 

can be found reports of using peptides, small peptide 

sequences or hydrophilic polymers such as amino-

functionalized tannin to improve the wettability of PCL 

fibrous materials [5], [22]. The produced composite 

materials did not change their wettability due to the 

addition of BaSO4, as shown in Fig. 7 and in Table 3, 

however they improved viability of fibroblasts compar-

ing to PCL. This can be effect of increased roughness of 

the fibers surface, causing better adhesion of cells. 

4.7. Ex vivo study 

Larger agglomerates of the additive are more visi-

ble. Larger concentrations of BaSO4 allow better, more 

detailed observation of the material. Tendency to in-

crease visibility with increasing concentration was ob-

served by authors studying various contrast agents, such 

as BaSO4, other ceramic particles, like hydroxyapatite, 

baghdadite, zirconium oxide or organic compounds like 

indocyanine green [25], [31]. Different types of addi-

tives require different concentrations in the material to 

achieve satisfactory visibility in RTG imaging. Iodinated 

polymers are especially effective, as they do not re-

quire use of much iodine-containing compounds dur-

ing synthesis [18], [33]. However, ceramic nanoparticles 

also have good visibility, as a few percent of hydroxyap-

atite or ZrO2-Ba2O3 particles gives the material re-

quired visibility in X-ray, comparable to Al plate of 

a 1–5 mm thickness [7], [21]. RTG images of compo-

site nonwovens taken during the ex vivo experiment 

(Fig. 17) show that BaSO4 concentration of 2% by 

weight is not sufficient to accurately determine the posi-

tion of the material. Locating requires careful exami-

nation of the radiograph, and it can be difficult to deter-

mine the exact position of the nonwoven fabric against 

tissues. Minimally better visible on images is the compo-

site containing non-grinded BaSO4. 

5. Conclusions 

The results presented in this work make it possible 

to state that fibrous composite material composed 

of PCL and barium sulfate has potential as bio-

material that can be visualized and monitored after 

implantation using the most accessible imaging tech-

nique in medicine – RTG imaging. Addition of BaSO4 

affects fiber diameter, surface roughness and mechani-

cal properties, but does not change physicochemical 

properties of composites compared to PCL 

nonwovens. In distilled water, the release of barium 

sulfate occurred in the near-surface layers. In contrast, 

the acidic environment removed BaSO4 additive from 

all tested materials, causing degradation and defor-

mations of fibers. Radiopacity was observed during 

ex vivo experiment for materials with 2 wt.% BaSO4, 

although higher concentration would be preferred for 

practical use. 
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