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STRESS RELAXATION 
PHENOMENA IN POLYMERIC 
ORTHODONTIC LIGATURES
Grzegorz Milewski*

Cracow University of Technology, 
Department of Applied Mechanics and Biomechanics, 
Warszawska 24, 31-155 Krakow, Poland
*e-mail: grzegorz.milewski@pk.edu.pl

Abstract

Elastomeric products are applied in orthodontics 
mainly as elastic ligatures or chains and have become 
an alternative to wire ligation made of titanium alloy 
or stainless steel. Despite their popularity among the 
dentists and undoubtful advantages, some essential 
warnings are being raised regarding the degree of 
load loss. This relaxation phenomenon seems to be 
a dominant feature in the time-dependent behaviour 
of those elements in orthodontic procedures, such as 
dentition corrections or teeth extrusions. The aim of 
the paper was to examine and analyse the rheological 
properties of biocompatible orthodontic elastomeric 
ligatures. Five different polymeric orthodontic ligatures 
were examined in the following experiments: a simple 
relaxation test, relaxation simulating orthodontic ex-
trusion and the two-steps relaxation process, which 
stands for so-called ‘secondary tightening’, resulting 
in the increase of the orthodontic force. The results of 
the relaxation experiments proved that among various 
descriptions of that phenomenon, the power-law de-
scriptions fit the best time-dependent behaviour during 
orthodontic procedures. Power-law models give the 
most intensive initial relaxation, which is characteristic 
for elastomeric ligatures. The obtained results and 
analyses allow precise control of the treatment pro-
gress in the orthodontic extrusion procedure. 

Keywords: orthodontic extrusion, polyurethane liga-
tures, stress relaxation, rheological models

[Engineering of Biomaterials 162 (2021) 2-6] 

doi:10.34821/eng.biomat.162.2021.2-6

Introduction

Orthodontics is a part of dentistry which deals with the 
layout, arrangement, shape, and appearance of teeth in 
the oral cavity. Orthodontic treatment improves both the 
aesthetic image and the quality of dentition functioning.  
The controlled orthodontic extrusion induces the natural 
eruptive movement of the tooth towards the occlusal plane. 
This is achieved through the additional forces caused by 
polymeric flexible links as well as by fixed or movable metal-
lic braces. Through the tooth, these forces affect both the 
periodontium and the alveolar bone, stimulating them to 
change and remodel [1-3]. Extrusion is also used as an auxil-
iary method preparing the teeth for endodontic treatment and 
further prosthetic procedures [4]. In the case of subgingival 
hard tissue cavities, it is an alternative to the tooth extraction. 

This method allows to keep the patient’s own root and as-
sociated periodontal ligaments. 

Elastomeric products, mainly elastic ligatures and chains, 
are applied in orthodontic treatments in order to improve 
the aesthetic image and the quality of dentition functioning. 
For the first time, they were used in orthodontics several 
years ago as an alternative for a wire ligation made of 
stainless steel. They also replaced flexible teeth retraction 
appliances which were made of latex rubber and required 
daily replacement by the patient [5]. Despite their popular-
ity among dentists and the undoubtful advantages, some 
essential warnings are being raised mainly concerning the 
degree of load loss due to the relaxation features in poly-
meric ligatures [6,7].

The aim of the paper was to examine and analyse the 
strength and rheological properties of biocompatible ortho-
dontic elastomeric ligatures. Proper assessment of their 
rheological properties will enable dentists to predict the de-
gree of load/stress loss due to the relaxation phenomenon in 
elastomeric ligatures. Finally, it will allow for precise control 
of the treatment progress in various orthodontic procedures.

Materials and Methods

Ligatures and chains are made of polyurethanes, which 
are elastomers able to bind under the influence of tem-
perature, having - (NH) - (C = O) - O - as a structural unit 
and undergoing a sequential condensation polymerization 
reaction. Ligatures of the 0.2-0.36 mm diameter range are 
commonly used in dentistry [3]. Polymers characterized with 
rubber-like elasticity have a long chain and a poorly cross-
linked structure. Elastic behaviour results from the entropy 
reduction associated with the twisting of the macromolecular 
chain from its most likely conformation. Nevertheless, the 
local movements of the chain segments must be limited to let 
polymer to return to its original shape, since the irreversible 
chains movement causes constant distortion of the material 
with each subsequent movement. Cross-linkages between 
the chains must be relatively few in order to facilitate high 
stretching without any breakage of the base bonds [8,9]. 
The glass transition temperatures (Tg) of biomedical polyu-
rethanes range from about -50 to -80°C [4].

The main advantages of polyurethane links are following: 
easy fixing, lower transferred loads, aesthetic image, and the 
possibility of fluorine release [3]. Elastomeric ligatures are 
the main element supporting and maintaining wire arches 
in the channel of an orthodontic lock. Five most commonly 
used polymeric orthodontic ligatures produced by Dentau-
rum® were chosen for the tests. Three of them were of  
a chain type (denoted in the experiments as A, B, C); the next 
two were of a string type (D and E) – FIG. 1. The thickness 
of all chain ligatures was 1 mm, while the surface area in the 
thinnest place, for example, between the two “eyes”, was  
1 mm2 for the A and B types and 1,4 mm2 for the C ligature. 
For string ligatures, the values of the surface areas were 2.1 
and 1.1 mm2 for the D and E types, respectively. 

Depending on the value and duration of the applied 
loading, two types of extrusion procedures are used in  
a clinical practice, so-called slow and fast or rapid. In the 
slow extrusion the total force applied to a one-root tooth 
should not exceed 30 G (approx. 0.3 N) and the total root 
displacement should be less than 1 mm per week – FIG. 2. 
For the fast extrusion, the load can be increased to 50 G 
(approx. 0.5 N). The procedure usually lasts for 4-8 weeks. 
Rapid extrusion is commonly used prior to further prosthetic 
treatment [3,10].

Copyright © 2021 by the authors. Some rights reserved.
Except otherwise noted, this work is licensed under
https://creativecommons.org/licenses/by/4.0
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Various rheological models were used to describe the 
stress relaxation behaviour of polyurethane ligatures: lin-
ear mechanical models, models based on the continuous 
distribution of relaxation time spectra, power-law models, 
exponential and cooperative models [11-13]. As the rheologi-
cal properties of polyurethane elastomers are nonlinear, the 
paper presents the extrapolation fittings of the experimental 
curves in the power-law and exponential models.

The stress relaxation kinetics in polymers is often repre-
sented in terms of the stress dependent thermal activation, 
known also as the ‘site model’ theory [14,15]. The theory 
governs the dependencies of the relaxation times τrel upon 
the structural molecular changes, both conformational and 
chemical:

        (1)

or 

        (2)
where τ0 is the basic atomic net thermal vibrations period, 
ΔH is the apparent activation energy of the process, T is 
the thermal energy, k is the Boltzmann constant, V is the 
elementary volume of the activation process, called also the 
‘free volume’, and σ is the effective stress. The exponential 
law describes the stress relaxation in the following way:

  .        (3)

According to this rule, two 
types of the equations are com-
monly used for a wide range of 
polymeric materials [13]:

  

     (4)

and

   (5)

where b and F are the param-
eters. The first model is known 
as Eyring’s model, while the 
second stands for Kubat’s model.  

The parameter F represents the maximal slope (in the inflec-
tion point) of the relaxation curve plotted in the logarithmic 
time scale and the normalized stress (σ/σ0) system of 
coordinates – FIG. 3. The parameter b is taken as b = F/ τ. 

Power-law models generally undergo the rule dσ/dt ~ σn.  
The most commonly used model is known as Hook-Norton’s 
law [14] which in terms of stress relaxation leads to the fol-
lowing relation:

            (6)
where k and n are the parameters. The parameter k is 
proportional to the Young modulus of the polymer and is 
responsible for the stress relaxation course along the time 
axis, while the parameter n controls the slope of the relaxa-
tion curve. Based on the Hook-Norton’s law, the American 
standards (ASTM) for the stress relaxation description sug-
gest the following formula:

           (7)
with the a and b parameters. The ASTM stress relaxation 
representation corresponds to the Hook-Norton’s law and 
the parameters a → 1/n and 1/b → nkσ0. In that represen-
tation, for many thermoplastic polymers, the values of the  
a and b parameters take approximate values in the ranges 
(1.8-2.2) and (0.15-0.18), respectively. 

FIG. 1. Examples of the chain and string elastome-
ric ligature and their application in an orthodontic 
lock used in the extrusion treatment.

FIG. 2. Results of the orthodontic extrusion after 2, 3 and 5 weeks of the treatment.

FIG. 3. Determination of the relaxation process 
parameters for the exponential models.
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Results and Discussions

Both the strength tests in the uniaxial stress state and 
the relaxation experiments for polyurethane ligatures were 
performed using the universal strength machine Instron 
4465 – FIG. 4. The tensile tests were done for five sam-
ples in each group of ligatures. The medium values of the 
strength properties and the standard deviations for tensile 
stress for different polymeric ligatures in stress-strain test 
are shown in TABLE 1.

FIG. 4. A stand for tensile and relaxation tests of 
polyurethane ligatures.

Ligature 
type

Ultimate 
force
[N]

Tensile 
stress
[MPa]

SD
Maximal 

strain
[%]

A 24 24.0 0.63 304
B 34 34.0 1.14 326
C 26 18.6 0.38 489
D 48 22.8 0.27 354
E 14 12.7 0.21 375

TABLE 1. Comparison of the strength properties of 
the examined polymeric ligatures in tensile tests.

FIG. 5. Examples of the relaxation course for each group of the elastomeric ligatures.
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Relaxation phenomenon seems to be a dominant fea-

ture in the time-dependent behaviour of those elements in 
orthodontic procedures, such as dentition corrections or 
teeth extrusions. Rheological properties of the elastomeric 
ligatures were examined in the relaxation tests in the uni-
axial stress state for a set of 10 parallel arranged ligatures 
at room temperature and standard humidity.

FIG. 5 presents the examples of the relaxation course in 
each group of the polyurethane ligatures for approx. 8 hours 
of the experiments. TABLE 2 gives a set of the medium val-
ues of the relaxation percentage in all examined groups of 
ligatures after one week of the test. As the one-week stress 
relaxation tests are very time-consuming, three research 
trials were conducted in each group. Each experiment in 
a given research group was very comparable, especially 
with regard to the equilibrium relaxation determination, 
so no standard deviation analysis was done. Additionally,  
FIG. 5 presents a comparison of relaxation courses for all 
ligatures plotted in a logarithmic time scale. Regardless of 
the type of ligature, the basic relaxation time corresponding 
to the inflection point of the curve varies between 50 and 100 
seconds, so that is why only the initial parts of the relaxation 
courses are presented. 

The experiments proved that regardless of the type of 
ligature, the relaxation processes were relatively very fast. 
More than 50% of the initial force/stress disappeared after 
the first hour of relaxation. After one day, no more than 35% 
of the initial force/stress remained, while after a week it 
was approximately 25%. Starting from the second day, the 
daily force/stress decrease in the ligature ranged from 3 to 
less than 1%. The obtained regularities confirmed that the 
power-type relationship should only be used for low stress 
levels rheological processes. For all types of ligatures, the 
stress relaxation curves produced the similar exponent 
constant of the power-law model in the range -0.08 to -0.13. 
However, the proportional parameters were different, i.e. for 
chain ligatures the values varied in the 120-163 range and 
240-560 for string ligatures, respectively. 

The exponential models were excluded from 
further analyses as they were characterized with 
too fast final relaxation. 

In clinical practice, both dentists and patients, 
during orthodontic extrusion report the uncon-
trolled decrease of the orthodontic force that leads 
to treatment failure. To simulate that undesirable 
phenomenon, the following experiment was carried 
out:  five times, every hour, the displacement value 
(kinematic control) corresponding to the initial force 
of the relaxation force was reduced by 1 mm. The 
results of the experiments are presented in FIG. 6.  
To compensate for this disadvantage, dentists often 
use so-called ‘secondary tightening’ [16]. FIG. 7 
presents the relaxation course in the elastomeric 
ligature in a two-steps relaxation process simulating 
the increase of orthodontic force in the secondary 
tightening. The first curve is an extrapolated plot 
of the D-type ligature relaxation for the initial force 
of 250 N. An hour later, the sample is restretched 
again to a ligature force of 200 N, which produces 
the relaxation given by curve no 2. The two-steps re-
laxation changes the value of the equilibrium stress. 
The asymptote of the first function is around 110 N, 
while the second is around 150 N, which provides 
the proper conditions for orthodontic extrusion. 

The proper orthodontic extrusion assumes that 
the tooth should descend towards the occlusal line 
for about 0.15 mm per day. Correlations between 
stress-strain curves and stress relaxation character-
istics estimate the therapeutic force that should be 
applied to the treated tooth in order to provide the 
extrusion phenomenon following the recommenda-
tions, i.e. at a rate of about 1 mm per week. 

Regardless of the type of ligature, starting from 
the second day of the treatment comparable de-
crease values of both processes, i.e. the orthodontic 
extrusion force and the relaxation phenomenon, 
were registered. During the next two days, the de-
crease in force associated with the phenomenon of 
relaxation was approximately three times smaller 
than the decrease in force associated with the phe-
nomenon of extrusion. Over the week, that difference 
was already of a smaller magnitude. 

Time
[h]

Relaxation of ligature type [%]
A B C D E

168 34 22 24 28 24

TABLE 2. Comparison of the relaxation percenta-
ge in the examined polymeric ligatures after one 
week (168 hours).

FIG. 6. The relaxation course in the type D elastomeric ligature 
in the simulated increase of tooth extrusion in orthodontic 
procedure.

FIG. 7. The relaxation course in the type D elastomeric ligature 
in the two-steps process simulating the orthodontic force 
increase.
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Conclusions

The most important conclusions from the research are 
as follows: 
• the relationship between the strength and the elonga-
tion increments in biocompatible polyurethane ligatures is 
almost linear; 
• the relaxation process runs most rapidly in the first phase 
of the phenomenon; 
• a secondary increase in the ligature tension slows down 
the relaxation process and increases the asymptote value 
by about half of the difference between the primary and 
secondary tightening; 
• after a day, the influence of the extrusion process on the 
decrease in strength begins to outweigh the influence of the 
relaxation process.

However, the exponential law which is based on the 
theory of rheological processes thermal activation is as-
sumed in the literature to describe the best the relaxation 
behaviour of polymers. The results of relaxation experiments 
in elastomeric ligatures prove that, among various descrip-
tions of that phenomenon, the power-law descriptions fit the 
best the time-dependent behaviour during orthodontic proce-
dures. The power-law model gives the most intensive initial 
relaxation, which is characteristic for elastomeric ligatures. 
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Abstract

Microparticles (MPs) made of fast biodegrading 
biomaterials, loaded with drugs, are considered  
a superior treatment method for pulmonary infections. 
One of the promising biomaterials for obtaining such  
a drug delivery system (DDS) is poly(sebacic anhydri-
de) (PSA) due to its favourable degradation kinetics 
and mechanism. 

In this paper, we present a study of manufacturing 
MPs from PSA loaded with curcumin (CU) for pulmo-
nary purposes. MPs were manufactured by oil-in-water 
emulsification; their morphology and size distribution 
were evaluated using optical microscopy, while the 
encapsulation efficiency and drug loading were ob-
tained by the fluorometric assay. The cytotoxicity of 
the MPs, both the empty ones and loaded with CU, 
was analysed by in vitro tests with BEAS-2B human 
lung epithelial cells. To this end, metabolic activity by 
AlamarBlue assay and fluorescent staining (DAPI/
eosin) of the cells were performed.

The MPs produced were round, regular in shape 
with diameters in the range of 1-5 µm and of yellow 
colour originating from CU. The CU encapsulation 
efficiency ranged from 42% to 55% and decreased 
with a higher CU ratio. The drug loading ranged from 
4% to 11% and increased at a higher CU ratio. Both 
empty and CU-loaded MPs did not show a cytotoxic 
effect at concentrations up to 10 µg/ml. 

Keywords: poly(sebacic anhydride), curcumin, drug 
delivery system, pulmonary infections, polymeric 
microparticles 

[Engineering of Biomaterials 162 (2021) 7-12] 

doi:10.34821/eng.biomat.162.2021.7-12

Introduction

Chronic obstructive pulmonary disease (COPD) is a life-
threatening lung dysfunction. It is believed to be the third 
major cause of mortality worldwide, which led to the death 
of 3.17 million people in 2015 (5% of all deaths) [1]. COPD 
patients suffer from acute exacerbations, half of which are 
of bacterial origin. Such events occur usually 1.5-2 times  
a year for patients with moderate to severe lung obstruction, 
and most of them require hospitalization [2]. Conventional 
therapy is based on oral or intravenous administration of 
antibiotics. The relatively small portion of the drug reach-
ing the alveolar region of the lungs is the cause of using 
high doses that lead to multiple side effects mostly in the 
gastrointestinal system, liver, and kidneys [3]. Moreover, 
such treatment leads to gaining resistance to antibiotics by 
the bacteria and, in consequence, reduces the number of 
potent antibiotics to be used to treat future exacerbations [4]. 

Among the possible solutions, fast biodegrading poly-
meric microparticles (MPs) acting as drug carriers in the 
inhaled drug delivery systems (DDS) are considered a treat-
ment method for pulmonary infections that could  ensure the 
therapeutic effect without severe side effects and at lower 
risk of developing resistance to antibiotics [5]. Poly(sebacic 
anhydride) (PSA) is regarded as a suitable material for this 
purpose. It is superior to other degradable polymers, e.g. 
poly(lactide-co-glycolide) (PLGA), because of its fast degra-
dation kinetics according to the surface erosion mechanism. 
PSA undergoes an almost complete decomposition after 
several days of incubation in an aqueous environment [6-8].

Drug carriers for pulmonary purposes delivered by inhala-
tion have to meet several requirements. First, their diameter 
size should be optimal: too large carriers cannot reach the 
deep regions of the lungs, whereas too small carriers are re-
moved while exhaling. The beneficial diameter size range in 
which a significant pulmonary deposition occurs is 1-5 µm [9].  
However, the exact values are highly dependent on breath-
holding while inhaling. For inhalation with and without 
breath-holding the maximum values were determined as 
1.5-2.5 µm and 2.5-4 µm, respectively [10]. Another study 
confirmed that the MPs of such diameters have the highest 
alveolar deposition [11]. Moreover, the interactions between 
the carrier and the drug should support a high encapsula-
tion efficiency. Physicochemical properties of the drug, the 
matrix and their compatibility strongly influence the drug 
loading capacity [12,13].

As it is not possible to eliminate antibiotics from COPD 
exacerbations treatment, it is important to reduce their doses 
without losing therapeutic effects. One approach to obtain 
that is to combine antibiotics with quorum sensing inhibitors 
(QSIs) [14,15]. Briefly, such substances inhibit bacterial 
activity and prevent bacteria from creating biofilm, making 
them more sensitive to antibiotics and the components of 
the patient’s immune system [16]. Curcumin (CU) is an 
example of QSI, which is also a widely used colouring fac-
tor in the food industry. CU is also used in various studies 
for fluorescent labelling [17,18], enabling measurements of 
encapsulation efficiency by fluorometric assays. It was also 
shown that antibiotics used for pulmonary therapies (i.e. 
gentamycin, azithromycin) combined with curcumin show 
enhanced germicidal properties [19]. 

Therefore, in this study, we designed a novel inhalable 
DDS consisting of PSA MPs loaded with CU for the treatment 
of exacerbations in COPD patients. We characterised the 
PSA MPs properties and behaviour in contact with model 
human lung epithelial cells. 

Copyright © 2021 by the authors. Some rights reserved.
Except otherwise noted, this work is licensed under
https://creativecommons.org/licenses/by/4.0

https://doi.org/10.34821/eng.biomat.162.2021.7-12
https://creativecommons.org/licenses/by/4.0
https://orcid.org/0000-0002-9504-1205
https://orcid.org/0000-0002-5266-9131
https://orcid.org/0000-0003-2472-3943
https://orcid.org/0000-0003-4883-8278
https://orcid.org/0000-0002-0464-6189


8
Materials and Methods

PSA was obtained by two-step melt polycondensation, as 
previously described [8]. Sebacic acid (10 g) was refluxed 
in acetic anhydride (1:10 w/v) under the nitrogen flow for  
40 min. After this time, the excess of acetic anhydride and 
acetic acid formed in the reaction was removed under 
vacuum. The remaining diacyl derivative of sebacic acid 
(prepolymer) was heated at 150ºC for 2 h with constant 
stirring under vacuum (0.1 mm Hg) and nitrogen. PSA in the 
form of a solid material was obtained with a yield of more 
than 90%. The obtained polymer was stored in a freezer.  
The thermal properties of the polymer were investigated 
using the 822e DSC Mettler Toledo differential scanning 
calorimeter. The sample was tested in a temperature range 
of -70ºC to 250ºC at a heating rate of 10ºC/min. The structure 
of PSA was studied by the 1H and 13C NMR spectroscopy 
(Varian UNITY/INOVA spectrometer (300 MHz)) 1H NMR 
(CDCl3, ppm) δ: 2.40 - 2.50 (m, 4H, -CH2C(O)OC(O)-), 2.22 
(s, 6H, CH3C(O)OC(O)-), 1.55 - 1.74 (m, 4H, -CH2CH2C(O)
OC(O)-), 1.22 - 1.44 (m, 8H, -CH2-). 13C NMR (75 MHz, 
CDCl3, ppm) δ: 169.53 (C=O, anhydride), 35.18 (-CH2C(O)
OC(O)-), 28.80 (-CH2CH2C(O)OC(O)-), 24.10 (-CH2-).

The molecular weight (Mw) of PSA was determined in 
methylene chloride by gel-permeation chromatography 
(GPC) using Agilent Technologies Infinity 1260 chromato-
graph that was equipped with a refractive index detector 
and calibrated with polystyrene standards. The sample was 
pre-filtered prior to analysis. The evaluation of Mw by the  
1H NMR analysis was calculated on the basis of dependence 
shown in eq. 1:

           Mw = nSA · MSA + Mend groups     (1)

where: Mw - molecular weight, nSA - number of repeating 
unit of PSA, MSA - molar mass of repeating unit of PSA,  
Mend groups - molar mass of end groups in polyanhydride equal 
to 102 g/mol.

The nSA parameter was calculated from the 1H NMR 
spectra as the intensity ratio between PSA protons and end 
groups protons as in eq. 2:

        (2)

where: I[1H]SA - intensity of one PSA proton, I[1H]end groups - inten-
sity of one proton of end groups.

MPs were manufactured using solid-in-oil-in-water emul-
sification (S/O/W). As a solid phase (S) different amounts 
of CU (Sigma-Aldrich) – 3 mg, 6 mg, and 12 mg per batch 
(5, 10, and 20 mg / 100 mg of PSA, respectively, equal to 
CU:PSA ratio of 1:20, 1:10 and 1:5, respectively), were used. 
As an oil phase (O), a PSA solution in dichloromethane 
(DCM) (Chemland) – 20 mg/ml was prepared. As a water 
phase acted the (W) poly(vinyl alcohol) (PVA) (Mowiol® 
4-88, Mw = 31 kDa, Sigma-Aldrich) solution in ultra-high 
quality water (UHQ-water) – 80 mg/ml. Before the process, 
all the O and W phases were cooled in ice. The CU por-
tions were dissolved in 3 ml of the PSA solution in DCM 
using an ultrasound probe (1 min, amplitude 40%, pulsa-
tion workpause 10 s – 5 s; SONICS Vibra cell). The 20 ml 
of the W phase was placed on the magnetic stirrer (JEIO 
TECH Multichannel stirrer) at 1500 rpm. Then, 3 ml of the  
O phase was poured into the W phase with constant stirring. 
The organic solvent was being evaporated for 4.5 h under 
constant magnetic stirring. The suspension of MPs was then 
collected and centrifuged (MPW-351R) at 15000 rpm for  
10 min to remove the PVA excess from the MPs; the process 
was repeated 3 times. The water after the first 2 centrifu-
gations was collected for encapsulation efficiency studies.  

Then, the MPs were freeze-dried for 24 h (Martin Christ 
Alpha 1-2 LDplus) and stored at -20ºC.

The morphology of the MPs was evaluated using an opti-
cal microscope (ZEISS Axiovert 40 CFL), and the diameter of 
the MPs was measured using ImageJ software (n = 1000). 

The encapsulation efficiency of CU was determined in the 
supernatant after the MPs centrifugation using a fluorometric 
assay. The samples of the supernatant were diluted with 
dimethyl sulfoxide (DMSO) (POCH S.A.) in a volumetric 
ratio of 1:10 to dissolve residual CU. CU in known concen-
trations (0-100 µg/ml, step 10 µg/ml) was dissolved in the 
same mixture water:DMSO (1:10) for the preparation of the 
calibration curve. The linear relationship was evaluated in 
the range 0-20 µg/ml CU.

The samples of both calibrations and supernatants  
diluted in DMSO were placed in a black 96-well TCPS plate  
(100 µl/well, n = 3 for each sample). Measurements at ex-
citation wavelength 485-412 nm and emission wavelength 
590-510 nm were made using the plate reader (FluoStar 
OMEGA, BMG LabTech).

The encapsulation efficiency was determined as:
  

         (3)

and the drug loading was determined as:
 

        (4)

BEAS-2B human lung epithelial cells (ATCC, CRL-
9609™) were used to evaluate the biological properties 
of the developed MPs system. The cells were cultured in 
cell culture flasks in Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% volume of fetal bovine serum (FBS) and 
1% mixture of penicillin (10,000 U/ml) and streptomycin 
(10 mg/ml) (all chemicals from PAN Biotech). Before the 
experiment, the cells were seeded in a 96-well TCPS plate 
(10 000 cells/well in 100 µl medium) and incubated for 24 h at 
37ºC and 5% CO2 . Then, the medium was replaced with the 
suspension of empty and CU-loaded MPs (CU:PSA equal 
to 1:10) at different concentrations from 0 to 1000 µg/ml. 

To test cell metabolic activity, an AlamarBlue assay 
(resazurin-based, Sigma-Aldrich) was performed. The MPs 
were sterilized by 40-minute exposure to UV radiation. After 
the 24 h incubation of the cells with MPs, the suspensions 
were removed and the cultured cells were washed with 
Dulbecco’s Phosphate Buffer Saline (DPBS) (PAN Biotech). 
The resazurin reduction based viability assay (AlamarBlue, 
Sigma-Aldrich) was conducted by filling each well with 150 µl  
of 10% AlamarBlue solution in DMEM and 3 h incubation 
at 37ºC. The fluorescence was then measured using the 
fluorometer (FluoStar OMEGA, BMG LabTech) at the ex-
citation wavelength 544 nm and the emission wavelength 
590 nm. The relative reduction of resazurin was evaluated 
using the equation:

         (5)

where: RR - resazurin reduction, Fsample - fluorescence 
measured for the sample, F0 - fluorescence measured for the 
DMEM-AlamarBlue mixture incubated in empty wells (0% 
relative resazurin reduction), F100 - fluorescence measured 
for DMEM-AlamarBlue mixture completely reduced in an 
autoclave (100% relative resazurin reduction). The statistical 
significance of the obtained differences was evaluated with 
ANOVA and the post hoc Tukey HSD test. 

nSA = 
I[1H]SA

I[1H]end groups

Encapsulation efficiency =
encapsulated CU · 100%initial CU addition

Drug loading = encapsulated CU · 100%MP mass

RR = 
Fsample - F0

F100 – F0
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The 4’,6-Diamidino-2-Phenylindole (DAPI, Sigma Aldrich) 

and eosin (Thermo Scientific) fluorescence staining was 
performed to evaluate the cell morphology. Before staining, 
the MPs suspension was removed from the wells, the cells 
were washed with DPBS with the addition of Ca/Mg ions 
(PAN Biotech), and the cells were fixed with 4% paraform-
aldehyde (Sigma-Aldrich) for 15 min. The cells were then 
washed 2 times with DPBS-Ca/Mg, incubated in the 0.1% 
Triton X solution (Sigma Aldrich), and again washed 2 times 
with DPBS-Ca/Mg. The preserved cells were incubated for 
5 min in the eosin solution (0.5 % (w/v) in acidified ethanol, 
Sigma Aldrich), washed 5 times with DPBS-Ca/Mg and 
incubated in the DAPI solution for 15 min, and washed  
3 times. Finally, the observations were made on a fluores-
cent microscope (ZEISS Axiovert 40 CFL) with ZEISS HXP 
120 C metal halide illuminator.

Results and Discussions

Poly(sebacic acid) structure and properties
Poly(sebacic acid) (PSA) was obtained by melt polycon-

densation of sebacic acid with the use of acetic anhydride. 
The structural formula of PSA is presented in FIG. 1. 

The obtained polymer was a solid crystalline material, 
with a melting temperature Tm = 82ºC. The relative crystal-
linity estimated by dividing the determined heat of fusion 
of PSA (∆Hm = -94,6 J/g ) by theoretical value (-115 J/g) 
was equal to 80%. The polymer was found to be solu-
ble in chlorinated and partially in aromatic solvents, 
but insoluble in water, ethanol, acetone, diethyl ether, 
hexane, THF and DMSO. To determine the structure of 
PSA, the 1H NMR spectra (FIG. 2) and 13C NMR spectra 
were made. The successful synthesis of polyanhydride was 
confirmed by the anhydride bond formation. The presence 
of the signal at δ = 169.53 ppm (in the 13C NMR spectrum), 
assigned to carbonyl carbon atoms in anhydride, and the 
signal at δ = 2.40-2.50 ppm (in 1H NMR spectrum), assigned 
to methylene protons close to anhydride groups, confirmed 
the formation of anhydride bonds.

The molecular weight of PSA was calculated from 1H 
NMR and determined by GPC. The molecular weight cal-
culated from 1H NMR was approximately 10,000 Da, which 
corresponded to a polymer consisting of ca. 50 repeating 
units, whereas the one determined by GPC was 10800 Da.  
It indicates a good correlation between the obtained mo-
lecular weights.

FIG. 1. Chemical structure of PSA.

FIG. 2. 1H NMR spectra of PSA.

FIG. 3. Morphology (A, B, C) and size distribution (D, E, F) of PSA microparticles with different concentrations 
of curcumin to PSA (weight ratio): 1:20 (A, D), 1:10 (B, E) and 1:5 (C, F) – pictures from the optical microscope 
and histograms of diameter size distributions.
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Microparticle morphology and size

The manufactured MPs were spherical in shape and 
yellow from the encapsulated CU (FIG. 3 A-C). In all the 
cases, the majority of the MPs had diameters in the range 
of 1-2 µm. The number of MPs with diameters exceeding  
5 µm was negligible. There were some MPs with the di-
ameter smaller than 1 µm (FIG. 3 D-F). Yet, in each case, 
more than 90% of the MPs were in the appropriate size for 
administration via inhalation [9]. However, to obtain the best 
pulmonary deposition, the MPs could have slightly larger 
diameters to fit more to the range of 1.5-2.5 µm [10]. The 
median size gradually decreased with an increasing CU:PSA 
weight ratio (median: 1.53 µm, 1.48 µm, and 1.43 µm  
for CU:PSA equal to 1:20, 1:10 and 1:5, respectively).

Encapsulation efficiency and drug loading
The encapsulation efficiency and resulting MPs loading 

was evaluated for all the batches. For the 1:20 and 1:10 
CU:PSA ratio, we obtained the encapsulation efficacies 
without significant differences (α = 0.05) – 54.6 ± 1.0% 
and 55.0 ± 2.6%, respectively. At the 1:5 ratio, the effi-
ciency decreased significantly (p < 0.001) to 42.8 ± 0.7%  
(FIG. 4A). However, the drug loading increased significantly 
(p < 0.001) at each subsequent higher CU ratio – 4.5 ± 0.1%, 
7.9 ± 0.4%, and 11.0 ± 0.2% for 1:20, 1:10 and 1:5 CU:PSA 
ratio, respectively (FIG. 4B). Although the process was less 
efficient at a higher CU ratio, the final drug loading was 
much higher. The encapsulation efficiency was satisfactory 
but not very high, so future work may focus on improving 
that value. In the other studies, for similar MPs made out of 
PLGA for different biomedical purposes, the encapsulation 
efficiencies were higher, e.g. around 67% for lipid-PLGA 
hybrid MPs [20] and up to around 95% for PLGA MPs with 
electrospray droplet formulation [21]. On the other hand, 
the most important value is the drug loading, and manu-
facturing the MPs that consist of the drug in 11% mass is  
a promising result that confirms a good CU-PSA compatibility.  
For comparison, in [20] the drug loading was evaluated as 
1.85 ± 0.19%. All of the MPs glowed intensively in green 
colour under a fluorescence microscope (FIG. 4C), indicat-
ing that the CU was effectively and uniformly encapsulated 
within the MPs.

In vitro tests of microparticles 
The BEAS-2B cells were cultured for 24 h and then the 

MPs (empty or CU-loaded, obtained at CU:PSA ratio 1:10) 
suspensions (concentrations: 0.1, 1, 5, 10, 50, 100, 500, and 
1000 µg/ml DMEM) were added to the wells. To evaluate the 
viability of the cells incubated in contact with the MPs for 24 h,  
the metabolic test AlamarBlue was performed on both the 
empty MPs and CU-loaded MPs. The fluorescent staining by 
DAPI/eosin was performed to assess the cell morphology.

AlamarBlue tests did not show a cytotoxic effect up to  
10 µg/ml for both empty (FIG. 5A) and CU-loaded MPs  
(FIG. 5B). Above this concentration (up to 100 µg/ml),  
a gradual decrease in the cell viability was observed. The re-
duction of resazurin decreased by 23.8% for 50 µg/ml and by 
35.5% for 100 µg/ml for the empty MPs suspensions, and by 
22.4% for 50 µg/ml and by 36.1% for 100 µg/ml, as compared 
to the control. For the highest concentrations of MPs (500 
and 1000 µg/ml) the viability decreased rapidly by 90.3% 
for 500 µg/ml and by 98.4% for 1000 µg/ml (empty MPs), 
and by 70.3% for 500 µg/ml and by 84.8% for 1000 µg/ml.  
These results were consistent with the DAPI/eosin staining. 
The cells cultured in contact with MPs looked similar in each 
well with a low concentration of MPs suspension. For 50 µg/ml  
and higher concentrations, a significant amount of the 
stained MPs residue was visible in each well, with a decreas-
ing number of cells. The cells nuclei were DAPI stained in 
all cases. The cytoplasm was stained with eosin; however, 
it was properly stained only up to the 50 µg/ml MPs con-
centration. For concentrations of 100 µg/ml and 1000 µg/ml,  
the signal from the MPs residues was too strong. We chose 
DAPI (blue staining of cell nuclei) and eosin (red staining of 
the cytoskeleton) to avoid overlapping of green colour from 
the MPs (FIG. 4C). However, this was not sufficient, as the 
residues of degraded MPs, which were not removed during 
washing, absorbed eosin, resulting in a very intense red 
glow, much brighter than the cytoplasm of the cells stained 
by eosin. Zhang et al. [22] tested a PSA-based polymer, 
synthesized with poly(ethylene glycol), nanoparticles in vitro 
in contact with L929 and MCF-7 cell lines and obtained no 
cytotoxicity up to 220 µg/ml. The cytotoxic effect observed 
in this study at lower concentrations could result from the 
high sensitivity of BEAS-2B cells.

FIG. 4. Encapsulation efficiency (A), CU loading in the PSA MPs (B), and a picture from the fluorescent micro-
scope (MPs obtained with CU:PSA ratio of 1:10) (C); * - p < 0.01, ** - p < 0.001 – the significance levels, according 
to ANOVA and post hoc Tukey HSD test.
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The AlamarBlue results indicated that CU-loaded MPs 
were less cytotoxic than the empty ones: the difference in 
viability at 50 µg/ml was less significant for the CU-loaded 
MPs. However, the AlamarBlue is a fluorescent test. There-
fore, there is a possibility that the evaluated resazurin reduc-
tions for the CU-loaded MPs overlapped with the signal of 
the MPs residue unwashed from the well. Such an effect is 
possible. As it was previously proved, pure CU influences 
the BEAS-2B cells negatively, and the influence decreases 
while the CU is encapsulated within the liposomes [23]. 
On the other hand, overlapping should be observed at  
a significant level only for the wells where the relatively high 
concentrations of MPs were applied (i.e. 500, 1000 µg/ml). 
At these concentrations, the pictures from the fluorescent 
microscope showed a significant amount of MPs residues 
that could influence the measurements. Below these con-
centrations, the significant overlapping is much less prob-
able. However, this conclusion should be confirmed in the 
future by evaluating the background from the CU-loaded 
MPs residue at the analysed concentrations. 

 

Conclusions

This work aimed to manufacture the cytocompatible 
CU-loaded PSA MPs with the 1-5 µm diameter size f, the 
narrow size distribution, and the sufficient CU loading. Three 
batches of the MPs were prepared using different ratios of 
CU to PSA: 1:20, 1:10, and 1:5. In all the samples, more 
than 90% of the MPs had diameters in the range of 1-3 µm,  
meeting the size and uniform distribution conditions for 
administration via inhalation. Additionally, all the MPs were 
spherical and of yellow colouration resulting from the CU 
encapsulation.

The encapsulation efficiency was satisfactory in the 
range of 42-55% and decreased with a higher CU:PSA ratio.  
On the other hand, the CU loading increased at a higher CU 
ratio from 4.5 ± 0.1% to exquisite 11.0 ± 0.2%. 

The cytocompatibility tests did not show a toxic effect 
at the low concentrations of MPs in the suspension (up to  
10 µg/ml). Above that concentration, the viability of the cells 
gradually decreased for both the empty and CU-loaded MPs. 
However, the cells in contact with CU-loaded MPs showed 
a slightly lower decrease in their metabolic activity, indicat-
ing that the presence of CU decreased the system toxicity. 

FIG. 5. Cytotoxicity test results – AlamarBlue (left) and DAPI/eosin fluorescent staining (right). A – empty MPs, 
B – CU-loaded MPs; * - p < 0.01, ** - p < 0.001 – significance levels, according to ANOVA and the post hoc Tukey 
HSD test. 
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To sum up, it was possible to manufacture the MPs from 

PSA in the proper sizes for pulmonary administration that 
are loaded with CU in a sufficient ratio. Such MPs appear 
to be safe for human lung epithelial cells (BEAS/2B) up to 
10 µg/ml. The surface of a single well was 0.33 cm2 which is 
approximately 106 times smaller than the surface area of the 
human lung, indicating the cytocompatible limit of the MPs 
to be administrated at around 30 g. Moreover, the limit of 
MPs concentration per surface unit should be higher in vivo, 
as the cells in the tissue are densely packed. Therefore, the 
cytotoxicity evaluated in this study should not be a limitation 
for pulmonary purposes. However, this is only an estimation. 
Without the aerodynamics study of the MPs using a cascade 
impactor, it is not possible to determine the exact amount of 
the MPs that would reach the alveolar region. The example 
of such a study [24] showed that the alveolar deposition of 
an inhalable aerosol with particles in the diameter range of 
4.70-5 µm could be estimated at around 7.7-11.5%. There-
fore, future studies will focus on the following methodological 
aspects: 1) determining the fluorescent background of the 
degraded MPs residue in the AlamarBlue test, 2) choosing 
another cell visualisation method to prove the superior cy-
tocompatibility of CU-loaded MPs to the empty ones, and 

3) eliminating the signal overlapping from the MPs during 
fluorescent microscopic observations, as by eosin staining. 
Moreover, the future work will focus on the further increase 
of the CU loading within the PSA MPs or MPs obtained from 
other polyanhydrides and the co-encapsulation of CU and 
antibiotics in  one formulation, accompanied by evaluating 
its germicidal properties. 
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Abstract

Composites made of resorbable polylactide modi-
fied with bone powder are part of the current search 
for implantable materials endowed with advantageous 
biomechanical functions, which make them suitable 
for orthopedics and traumatology applications. The 
bone additive containing active bone morphogenetic 
proteins (BMPs) and calcium phosphates introduced 
into the polymer matrix is to grant the implant with  
a biological activity. Subsequently, the resorbable 
matrix should get replaced with bone tissue. In order 
to avoid losing the osteoinductive properties of the 
designed material, it should be processed at low tem-
peratures via physicochemical methods. This paper 
is devoted to the preparation and optimization of the 
composite production method suitable for biodegra-
dable polymers and morphogenetic proteins along 
with the assessment of biocompatibility and biological 
properties of obtained materials. The tape-casting 
method was successfully applied. Resorbable polymer 
(medical poly-L-lactide, Purasorb PL38 by Purac) with 
15 wt% of human bone powder (from tissue bank) 
were used to fabricate PLA-CP/BMPs composite im-
plants. They were tested in in vivo studies that were 
performed in rabbit bone tissues. The results show  
a high biocompatibility of the material and good  
osteointegration with bone tissue.

Keywords: bioactive composite, resorbable polymers, 
polylactide, GBR - guided bone regeneration, bone 
graft, BMP - bone morphogenetic proteins, osteofi-
xation devices

doi:10.34821/eng.biomat.162.2021.13-19
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Introduction

Tissue grafting has been a recognized therapeutic 
method for many years. Bone grafts are widely used in 
many fields of medicine, e.g. in maxillofacial surgery, or-
thopedics, neurosurgery, or plastic surgery. Transplants 
are usually used as fillers of bone defects that result from 
a resection of cancerous lesions or in dental implantations. 
The osteoinductive properties of the grafts, i.e. the ability to 
stimulate the proliferation and differentiation of the recipi-
ent’s bone precursors, lead to complete reconstruction and 
replacement of the graft tissue with the patient’s own bone 
tissue [1]. During the process, bone morphogenetic proteins 
(BMPs), which are growth factors, are released from the 
bone matrix and stimulate osteoblasts to produce new bone 
tissue. Due to their osteoinductive potential, BMPs play an 
extremely important role in the regeneration of bone tissue 
[2,3]. Therefore, ground bone containing BMPs is very often 
used to fill cavities created after bone fragments resection. 
In such procedure, small bone flakes or chips are packed 
to fill in the space of the cavity. Unfortunately, the size of 
the defect treated with a ground bone is limited, and the 
mechanical properties of such a filling are very poor, almost 
none. So far, there is no processing method to form a bulk 
material out of a ground bone, and thus, implants in the 
shape of rods, cubicles, or cylinders made of this material 
are not available. 

The possible way to exploit the natural/biological advan-
tages of the BMPs is the fabrication of a hybrid polymeric 
composite. For medical applications, the most popular are 
bioresorbable polymers and their composites, although 
these materials do not have osteoinductive properties and 
their biocompatibility is not sufficient. The degradation rate 
does not match the tissue regeneration processes, and quite 
often the regenerating tissue differs from the primary and 
surrounding one (fibrous instead of cancellous). Sometimes, 
after the biodegradation process is finished, a hollow space 
(cavity) may develop, reducing the mechanical strength of 
the patient’s bone. This cavity can be filled with tissue fluid 
(fluid cyst), with a noticeable inflammation around the im-
plant, having an adverse effect on the healing process [4]. 

Considering that, incorporation of bone chips contain-
ing BMPs into the biopolymer matrix should improve the 
characteristics of the material and appears to be a key to 
obtain malleable materials of desired shapes and sizes. 
Especially given the fact that polymer composites modified 
with bioceramic particles are well-known and have been 
successfully applied over the years.  

The most popular polymer used for the resorbable im-
plants fabrication is polylactide (PLA) and its copolymers 
[5-8]. In order to improve the response of bone tissue to for-
eign body, the polymer is modified with bioactive additives, 
such as hydroxyapatite (HAp) or tricalcium phosphate (TCP) 
[9-11]. These additives have an osteoconductive effect and 
improve osseointegration. This phenomenon is related to the 
chemical similarity of the phosphates present in the implant 
with the minerals that build the bones. A higher degree of 
osteoinductive bioactivity is possible when the material is 
enriched with a biological agent, and bone morphogenetic 
proteins (BMPs) seem to be a very good choice [12,13]. 

Because PLA is a thermoplastic polymer, simple and 
efficient methods, such as extrusion or injection molding, 
are usually applied to obtain various shapes of implants 
made of this thermoplast and its composites [14,15]. These 
processes need high temperatures to plasticize polymers 
(160-240ºC). Proteins like BMPs have low thermal resist-
ance and they denature when heated over 40ºC; thus, in this 
case, high-temperature methods cannot be used.Copyright © 2021 by the authors. Some rights reserved.
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In the field of low-temperature polymer processing, 

tape casting from the solution is widely used. This method 
is based on solvent solution preparation (liquid) which is 
poured and casted in a flat die, forming a layer. When the sol-
vent evaporates, the material dries and solidifies. As a final 
result, a thin foil or sheet of the material is obtained. Unfortu-
nately, because of that, this method cannot be applied if solid 
(bulk) three-dimensional shapes have to be formed. Another 
drawback of this method is related to the substrates that are 
used. The preparation of the polylactide solution involves 
the application of toxic solvents (e.g. dichloromethane, 
chloroform), thus the safe usage of the prepared material in 
medical applications requires absolute and complete solvent 
evaporation during the solidification process.

This paper focuses on the fabrication of a hybrid syn-
thetic-natural composite bulk implant, using an adapted 
tape casting method. As a result, the composite composed 
of polylactide matrix, embedded with bone chips contain-
ing BMPs, was manufactured. The authors used a pile of 
stacked-up, thin composite foils, bonded with a solvent, and 
pressed together to form cylindrical samples. Unfortunately, 
this approach carried a risk of solvent trapping inside an 
implant what can reveal unwanted side effects. The main 
goal of the presented work was to verify a methodology of 
preparation of hybrid composite bulk samples, using a modi-
fied tape casting method, and to assess the biocompatibility 
of the prepared composite in in vivo tests.

Materials and Methods

Manufacturing composite material 
The hybrid-composite material was obtained by physico-

chemical methods. Bioresorbable polymer (homopolymer 
poly-L-lactide PL38 PURASORB® by Purac, The Neth-
erlands) and human cortical bone chips (Central Tissue 
Bank in Warsaw, Poland) were used. The bone was ground 
(average particle size ~200 µm) and defatted at ambient 
temperature according to standard procedures. The tape 
casting method was applied to obtain thin composite films 
(FIG. 1a). Firstly, 1 g of PLA was dissolved in 15 ml of di-
chloromethane. Secondly, the solution was placed on the 
magnetic stirrer. After 24 h, 15 wt% of ground bone was 
added and mixed. The solution was poured and molded 
into Petri dishes (dia. = 14.5 cm) creating ~0.5 mm thick 
layer and left for 24 h at room temperature to solidify.  

Next, to achieve complete removal of possible residuals of 
solvent 12-hour vacuum drying was applied. When the foils 
were ready, round-shaped flakes were cut out (dia. 4 mm). 
Bulk cylinders (FIG. 1b) were formed by placing cut-out flakes 
in the metal tubular die. Each flake was covered on both sides 
with dichloromethane. Piled and staked up flakes created  
a multilayer cylinder. The die was then closed with the piston 
and the flakes pile was compressed (1 MPa). After 24 h, the 
bulk sample was removed from the die and then a two-stage 
drying process was followed. The samples were left in the 
open air at room temperature for 24 h and then for an ad-
ditional 24 h, they were placed in the vacuum dryer. At the 
end, the samples were sterilized with plasma.

In vivo test
The in vivo test surgical procedure was approved by the 

Local Ethics Committee on Animal Research by University 
of Life Sciences in Lublin (No 12/2014) and carried out in 
strict accordance with the guidelines for the care and use 
of experimental animals. In this study, the animals were ten 
healthy, skeletally mature (8-9 months of age) New Zealand 
White Rabbits, male, weighing 3.5-4 kg. The animals were 
housed in the vivarium of the University of Life Science in 
Lublin, under standard conditions of housing, feeding, and 
handling for laboratory animals. The rabbits were kept in 
individual cages and had free access to water and food.  
The surgery was performed after two weeks of quarantine. 
The animals were anesthetized with a mixture of xylazine  
(5 mg/kg i.m.) and ketamine (30 mg/kg i.m.) and subse-
quently by continuous infusion of the mixture of ketamine 
(30 mg/kg) in 5% glucose (40 mL/kg/h i.v.). Under aseptic 
conditions, a standard surgical approach to the proximal 
mataphyseal tibia was performed. After separating the 
periosteum and exposing the bone, the critical size defect  
(4 mm in diameter, 6 mm in depth) was drilled approximately 
3 cm below the epiphyseal cartilage line. Before implan-
tation, the defect was cleansed with a saline solution to 
remove any tissue debris from the cavity. The biomaterial 
was then inserted using the press-fit technique. Then, the 
skin was sutured and a postoperative radiological examina-
tion performed (Intemedical Basic 4003 device, exposure 
parameters were 4 mA, 50 kV). Butorphanol (0.2 mg/kg s.c.) 
for analgesia and Enrofloxacin (5 mg/kg) were administered 
for 3 days after the surgery to prevent probability of infection.  

FIG. 1. Images of: a) PLA-bone composite foil with 15 wt% of bone additive (optical microscopy) with 
particle size analysis, b) implanted cylinder of PLA-bone.

a) b)
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The rabbits were sacrificed 12 weeks after surgery with an 
overdose of sodium pentobarbital (Morbital 1 ml/kg i.v.). 
Then a radiological examination was performed and speci-
mens were collected for histological and SEM evaluation. 

Microscopic observation
The biological preparations (FIG. 2a) were prepared us-

ing a low-speed diamond saw, then dried at room tempera-
ture and sputtered with carbon. The material was evaluated 
by means of SEM microscopy using a NOVA NANO SEM 
200 microscope. An EDS analysis of the cross sections of 
the samples was also carried out.

Histopathological examination
Bone tissue was partially decalcified in the electrolytic 

decalcifying solution produced by Bio-Optica. Then it was 
placed in paraffin blocks (FIG. 2b) according to standard 
procedures [16] and cut into 4 μm sections using a mi-
crotome. Having been cut, the sections of the bone tissue 
were routinely stained with HE (hematoxylin and eosin). 
The preparations were scanned with the Hamamatsu Na-
noZoomer 2.0-HT scanner and evaluated using the NDP.
view2 software.

Results and Discussion

Results
Evaluation of implantation healing process

There were no intraoperative complications either at the 
time of implantation or during the entire treatment period. 
Furthermore, no signs of inflammation or adverse tissue 
reactions around the implantation site were observed dur-
ing the tests. 

Macroscopic observation revealed completely filled bone 
defects with no empty spaces between implanted material 
and bone tissue. The small amount of biomaterial was still 
visible on the surface of the new bone tissue. There were 
no pathological macroscopic changes either in the soft 
tissue surrounding the implantation site or in the popliteal 
lymph nodes.

Radiographic examination  
After 12 weeks from the operation, the bone defects were 

completely filled by the newly formed bone tissue and the 
small amount of residual biomaterial. The cortical layer of 
the bone defect was reconstructed. No radiological signs of 
any adverse reaction to the implant were observed (FIG. 3). 

FIG. 2. a) The composite implant in the bone tissue – 12 weeks after surgery; b) Paraffin blocks 
containing bone tissue.

FIG. 3. Radiological images of bones with implants 12 weeks after implantation (implants are hardly 
visible due to their X-ray transparency and are marked with arrows).

a) b)
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FIG. 4. a) SEM image of bone-implant section; b) EDS analysis of element composition (carbon, 
oxygen, phosphorus, calcium) along the line marked on the SEM image.

a)

b)



17
Microscopic observations of bone fractures (cross sec-

tions) performed 12 weeks after implantation confirmed the 
efficient connection of the implant with the bone (FIG. 4a).  
The absence of a fibrous envelope indicates the biocom-
patibility of the implant. The EDS analysis of the element 
composition along the line running from the implant to 
the bone (FIG. 4b) reveals the presence of calcium and 
phosphorus - mainly in the bone tissue, but also within the 
implant. At the same time, there is no noticeable change in 
the composition at the bone-implant connection site.

Histopathological evaluation was based on the tissue re-
action around the examined material. In FIG. 5 the implanted 
material is visible (the spot marked with two circles), and 
FIGs 6 and 7 present the tissues directly adjacent to the 
implant. Several types of tissue changes were observed, 
none of them of undesirable character.  In the vicinity of 
the implant, fibrous tissue was observed (FIG. 5) along with 
the new bone structure and increased osteogenic activity 
of neighboring bone trabeculas. A focal nonspecific granu-
lomatous reaction of the “foreign body” type with visible 
multinucleated giant cells (FIG. 6) was not revealed in the 
immediate vicinity of the implant. None of the fields analyzed 
showed either an acute inflammatory response (without 
granulocytes) or a chronic inflammatory response (without 
lymphocytic infiltration). The samples did not reveal signs 
of necrosis, haemorrhage or other forms of tissue damage.

Discussion
The medical application of BMPs has been the subject 

of scientific works since the 1970s, raising both high hopes 
and various fears. Many authors indicate that morphogenetic 
proteins play an important role in bone tissue repair pro-
cesses. An increase in the concentration of these proteins 
is observed in patients suffering from bone fractures [17].  
In vivo studies prove the beneficial effect of proteins on the 
reconstruction of collagen, especially in cases of earlier 
estrogen deficiency and coexisting osteoporosis [18]. This 
is particularly important when treating patients with the 
pathologically changed bone tissue. At the same time, the 
presence of bio-based components in implants may raise 
recipients’ concerns. Some patients may object to the appli-
cation of human bone from the tissue bank, either for ethical 
reasons, the risk of disease transmission, or an unwanted 
biological response.

Bearing in mind all these considerations, in order to 
improve the biological response of bone tissue, especially 
in patients with reduced regenerative abilities, it seems 
reasonable to investigate the use of BMPs of natural origin 
(from native bone) as modifying factors of polymeric matrix, 
for example PLA. 

An additional challenge is the fabrication of implants 
made of such composites, which would possess efficient 
biomechanical properties and could be formed into complex 
three-dimensional shapes (e.g. screws, nails, plates, or 
pins). On the one hand, there are forming methods such as 
extrusion or injection molding which would be appropriate for 
this task, but on the other hand, the temperatures applied 
in these processes (160-240°C) exclude incorporation of 
BMPs because of their low thermal resistance (up to 40°C). 

As shown in this article, it is possible to prepare a hybrid 
composite material of PLA matrix, modified with embedded 
bone chips containing BMPs, which maintain their bioactivity. 
The authors adopted a tape casting method to form thin foils 
of composite material, and by piling them layer-on-layer, and 
pressing together, bulk cylindrical samples were made. It is 
presumed that bulk composite (green body) can be formed 
into screws or fixation plates by the machining process, but 
so far nothing can be said about the mechanical behavior 
and properties of such implants.

FIG. 5. Foci of bone formation, fibrosis and 
granulomatous reaction in the vicinity of the 
examined material (BM) - the implant marked 
with the circles (transparent area), the giant 
polynuclear cells with small arrows, the bone 
formation areas with large arrows.

FIG. 6. Increased osteogenic activity in the 
bone trabeculas (on the edge of the osteo-
blast and newly-formed bone).

FIG. 7. Tissue in the immediate vicinity of the 
implant with foci of bone formation (large ar-
rows), fibrosis and granulomatous reaction 
with the presence of cells around the foreign 
body (small arrows).
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The biological aspects of the obtained composite are 
considered by comparison with bone and other materials 
widely used for medical applications. TABLE 1 presents the 
characteristics of bone, BMPs, HAP and TCP, polylactide 
and composites with a polylactide matrix modified with 
HAP (PLA-CP/HAP), a polylactide matrix modified with 
TCP (PLA-CP/TCP), and a polylactide matrix modified  
with bone chips with osteoinductive supplements and BMPs 
(PLA-CP/BMPs). 

When implanted, calcium phosphates (CP) like HAP and 
TCP (powder, granules, porous or bulk), reveal osteocon-
ductivty. Because of their chemical similarity to bone tissue, 
they are very good bone-substitute materials. However, 
they are ceramics, and thus, their formability and malle-
ability are limited. When HAP or/and TCP are introduced 
into the polymer matrix (PLA-CP/HAP, PLA-CP/TCP), the 
as-obtained composite can be easily formed and shaped 
by extruding or injection moulding. Such implants have 
rather sufficient mechanical properties, but their applica-
tion is limited to non-load-bearing implantation sites [19]. 
They pose osteoconductivity with a controlled degradation 
rate of the polymer matrix. Judging by the comparison 
presented in TABLE 1, the best material among the listed 
seems to be the composite PLA-CP/BMPs. It is supposed 
to be chemically and, more importantly, biologically active. 
Having morphogenetic proteins inserted in the polymeric 
matrix, this composite inducts regeneration of natural tis-
sue on various levels. That is why it is better than the other 
materials complied in TABLE 1.

The biological behavior of the prepared composite sam-
ples was tested in in vivo test. No empty spaces between 
the implanted material and the bone tissue were observed, 
and no pathological macroscopic changes, either in the soft 
tissue surrounding the implantation site, or in the popliteal 
lymph nodes were discovered. The biocompatibility of the 
implant was confirmed by the absence of a fibrous envelope 
and a complete filling of the bone defect by the newly formed 
bone tissue. The EDS analysis showed the presence of 
calcium and phosphorus within the implant what indicates 
the bone cell infiltration into the material structure. Because 
no unwanted reactions or side effects occurred, the authors 
claim that the multi-stage long-time drying applied after the 
tape casting preparation is an efficient method for removing 
all residuals of toxic solvent from the implant.

Conclusions

1. Bulk composite materials made of the resorbable 
polymer (medical poly-L-lactide, Purasorb PL38 by Purac), 
modified with 15 wt% human bone chips containing BMPs 
(from the tissue bank) were successfully obtained by tape 
casting, vacuum drying, foils piling, and pressing.

2. Composite PLA-CP/BMPs is modified with native 
ground bone, thus natural calcium phosphates and morpho-
genetic proteins are present.  Combination of these factors 
gives the composite a high biological activity.  

3. In vivo studies proved that the implants enriched with 
active morphogenetic factor (BMPs) derived from natural 
bone tissue possess high biocompatibility and stimulate 
good osteointegration.

4. Further research should focus on the fabrication of 
complex-shaped implants (nails, screws, plates) by machin-
ing of bulk pieces of PLA-BMPs composite, and their me-
chanical characterization. Such implants may be a promising 
alternative to traditional metal implants. 
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Material Osteoinduction Bioactivity Malleability Formability

Cortical bone ✓ Biological
Chemical x x

Cancellous bone

BMP ✓ Biological
Chemical x x

HAp ✓ Chemical x x
TCP
PLA x x ✓ ✓

PLA – CP (HAp, TCP) ✓ Chemical ✓ ✓
PLA – CP/BMPs ✓ Biological

Chemical ✓ x

TABLE 1. Selected features of various materials [4,20-23].
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Abstract

The aim of this work was to obtain polymer fibers 
by the emulsion electrospinning. For this purpose, 
polycaprolactone (PCL) was used, which was mo-
dified before the electrospinning stage with micelles 
obtained by the oil-in-water (O/W) emulsion method. 
Micelles were obtained by combining the non-ionic 
surfactant Tween 80 or Triton X-100 used at different 
concentrations with the amino acid alanine. The 
obtained fibrous substrates had a typical unimodal 
fiber size distribution and their average size was in 
the range of 590-800 nm. The effectiveness of the 
emulsion electrospinning process was confirmed by 
Fourier Transform Infrared Spectroscopy - Attenuated 
Total Reflectance (FTIR-ATR) showing the presence 
of surfactants. The addition of micelles to the polymer 
solution significantly reduces the contact angle of 
nonwoven fabrics: from 120° (for PCL) to ~20-30° 
for surfactant-loaded nonwovens, and the micellar 
form allows tracking the release of alanine into the 
solution (UV-Vis). The combination of the core-shell-
-morphology of the emulsion electrospun fibers allows 
comparable amino acid release times. There were no 
significant differences in both the amount of alanine 
released and the rate of its release between PCL/
Tween80/alanine and PCL/Triton X-100/alanine fibers, 
which were characterized by a similar fiber size.

Keywords: emulsion electrospinning, alanine, poly-
caprolactone, Tween 80, Triton X-100, micelle
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Introduction
The possibility to produce nanofiber scaffolds that mimic 

the microstructure of the extracellular matrix (ECM) is an 
advantage of electrospinning techniques used in tissue 
engineering and regenerative medicine. Modification of 
electrospinning parameters: environmental, apparatus as 
well as the possibility of modifying the solution used to 
produce nanofibers gives new opportunities to prepare 
scaffolds with the desired behavior in a living organism.  
This is especially important when tissue regeneration 
requires a special approach i.e. targeted drug delivery or 
release of bioactive agents. Promoting cell adhesion, prolif-
eration, migration and ingrowth are one of the main require-
ments of tissue engineering. There are many methods to 
stimulate an appropriate response of cells to the scaffold, 
including growth factors, adhesive peptides, ECM proteins, 
cytokines, hormones, or genes [1,2].

The main role of incorporating these molecules is to 
provide binding sites for cells, and such an approach allows 
to mimic not only the microstructure of the extracellular 
matrix but also its chemistry and signaling, thus ensuring  
a better similarity to the natural tissue microenvironment [1,3].  
Peptide-based scaffolds are gaining more and more inter-
est as an alternative to proteins due to their structural and 
biological similarity. In addition, these biomolecules are 
easier to introduce and more resistant to environmental 
conditions than larger proteins. Amino acids are modifiers 
that also have a beneficial effect on cells, and as the basic 
building blocks of proteins, they influence processes such 
as cell growth, differentiation, and metabolism. Research 
shows that amino acids, including methionine, leucine, and 
glutamine, act as activators of growth pathways [4]. Another 
amino acid that plays an important role in cell growth and 
T-cells activation is alanine, and its deprivation leads to im-
pairment of cell growth, proliferation, and function [5]. These 
advantages make it an attractive biomodifier to stimulate 
an appropriate cellular response to the implant surface. 
There are many methods to incorporate bioactive molecules 
into fibers, which include their external immobilization and 
encapsulation within them. Due to their controlled release 
kinetics, core-shell nanofibers are gaining tremendous 
interest as a substrate for cell proliferation. Moreover, the 
encapsulation of proteins and pharmaceuticals in electro-
spun fibers is one of the strategies to overcome the barriers 
associated with maintaining the stability and effectiveness 
of the active ingredient during the formulation process [6]. 
The methods of producing core-shell fibers mainly include 
blend electrospinning or coaxial electrospinning. The first 
technique, which consists in dissolving both components 
in a suitable solvent, has the fastest loading rate com-
pared to the other methods. However, due to the use of 
an organic solvent, there is a risk of denaturing bioactive 
molecules. Furthermore, diffusion of the encapsulated 
particles to the peripheral parts of the fibers contributes to 
the burst release effect [7,8]. Contrary to this technique, 
coaxial electrospinning, due to separate solution delivery 
systems, allows for the use of a wider range of polymers 
for the core part and the shell, as well as for the diversified 
distribution of biomolecules in the fibers and their release 
kinetics [9]. However, there is still the possibility of diffusion 
of the bioagent into the shell part during the formation of 
the Taylor cone, which leads to a non-linear release kinetics 
[8]. Emulsion electrospinning is another modification that is 
used to produce nanofibers that release biologically active 
compounds or drugs. This simple method is based on the 
use of an oil-in-water (O/W) or water-in-oil emulsion (W/O) 
as the electrospinning solution, and a surfactant (which 
acts as an emulsifier) is used to stabilize the emulsion. 
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%LE = mass of alanine in fibers · 100%mass of fibers

Moreover, the type (ionic, non-ionic) and concentration of the 
surfactant affect the surface tension and conductivity of the 
solution, which ultimately affects the morphology and internal 
architecture of the fibers [10]. The advantage of emulsion 
electrospinning is control of the kinetics of the release of 
the active ingredient or biomolecule and high-efficiency 
encapsulation. Due to the use of surfactant, the bioagents 
are separated from the organic solvent, which reduces 
the risk of its denaturation and enables the combination of 
hydrophobic polymers with hydrophilic biomolecules [7,11]. 
The advantage of emulsion electrospinning over traditional 
coaxial electrospinning is that it does not require additional 
equipment (special spinneret, separate delivery systems) 
for the production of core-shell fibers. Emulsion electrospin-
ning uses a standard single-nozzle system, which makes 
it a more convenient and cost-effective method [12]. Due 
to the above-mentioned advantages, this method is often 
used for the encapsulation of biomolecules into synthetic 
polymers to increase their biocompatibility. 

Polycaprolactone (PCL) due to its relatively good bio-
compatibility, low toxicity, and good mechanical properties, 
is one of the most widely used synthetic polymer in the 
biomedical field. However, its high hydrophobicity and low 
bioregulatory activity impair appropriate cellular adhesion 
and proliferation. Therefore, emulsion electrospinning is 
used to incorporate various biomolecules, such as pep-
tides or growth factors, to increase PCL hydrophilicity and 
biological activity without the risk of damaging them [13]. 
Baskapan et al. used this method to encapsulate laminin 
in PCL fibers for kidney regeneration. As a result they 
obtained a nonwoven fabric with higher elastic properties 
and hydrophilicity, which resulted in better renal cell adhe-
sion [14]. In turn, Basar et al. obtained binary system PCL/
gelatin loaded with Ketoprofen mats with more sustained 
release kinetics in comparison to single PCL mat. The use 
of emulsion electrospinning enabled more sustained drug 
release up to 4 days and significantly inhibited burst  
release [13]. However, the possibility of encapsulating low 
molecular weight biomolecules still needs to be explored. 

In our research, we focused on the possibility of loading 
alanine into nanofibers using emulsion electrospinning, 
which creates core-shell nanofibers from an emulsion 
consisting of an organic phase (polymer) with a surfactant 
and an aqueous phase (surfactant with alanine). To prevent 
the negative interaction of the model biomolecule (alanine) 
suspended in the aqueous phase with the polymer organic 
solvent during the electrospinning process, commercial 
surfactants were used (Tween 80, Triton X-100). The next 
step was to optimize electrospinning conditions to obtain 
fibers enriched with encapsulated amino acids. Specifi-
cally, we investigated the solution and emulsion process 
parameters for electrospinning to achieve high nanofiber 
biomolecule loading, prolonged formulation stability, and 
controlled protein release for future biomedical applications. 

Materials and Methods
Preparation of the emulsion

A water-in-oil (W/O) emulsion was prepared for an elec-
trospinning solution, with the oil and water phases being 
prepared separately. Polycaprolactone 10% (w/v) (PCL,  
Mw = 80 kDa, Sigma-Aldrich, Germany) and surfactants 
(Tween 80 and Triton X-100, Sigma-Aldrich) at various 
concentrations (0.5% v/v, 1% v/v and 5% v/v for Tween 80 
and 0.5% v/v, 1% v/v and 3% v/v for Triton X-100) were 
dissolved in dichloromethane (DCM, Chemland SA) and 
dimethylformamide (DMF, Chemland SA) (volume ratio of 
7:3 v/v), while alanine (L-alanine, Sigma-Aldrich, Germany) 
was dissolved in distilled water to prepare the water phase. 

The alanine solution (5% by weight of dry PCL) was then 
added dropwise to the polymer solution and stirred in an 
ice bath. The emulsions were used for electrospinning im-
mediately after preparation. The selection of a safe amount 
of surfactant was based on data from the literature. The 
applied amount of surfactant should not adversely affect 
the cellular response [15].

Preparation of the fibrous membrane by 
electrospinning

The electrospinning process was carried out at an ambi-
ent temperature (~25°C) and relative humidity in the range 
of 40-50%, and the emulsion was fed at a rate of 0.7 ml/h.  
The fibers were collected on 10 cm aluminium foil from the 
spinneret to the collector and a voltage of 18 kV was applied. 

Electrospun mats characterization
Physicochemical properties

The microstructure of the nanofibers was observed with 
a scanning electron microscope (NOVA NANO SEM 200) 
and the samples were coated with a 10 nm gold layer prior 
to observation. The diameter of 100 random fibers in each 
sample was measured with ImageJ software, and the fibers 
size distribution was obtained.

The effectiveness of the modification of polymer fibers by 
micelles and the presence of surfactants were investigated 
by Fourier Transform Infrared Spectroscopy in the ATR mode 
(Bruker Tensor 27 FTIR). Infrared spectra were acquired 
using 64 scans in the range of 4000-400 cm-1 and spectra 
resolution of 4 cm-1.

To determine the wettability of the scaffold, the contact 
angle was measured by a sessile drop test using a Kruss 
DSA 25 goniometer. Measurements were made by placing 
a drop (1 µL) of deionized water on the sample surface.  
The contact angle value was determined as the average of 
10 measurements for each sample. The test was carried 
out at room temperature.

All prepared samples with the same weight of ~15 mg 
(to normalize the thickness differences) were incubated 
in NaCl solution for one month, and the concentration of 
alanine in the solution was assessed weekly by spectro-
photometry (UV-Vis, Cecil 2520). A reaction with ninhydrin 
was performed to determine the amount of alanine released. 
Briefly, ninhydrin was dissolved in ethanol to obtain a 1% 
(w/v) solution. Then, 1 mL of incubation solution was added 
to 1 mL of ninhydrin solution and heated for 1 min (until 
colour turned violet) and placed in the spectrophotometer 
chamber. The determination of alanine concentration was 
performed at a wavelength of 570 nm and was determined 
from a standard curve derived from solutions of known 
concentration. To obtain the standard curve, the solutions 
with an increasing concentration of alanine were prepared  
(0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, 0.8 mg/mL, 1 mg/mL) 
and reaction with ninhydrin was performed. Then, based on 
the obtained data, a regression curve was determined, which 
was used to determine the concentration of released alanine. 
Loading efficiency (LE) was calculated using the equation:

            (1)

Statistical analysis 
All results are presented as mean ± standard deviation. 

To determine the significance level for the biological study, 
statistical analysis was conducted with one-way ANOVA 
followed by Tukey’s post hoc analysis. Probability values 
less than 0.05 were considered statistically significant.  
The ANOVA analysis was performed using Origin Pro 2021 
software.
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Results and Discussion

To assess the impact of the amount of the surfactant on 
the fibers diameter and morphology, different concentrations 
of the surfactants were used. It was found that the morphol-
ogy of the fibers obtained from emulsion electrospinning 
strongly depended on the amount of surfactant in the solu-
tion (FIG. 1). For higher concentration, defects and pores 
on the fibers surface were observed (FIG. 1A and 1D), while 
thin, smooth and uniform fibers were obtained at 1% v/v and 
below (FIG. 1B-C and 1E-F). The histograms presenting the 
fiber diameter distribution (FIG. 2A-C) indicate that the use 
of emulsion as a spinning solution affects the diameter of 
the PCL fibers. The PCL fibers diameter was in the range of 
450-1100 nm for pure PCL (FIG. 2A) and the distribution was 
unimodal with a maximum at 400-800 nm for PCL/Tween80/
alanine (FIG. 2B) and PCL/Triton X-100/alanine (FIG. 2C).  

However, emulsion electrospinning contributed to the 
formation of fibers that mostly had diameters smaller than 
PCL (below 480 nm). In addition to nanometer-range fib-
ers, fibers significantly larger than PCL (over micrometers) 
were also observed. The difference was also confirmed 
by the ANOVA test, which showed significant differences 
between the entire population means. However, there 
were no significant differences between the fibers ob-
tained from emulsion with Tween 80 independently on the 
concentration (ANOVA, p = 0.615) which indicates the fact 
that the use of Tween 80 results in obtaining more uniform  
fibers. Moreover, depending on the size of the micelles  
(for PCL/Tween80/alanine ømean = 22 μm with polydisper-
sity index PI = 0.45 and for PCL/Triton X-100/alanine was  
ømean = 31 μm and PI = 0.97), the fiber microstructure  was 
different,  and the fibers were either completely internally hol-
low or exhibited an intrinsic hierarchical porosity (FIG. 1G-H). 

FIG. 1. SEM images and mean fiber diameter ± standard deviation of PCL/alanine nanofibers prepared using 
Tween 80 at concentrations: (A) 5% v/v, (B) 1% v/v, (C) 0.5% v/v and Triton X-100 at concentrations: (D) 3% v/v, 
(E) 1% v/v, (F) 0.5% v/v. Cross-sections of the PCL/alanine nanofibers prepared using: (G) 1% v/v Tween 80, (H) 
1% v/v Triton X-100. Image (I) presents neat PCL fibers.
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A similar internal microstructure was obtained by Johnson  
et al. only by addition of the surfactant [16]. This may indicate 
that some of the surfactants not bound to alanine created 
closed pores inside the fibers.

The FTIR-ATR spectra of emulsion electrospun mem-
branes are presented in FIG. 3. Since the same FTIR spectra 
for all samples were acquired and the high concentration of 
surfactant results in the defected microstructure, samples 
with a surfactant concentration of 1% v/v were selected for 
FTIR studies. All samples exhibit characteristic peaks of the 
pristine PCL spectra, including bands such as 2940 cm-1 
and 2865 cm-1 (asymmetric and symmetric CH2 stretching, 
respectively), 1722 cm-1 (C=O stretching), 1294 cm-1 (C–C 
and C–O stretching), and 1240 cm-1 (asymmetric C–O–C 
stretching) [11]. Moreover, the analysis of the chemical struc-
ture confirmed the presence of Triton X-100 in the material, 
as evidenced by the carbonyl band in the range of 1609 cm-1, 
C-O-C band at 1113 cm-1, C-H and C-C stretching in an aro-
matic ring at 1510 cm-1 and band at 837 cm-1 typical for the 
structure of Triton X-100 [17]. On the other hand, a change 
in the ratio of the 1190–1160 cm-1 bands was observed in 
materials where Triton X-100/alanine emulsions were in-
troduced into the fibers during the electrospinning process; 
however, none of these characteristic peaks were detected 
for Tween 80. This could be due to either overlapping char-
acteristic bands of Tween 80 and PCL or too small amount 
of surfactant to be detected. Protein macromolecules encap-
sulated in micelles do not yield bands characteristic of the 
proteins used, and the fact that they cannot be detected on 
the surface indicates that they are trapped inside the fibers.  

The outcomes are consistent with the results obtained by 
Jue Hu et al. where the core-shell fibers also showed the 
structure of a pristine PCL, without a trace of encapsulated 
biomolecules and surfactants [10]. The fact that in this study 
there are characteristic bands of Triton X-100 present in the 
FTIR spectra may result from the much higher concentration 
of the surfactant used in this experiment.

TABLE 1 presents the results of the contact angle 
measurements for the prepared membranes, which confirm 
that the addition of surfactants strongly affects the phys-
icochemical properties of the fiber surface. The presence 
of surfactants, regardless of concentration, completely 
changed the wettability of PCL samples from hydrophobic 
(~130°) to highly hydrophilic (~20-35°). However, as the 
concentration of the surfactant increases, the contact angle 
decreases slightly. This could be attributed to the presence 
of a surfactant on the surface of the fibers. The effect was 
enhanced by the high humidity of the process (~50%) and 
a small amount of the water phase, which contributed to a 
more uniform distribution of the surfactant between oil-air 
and oil-water interfaces, since both were thermodynamically 
favourable for surfactant location. The same sharp decrease 
in the contact angle was also observed by Johnson et al. 
during their studies on emulsion electrospun PCL/Span 80/
water fibrous mats [16].

FIG. 2. Diameter distribution of (A) neat PCL, (B) PCL/Tween80/alanine, (C) PCL /Triton X-100/alanine fibers and 
(D) mean diameters of the fibers. Based on n = 100 measurements.
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The analysis of spectrophotometric results (UV-Vis) con-
firms the continuous release of a small amount of alanine (up 
to ~0.7 mg) from the fibers over a period of 1 month (FIG. 4).  
Since the highest content of the surfactant resulted in  
a defected microstructure, the fibers obtained by emulsion 
electrospinning with the use of surfactants at a concentration 
of 1% were subjected to release studies. There were also 
no significant differences in the amount of alanine released 
or the release rate between PCL/Tween80/alanine and 
PCL/Triton X-100/alanine fibers, having similar fiber size.  
This means that the combination of core-shell morphology 
and uniform fiber size distribution influenced the release 
time of amino acid (alanine) and prevented the burst release 
phenomenon. Such a character of the curves indicates the 
mechanism of diffusion – erosion release of biomolecules. 
After the first day of incubation, an immediate increase in 
alanine concentration was observed due to the diffusion of 
water into the exposed pores containing the biomolecule. 
The subsequent constant increase in the concentration of 
alanine is associated with the slow erosion of the matrix, 
which led to the formation of small channels in the fibers 
leading to the migration of the active ingredient to the incu-
bation solution [18]. 

The observed release curves in FIG. 4 are difficult to 
clearly attribute to the mathematical models of Highuchi or 
Pappas-Kosmayer describing the kinetics of drug release  
(in DDS systems). In the case of fibers or microspheres, 
these limitations are mainly due to the form of the introduced 
drug (the need to use a drug in saturated form), which cannot 
always be used in this form due to the formulation process 
of the carrier [19]. Thus, in in vitro conditions, we have  
a combination of different mathematical models that allow us 
to describe the drug release profile. The most common drug 
release profile from polymeric drug delivery systems is the 
three-phase profile, which combines both effects related to 
drug diffusion and carrier erosion [20]. The work of Yin et al. 
showed that the diffusion-erosion mechanism is common to 
both fibers and microspheres [21]. Such a mechanism allows 
for the correlation of the drug release rate with degradation 
of the polymer matrix and to preserve the geometric shape 
of the fiber, and thus its role as a scaffold. However, due 
to the slow degradation rate of PCL, further studies of the 
release kinetics are required.

FIG. 3. FTIR spectra of the PCL, PCL/Tween80/alanine and PCL/Triton X-100/alanine using 1% Tween 80 and 
1% Triton X-100.

Sample
Concentration 
of surfactant 

(%)

Loading 
efficiency of 
alanine (%)

Average 
contact 

angle (°)

PCL/Triton 
X-100/
alanine

0.5 4.95 29.5 ± 3.7

1 2.21 21.5 ± 2.7

3 1.29 20.5 ± 4.8

PCL/
Tween80/
alanine

0.5 6.84 35.3 ± 5.2

1 2.10 24.0 ± 3.9

5 1.35 22.0 ± 2.5

PCL - - 128.8 ± 2.2

TABLE 1. Contact angle of the electrospun fibers 
using emulsions with different content of the sur-
factants and loading efficiency of alanine.

FIG. 4. Cumulative curve of alanine release from 
fibrous meshes prepared from emulsions PCL/
Tween80/alanine and PCL/Triton X-100/alanine 
using 1%Tween 80 and 1%Triton X-100.
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Conclusions

The emulsion electrospinning process allows to obtain 
fibers modified with micelles with biological compounds.  
By varying the concentration of surfactants, it was possible 
to obtain fibers with different morphology and diameter; how-
ever, excess amount of surfactant adversely affected both 
the microstructure and the surface of the fibers (increase 
in fiber diameter and surface roughness). In turn, the use 
of a lower concentration of surfactant resulted in obtaining 
more uniform and defect-free fibers. Furthermore, the addi-
tion of surfactants with encapsulated peptide increased the 
hydrophilicity of the fibers, which should be important for cell 
adhesion. The presence of the external polymer layer (shell 
part), as well as the differentiation of the internal porosity 
of the fibers, allowed for better control of the biomolecule 
release kinetics. The diffusion-erosion mechanism of release 
of biomolecules resulted in a prolonged release time and 
prevented burst release. The research results indicate that 
emulsion electrospinning is a promising method of encap-
sulating biological molecules, which can be used to stimu-
late tissue regeneration processes that require a specific 
approach, e.g. soft tissue. To confirm the potential of the 
obtained substrates as the vehicles for the biomolecule in 
further research, we will focus on optimizing the surfactant 
concentration, which will provide high cell viability.
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