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Comparative studies of electrospinning and solution blow spinning processes 
for the production of nanofi brous poly(L-lactic acid) materials for biomedi-
cal engineering
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Comparative statistical analysis of the infl uence of processing parameters, for electrospinning (ES) and solution 
blow spinning (SBS) processes, on nanofi brous poly(L-lactic acid) (PLLA) material morphology and average fi ber 
diameter was conducted in order to identify the key processing parameter for tailoring the product properties. 
Further, a comparative preliminary biocompatibility evaluation was performed. Based on Design of Experiment 
(DOE) principles, analysis of standard effects of voltage, air pressure, solution feed rate and concentration, on 
nanofi bers average diameter was performed with the Pareto’s charts and the best fi tted surface charts. Nanofi b-
ers were analyzed by scanning electron microscopy (SEM). The preliminary biocompatibility comparative tests 
were performed based on SEM microphotographs of CP5 cells cultured on materials derived from ES and SBS. 
Polymer solution concentration was identifi ed as the key parameter infl uencing morphology and dimensions of 
nanofi brous mat produced from both techniques. In both cases, when polymer concentration increases the average 
fi ber diameter increase. The preliminary biocompatibility test suggests that nanofi bers produced by ES as well as 
SBS are suitable as the biomedical engineering scaffold material.

Keywords: electrospinning, solution blow spinning, nanofi bers, biomedical engineering, design of experi-
ments, biocompatibility.

INTRODUCTION

In the last years, polymeric nanofi brous materials have 
gained a continuously growing scientifi c, technological 
and industrial signifi cance. Known since 1930 – patent 
of A. Formhals1 on nanofi bers manufacturing method, 
materials composed from nanofi bers found application 
spreading in different fi elds such as air and water fi l-
tration2, cosmetics, textile industry3, active materials for 
photonics and electronics4, and gathering more and more 
attention in biomedical fi elds like wound dressing5, con-
trolled drug delivery6, and most of all tissue engineering 
and regenerative medicine7–9. Interesting properties of 
nanofi brous materials including high surface to volume 
ratio, high and tunable porosity, biocompatibility (de-
pended on applied polymer) and easy post processing 
(Fig. 1.) make these materials highly desirable.

Several fabrication and synthesis methods are currently 
available, most of them applied at laboratory scale, for 
the production of polymeric nanofi bers, such as templa-
te synthesis, phase separation, self assembly10, solvent 
casting, and solid freeform fabrication technique11. Ho-
wever, the electrospinning, also known as electrostatic 
spinning (ES), is a technology, which, because of the 
simplicity and product properties, is the most widely 
used for nanofi bers preparation in laboratory scale. 
Since 1990, the number of scientifi c reports concerning 
electrospinning has grown from a few articles per year 
to almost half of thousand in 201112, 13. Still, despite the 
intense research on electrospinning, there are only few 
reports about the application of this technique for the 
industrial production of nanofi bers13. Low effi ciency of 
ES technique, which allows using milliliters of polymer 
solution during the fi bers formation process, makes ES 
a method in need of improvement or replacement. Po-
ssible modifi cations of ES setup allowing improvements 

of process effi ciency include multi-jet electrospinning14 
or needleless electrospinning15. However there are still 
basic problems with jet interactions or maintaining a thin 
fi lm of polymer solution in the aforementioned methods 
which must be solved.

Due to the fact that electrospinning is not easy to 
up-scale, solution blow spinning (SBS) technique for 
producing nanofi bers was recently proposed16. Based 
on the principles of ES and melt-blowing technologies 
to make nanofi bers with diameter range similar to ES 
method, SBS gives an opportunity to process ten times 
more polymer solution in the laboratory scale. Solution 
blow spinning is based on the high speed of decompressed 
air causing rapid stretching and evaporation of solvent 
from polymeric solution jet at the outlet of the concentric 
nozzles system17. Application of high-pressured air allows 
SBS to be scaled-up easily, rather than electrospinning, 
where the high voltage is applied.

The paper is focused on the nanofi bers formation for 
biomedical purposes, like tissue engineering or regene-
rative medicine. In our study, as a model polymer for 
nanofi bers formation by electrospinning and solution 
blow spinning poly(L-lactic acid) (PLLA) was used. 
FDA approved, biodegradable and biocompatible po-
lyester – PLLA is commonly used in many biomedical 
applications, e.g. tissue engineering and regenerative 
medicine, wound dressing, drug delivery and so on18. 
Also, PLLA is one of the most important materials for 
nanofi bers formation, especially for  the preparation of 
nanofi bers for bioengineering19, 20.

The basic aim of this work was to identify key process 
parameters infl uencing electrospun and solution blow 
spun nanofi brous mat’s properties, i.e. morphology and 
average fi ber diameter, and comparison of the infl uence 
of process parameters on product properties in both 
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methods. The preliminary studies of biocompatibility of 
electrospun and solution blow spun mats were performed. 
We investigated how the changes of applied voltage, air 
pressure, solution feed rate, and solution concentration 
infl uence the product properties for both methods by 
applying specifi c Design of Experiment (DOE). Detailed 
statistical analysis of the results of the experiments has 
been performed and the results of the aforementioned 
analysis were presented in the form of Pareto’s charts 
and best fi tted surface charts. Preliminary biocompatibility 
tests were performed on PLLA-based materials obtained 
from both techniques by in vitro cell culture of cartilage 
cells (CP5 chondrocytes). 

EXPERIMENTAL

Polymer solutions
PLLA with weight-average molecular weight about 200 

kDa (Polysciences, Inc., USA) was used for preparing the 
solutions for electrospinning and solution blow spinning 
processes. Mixture of dichloromethane and N,N-dime-
thylformamide (9:1, v/v) was used as a solvent for PLLA 
solution for electrospinning, and mixture of chloroform 
and acetone (3:1, v/v) was used as a solvent mixture for 
PLLA solubilisation prior solution blow spinning. Solvents 
used in experiments were analytical grade purchased 
from Carlo Erba Reagents, Italy. Concentrations of in-
dividually tested solutions are listed in Table 1. Solutions 
for both processes were prepared 24 hours before the 
experiments. Preparation of solutions was conducted in 
ambient conditions, with relative humidity (RH) varied 
from about 40 to 55%.

Electrospinning
Electrospun nanofi brous polymeric mats were prepared 

in the apparatus shown in Figure 2a. Polymer solution 
was supplied into the spinneret by syringe pump with 
a controlled feeding rate. The spinneret was connected 
to the positive electrode of high voltage power supply. 
Thus, polymer solution was charged and stretched by 
electrostatic fi eld produced between spinneret and gro-
unded aluminum plate. During the stretching process 
the solvent evaporates from the polymer solution giving 
fi bers. The plate served as a collector for electrodeposi-
ted nanofi brous mats and was placed 120 mm from the 
spinneret. ES process for the PLLA fi bers production 
was conducted in ambient conditions, with RH in the 
range of 45–50%.

Solution blow spinning
Solution blow spinning system is shown in Figure 2b. 

The main part of the presented apparatus is a system 
of the concentric nozzles designed specifi cally for this 
process. Polymer solution is supplied through the inner 

Figure 1. Nanofi brous mat produced by solution blow spinning

Figure 2. The scheme of: electrospinning setup (a); solution 
blow spinning setup (b)

Table 1. Fractional plan of experiments (3k-P) – combination 
of values for the experiments
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nozzle of nozzles system by syringe pump with controlled 
feeding rate, while compressed gas, in this case – air, 
is supplied through the outer nozzle. Based on Berno-
ulli’s principle, due to the rapid decompression of air 
the velocity of gas rises. Thus, on account of viscous 
interaction between the gas and the solution of polymer, 
the conical-shaped structure is formed at the outlet of 
inner nozzle16. Polymer nanofi bers were dragged from 
the cone by viscous forces of fl owing air overcoming 
the surface tension forces. Fine polymer nanofi bers 
were collected on rotating drum placed 200 mm from 
the nozzles system. SBS process for the PLLA fi bers 
production was conducted in ambient condition, with 
RH in the range of 45–50%.

Viscosity measurements
The viscosity measurements of polymer solutions used 

in both electrospinning and solution blow spinning were 
conducted with a Rotational Viscometer (Fungilab S.A., 
Spain) at rotational speed of spindle between 6 and 30 
rpm. Viscosity measurements were performed in ambient 
conditions, after preparation of solutions, before the 
spinning processes.

Statistical analysis
Research was conducted based on a trivalent fractional 

plan of experiment (3k-P) generated in Statistica 10 so-
ftware using Design of Experiments tool. Investigation of 
signifi cant infl uence of the three key parameters for each 
nanofi brous producing methods was conducted, voltage, 
solution feed rate and solution concentration for ES, air 
pressure, solution feed rate and solution concentration 
for SBS. The experiments were performed in three for 
three levels of each parameter to fi t quadratic model. 
The resulting 27 combinations of values of investigated 
parameters are listed in Table 1. The main effects and 
interactions between the investigated parameters were 
analyzed by preparing Pareto’s charts and best fi tted 
surface charts, respectively. The average values of fi ber 
diameter for each experiment were calculated based 
on the measurement of at least fi fty fi bers per sample. 
The results of all experiments are shown as an average 
diameter of fi bers measured for each sample ± standard 
deviation of mean.

Pareto chart indicates the infl uence of all processing 
parameters i.e. factors on the output value, in this case 
– average fi ber diameter. The most important parame-
ter affecting product properties might be found based 
on Pareto chart. The length of each bar in the chart 
represents a standardized effect of the corresponding 
factor in quadratic (Q) and linear (L) model of the 
response of the system. The fact that bar corresponding 
with certain factor is outside of the line of signifi cance 
(on the right side of the line) indicates that this factor 
have an infl uence on investigated quality factor. The 
negative sign of the infl uence of the certain factor me-
ans decreasing of the quality factor with increasing the 
value of this factor. The positive sign of the infl uence 
means increasing of the quality factor with increasing 
the value of certain factor. The best-fi tted surface charts 
were prepared in order to compare differences in the 
dependence of both investigated processes in function of 
all processing parameters. The character of the changes 

of quality factor for both processes might be compared 
based on the best-fi tted surface charts.

Microscope analysis
The size and morphology of materials obtained in elec-

trospinning and solution blow spinning, and morphology 
of cells cultured on investigated materials were deter-
mined based on the analysis of microphotographs from 
scanning electron microscope (SEM, FEI PHENOMTM, 
USA). Samples for SEM observations were cut into 
square pieces 10 mm x 10 mm and gold-coated (K550 
Emitech, USA) prior the analysis. Adobe Photoshop CS6 
software measuring tool was used for SEM micrographs 
analysis. Ten SEM images were analyzed per sample 
in order to determine differences in morphology. The 
diameter of fi fty single fi bers was measured in order to 
calculate the average fi ber diameter for each material 
obtained in ES and SBS process.

CP5 cell culture
The CP5 cell line, bovine (Bos taurus, Holstein-Fresian) 

articular cartilage progenitor cells21 was used for bio-
compatibility test. The CP5 cells have been purchased 
from European Collection of Cell Cultures (Public 
Health England, Salisbury, United Kingdom). The CP5 
chondrocytes were maintained in Dulbecco’s Modifi ed 
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) 
supplemented with GlutaMAX®, 10% fetal calf serum 
(FCS), 50 μL mL–1 ascorbate, 10 mM HEPES buffering 
agent and antibiotics (0.05 u mL–1 penicylin, 0.05 u mL–1 
streptomycin) at 37oC according to procedure obtained 
from supplier of cell line21. DMEM/F12, FCS and all 
chemicals were obtained from Invitrogen Co. (USA) 
and were of animal cell culture quality. 

The CP5 adherent cells were cultured in closed 
and sealed 24 well-plates (Becton-Dickinson, USA) in 
DMEM/F12. Chondrocytes were cultured (i) on fi brous 
scaffolds from both, electrospinning and solution blow 
spinning, placed on the bottom of the well, and (ii) 
directly on solid surface of polystyrene (well’s bottom) 
in monolayer form as a control culture. In both cases 
of culture, the chondrocytes were cultured in 1 mL of 
DMEM/F12. Inoculum of CP5 cell line was prepared 
from, i.e. 75–80%, confl uent cultures, passaged every 
4–5 days. The cells were fl ushed with PBS (Invitrogen 
Co., USA), incubated in 0.25% trypsin (Invitrogen Co., 
USA) for about 3 min. at 37oC. The number of the cells 
was estimated using Malassez hemocytometer (Brand, 
Germany). The cells were suspended in DMEM/F12 and 
seeded into the 24 well plates to obtain initial density 
of 2 · 105 cells mL–1.

RESULTS

Viscosity measurements
The values of viscosity measured for all solutions are 

listed below. For PLLA solution in DCM/DMF solvents 
mixture viscosity for solutions of PLLA concentration 
4%w/w, 6%w/w and 8% was respectively 24.79±0.06 
mPa · s, 44.65±0.06 mPa · s, 142.25±8.88 mPa · s. For 
PLLA solution in chloroform/acetone solvents mixture 
viscosity for solutions of PLLA concentration 4%w/w, 
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nanofi brous material (Fig. 3). It is well established for 
the ES process that changing polymer concentration 
in the solution keeping other parameters fi xed causes 
drastic changes in fi bers morphology23. As well as ES 
process, in SBS process dependence of fi bers morpholo-
gy in function of polymer concentration in the solution 
was reported24. The results of analysis of simultaneous 
changes of processing parameters for ES and SBS process 
indicates that average fi ber diameter highly depends on 
the changes of polymer solution concentration, in case 
of PLLA solutions, and it increases with increasing the 
polymer concentration in the solution (Fig. 4). It is 
caused by solution viscosity, which also increases with 
concentration of polymer in the solution. This pheno-
menon is the same for both processes.

6%w/w and 8%w/w respectively 32.72±0.05 mPa · s, 
125.38±4.39 mPa · s, 407.11±23.62 mPa · s.

Statistical analysis
It is well established in literature that ES process highly 

depends on processing parameters, i.a. solution concen-
tration and viscosity, voltage and solution feed rate22, 
and SBS process depends on parameters like solution 
concentration and viscosity, gas pressure and solution 
feed rate17. Signifi cance of all processing parameters, for 
both investigated methods, was identifi ed by preparing 
Pareto chart for standardized effect evaluation (Fig. 3).

The most signifi cant factor for both, electrospinning 
and solution blow spinning is the concentration of po-
lymer solution used in the process of preparation of 

Figure 3. Standard effect estimation as Pareto chart of: electrospinning process (a); solution blow spinning process (b)

Figure 4. Best-fi tted surfaces of average fi ber diameter as a function of polymer concentration and voltage at a) 1 ml . h–1, b) 
2 ml . h–1, c) 3 ml . h–1 solution feed rate for electrospinning
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Other investigated parameters, based on Pareto chart, 
have no infl uence on quality factor of resulting non-
-woven nanofi brous material produced from PLLA. 
However, for solution blow spinning, it is important 
to keep solution feed rate at a suitable level to avoid 
jet interruptions. Moreover, the proper value of an air 
pressure in the process of fi ber formation might affect 
product morphology and generates more aligned fi bers 
in the mat. On the other hand, electrospinning process 
depends more on solution feed rate factor in the case of 
maintaining stable electrospun jet. The value of applied 
high voltage has no infl uence on the quality factor, ho-
wever high values of voltage might cause problems with 
polymer solution stability. The abovementioned lack of 
infl uence of processing parameters, other than solution 
concentration, on fi bers diameter is stated based on 
analysis of simultaneous changes of those parameters. 
Since literature states that all processing parameters 
have an infl uence on ES and SBS process16, 25, however 
it is caused by analysis carried out with fi xed values of 
all parameters other than the investigated one.

Morphology
Preparation of proper scaffold for tissue engineering, 

drug carrier for drug delivery systems or support for 
wound dressing requires certain conditions to be met. 
One of the most important factors for most of biomedical 
applications of biomaterials is biocompatibility, however 
in many cases the morphology of applied biomaterial also 
might play the crucial role. The electrospinning process 

allows tailoring morphology of resulting nanofi brous 
material in terms of porosity and alignment of the fi bers. 
In order to replace electrospinning by a more effi cient 
way of producing nanofi brous materials for biomedical 
purposes, it is necessary to meet same expectations 
within material properties. Investigation of morphology 
of nanofi bers from electrospinning and solution blow 
spinning was conducted (Fig. 6). However, it is impos-
sible to fully compare nanofi brous mats obtained from 
both techniques due to differences in polymer solutions 
preparation process and limited possibilities of environ-
ment control.

Electrospun nanofi brous material poses highly uniform, 
randomly oriented fi bers. Defects of the structure of 
nanofi brous material produced by ES did not occurred. 
On the other hand, solution blow spun material exhibit 
similar structure to those of electrospun material, how-
ever entanglement of fi bers occurs. Also, an existence of 
lumps of polymeric material makes the non-woven mat 
form SBS less attractive. Since the solutions of PLLA for 
both processes were prepared in the different manner – 
with different solvents, it is impossible to compare the 
morphology of the products form ES and SBS. However, 
both techniques allow tailoring of product properties and 
give an opportunity to produce nanofi brous materials 
from biodegradable and biocompatible polymer – PLLA.

Comparing the size of single fi bers and average fi bers 
diameter for materials resulting from both methods, 
solution blow spun fi ber entanglement is negligible, 
because of the size of single fi ber resulting from this 

Figure 5. Best-fi tted surfaces of average fi ber diameter as a function of polymer concentration and air pressure at a) 15 ml . h–1, 
b) 30 ml . h–1, c) 45 ml . h–1 solution feed rate for solution blow spinning
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method. Solution blow spinning allows obtaining nanofi -
brous materials with average diameter of fi bers between 
about 131±12 nm and about 678±56 nm with narrow 
diameter distribution. Electrospinning process allows 
obtaining nanofi brous materials with average diameter 
of fi bers between about 146±14 nm and about 1259±35 
nm. In the case of the thickest nanofi bers obtained in 
both methods, solution blow spinning offers possibility 
of producing fi bers closed to nanometric region, rather 
than electrospinning.

Preliminary biocompatibility evaluation 
It is well established in the previously published rese-

arch, that electrospun mats are one of the most promising 
and the closest to commonly applied biomaterials in areas 
like tissue engineering and three-dimensional cell cultu-
res26–29. Cultures of CP5 chondrocytes were performed 
on nanofi brous scaffolds produced by electrospinning 
and solution blow spinning in order to compare the level 
of biocompatibility of investigated materials. Samples of 
the materials with cells after one day and seven days of 
cultures were fi xed and gold-coated for SEM analysis. 
The biocompatibility of the materials was evaluated based 
on the morphology of cells aggregated on the surface on 

Figure 6. SEM micrographs: a) electrospun nanofi bers; b) solution blow spun nanofi bers. Electrospinning conditions: concentra-
tion – 8%w/w, voltage – 18 kV, solution feed rate – 2 mL . h–1, temperature: 23°C, relative humidity – 42%. Solution 
blow spinning conditions: concentration – 8 %w/w, pressure – 1.5 kPa, solution feed rate – 15 mL . h–1, temperature: 
23°C, relative humidity – 43%
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studied materials (Fig. 7). After seven days of culture, 
CP5 chondrocytes almost equally covered the surface of 
the materials produced by both, electro- and solution 
blow spinning methods. Based on SEM micrographs the 
biocompatibility of PLLA nanofi brous material obtained 
from solution blow spinning is similar to these obtained 
from electrospinning process.

CONCLUSION

Growing interest in the area of biomedical engineering, 
especially in the fi eld of tissue engineering, generates 
need for production of designed fully biocompatible 
scaffolds for human cell culture. Electrospinning, as a 
method for producing scaffolds for tissue engineering, is 
well known since more than thirty years, but still has not 
been developed enough to be applied in industrial scale. 

Figure 7. Morphology of aggregates of CP5 cells cultured on the electrospun (A) and solution blow spun (B) scaffolds

Solution blow spinning, a new technique for nanofi bers 
production was suggested as a solution to scaling-up the 
nanofi bers manufacturing process to the commercial level.

Since electrospinning gave the possibilities of tailoring 
product properties, solution blow spinning needs to met 
the same conditions as electrospinning. In order to eva-
luate possibility of replacing electrospinning by solution 
blow spinning the comparative studies were conducted. 
The polymer concentration in the spinning solution 
was found as a key parameter for ES and SBS process 
having infl uence on nanofi ber diameter and morphology 
of nanofi brous mat. Properties like average fi ber dia-
meter and morphology of nanofi brous sheets produced 
from SBS might be adjusted, as well as properties of 
electrospun nanofi brous sheets. Moreover, preliminary 
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biocompatibility test suggests that materials from both 
methods might be suitable for any biomedical application.
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