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ABSTRACT
Despite the great potential of citrate polyesters in regenerative medicine, the data about their application in electrospinning is 
somewhat limited. In this work, poly(dimethylene citrate) (P- 1,2- ECit), poly(tetramethylene citrate) (P- 1,4- BCit), and poly(hex-
amethylene citrate) (P- 1,6- HCit) were synthesized. Nonwovens from poly(diol citrates)/PLA mixtures were successfully elec-
trospun and characterized using SEM, AFM, water contact angle measurement, DSC, TGA, and in  vitro degradation tests. 
The addition of poly(diol citrates) increases the hydrophilicity and surface adhesion force of PLA nonwovens; however, the 
observed effects depend on the scale level (macro/micro) of the analysis. Diol chain length in poly(diol citrate) influences the 
compatibility and heterogeneity of its distribution within the carrier polymer. Additionally, it impacts the crystallinity of the 
PLA phase. Degradation tests show the problem of the nonwoven stability in the aqueous media and the high leachability of the 
short- chained poly(diol citrates). Addressing this issue is important regarding controlling the degradation kinetics. Despite the 
good processability in electrospinning and promising surface properties of the poly(diol citrates)/PLA mixtures, the instability of 
these materials in an aqueous environment is an important issue which can subsequently affect the performance of the eventual 
implant/cell scaffold. The solution may involve chain elongation of the hydrophilic oligomeric additive.

1   |   Introduction

The primary treatment of obstructed or narrowed blood vessels 
is by vascular bypass with autogenous material. The method is 
highly invasive and remains a high- risk operation despite the 
continuous development of medical knowledge. The risk of com-
plications depends on the patient's general health and increases 
in elderly patients and/or those burdened with comorbidities 
[1–4]. Admittedly, a significant advantage of this type of sur-
gery is the immediate availability of autologous vessels. Native 

vascular tissue has the biological and structural properties for 
optimal graft performance. However, up to one- third of patients 
with peripheral artery disease do not have suitable vessels for 
autologous transplantation [5, 6], hence a different approach is 
needed to address this challenge.

Synthetic vascular prostheses, shaped like tubes, offer an alter-
native to transplanting fully formed blood vessels. Several types 
have been introduced into clinical practice, including dacron 
(PET) and polytetrafluoroethylene (PTFE). The main limitation 
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of those prostheses is the increased thrombogenicity and the 
subsequent difficulty of maintaining long- term patency. This is 
particularly concerning for small- diameter prostheses (< 6 mm) 
[5–11]. This motivated us to look for new solutions in order to 
overcome this drawback.

The intensive development of tissue engineering offers prom-
ising prospects for innovative tissue regeneration. The prem-
ise is to support tissue regeneration with an artificial scaffold. 
The synthetic implant is temporary, and natural tissue should 
be rebuilt in its place [6, 12–15]. Many potential synthetic 
grafts are produced by electrospinning—a process that typ-
ically produces a structure with appropriate architecture 
and pores size [16–21]. It is also possible to create cylindrical 
structures: tissue- engineered vascular grafts (TEVG) [22, 23]. 
Despite advancements in manufacturing such implants and 
improvements in cell harvesting, multiplication, and incorpo-
ration, commercially available products and ongoing clinical 
trials are limited to TEVG with diameters > 6 mm [17, 22, 24]. 
It is worth underlining that the aforementioned limitation 
is regardless of the type of material from which TEVG is 
manufactured.

There is a group of the best- known polymers for tissue en-
gineering applications, including polylactide, polyglycolide, 
poly(lactide- co- glycolide), polycaprolactone, or poly(glycerol se-
bacate) [25–31]. However, the research interest in this polyester 
type is growing, and a broader range of materials is being stud-
ied. Among them is a family of biodegradable and elastomeric 
poly(diol citrates). The primary representative of this group of 
polyesters is poly(octamethylene citrate) (POC). POC has been 
known in the literature for more than 20 years and is consid-
ered for manufacturing small blood vessel substitutes [32–35]. 
Other diols than 1,8- octanediol can be used to synthesize sim-
ilar polyesters, although it impacts their mechanical proper-
ties and degradability [32, 36]. Despite its promising results in 
biocompatibility, POC on its own is somewhat problematic for 
the electrospinning procedure. The molecular weight of the un-
crosslinked prepolymer needs to be higher to ensure the con-
tinuity of the solution stream during electrospinning. It is not 
possible to generate the necessary chain entanglement. On the 
other hand, the lack of solubility excludes the use of gelled (cross- 
linked) POC [37–40]. A popular solution to this problem is to use 
another spinnable polymer as a carrier—most commonly poly-
lactide, poly(ε- caprolactone), or their copolymers. The carrier 
polymer then plays a structure- forming role as a scaffold for the 
polycitrate. Nonwovens obtained from such blends have differ-
ent mechanical and surface properties compared to the carrier 
polymer; typically, the elasticity and hydrophilicity of the mate-
rial increase while the degradation time is reduced. Improving 
the surface properties of the carrier polymer, especially in terms 
of hydrophilicity, is an essential aspect of cell scaffolds, as it can 
regulate cell adhesion and proliferation on their surface [40–47].

It is well established that the properties of the electrospun non-
wovens depend on various parameters, including the type of sol-
vent, the concentration of the solution, the applied voltage, etc. 
An important observation in this research topic is the lack of 
compatibility of POC with polylactide, resulting in a separation 
into a continuous PLA phase and POC dispersed in it. According 
to model calculations, the area of compatibility between POC 

and PLA should fall between a POC mass content of less than 
25.5% and more than 70% [40, 48–51]. The possible incompati-
bility is related to the linear and branched structure of the two 
polymers and the difference in their polarity [40, 48]. As a result, 
the addition of polycitrate only sometimes provides the fiber 
mats with increased hydrophilicity, which depends not only on 
the composition of the spinning mixture but also on the distribu-
tion of its components on the surface of the nonwovens. In that 
case, the influence of the continuous phase is more significant 
than that of the dispersed phase [40, 52]. However, considerable 
data indicate a hydrophilizing effect of adding POC to the car-
rier polymer [41, 48, 53, 54]. It is possible that the discrepancies 
described are the result of randomness in the arrangement of the 
polymers in the fibers [55].

Despite auspicious results regarding the use of citrate polymers 
in regenerative medicine, data on the use of POC in electro-
spinning is relatively limited, and even more so for other such 
polyesters. The results between the different works are often-
times somewhat inconsistent. In particular, the stability of such 
a system of two polymers, one of which is a much smaller and 
highly branched molecule and the other, the carrier polymer, is 
long and linear, is a rarely addressed issue, especially about the 
durability of nonwovens in aqueous environments [38, 40–44, 
48, 53, 56, 57].

In this work, three different poly(diol citrates) were synthesized 
and mixed with PLA to electrospin nonwovens. The diol mono-
mers differed in the length of the aliphatic chain. The objective 
was to study and compare the influence of aliphatic chain length 
on the properties of nonwovens, with particular emphasis on 
their surface properties and durability in an aqueous medium. 
This is a particularly important aspect of the characterization 
of biomaterials for in vivo tissue reconstruction. However, there 
is a shortage of available literature on the subject of poly(diols 
citrate) nonwovens, particularly comparative studies concern-
ing different diols. Therefore, in this paper we seek to address 
these shortcomings by providing an in- depth analysis of the ef-
fects of the components of electrospun nonwovens on the major 
structural, surface, and thermal properties and the stability in 
an aqueous environment.

2   |   Results and Discussion

2.1   |   Electrospinning of the Nonwovens

Poly(dimethylene citrate) (P- 1,2- ECit), poly(tetramethylene ci-
trate) (P- 1,4- BCit), and poly(hexamethylene citrate) (P- 1,6- HCit) 
were obtained via simple polycondensation (Figure 1).

Following the literature data, a typical spinnable carrier poly-
mer, polylactide, was used in mixtures with the poly(diol ci-
trates) (mass ratio 50:50). Nonwovens were electrospun as thin 
(< 1 mm thick) sheets. The fibrous structure of the materials was 
confirmed by SEM micrographs (Figure 2).

Despite the relatively high poly(diol citrates) content, generally 
well- formed fibers with diameters of approximately 0.5–2 μm 
were obtained in all cases. Few structural defects in the form 
of beads, twists, bends, and locally flattened, not fully formed 
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fibers are visible for all types of spun nonwovens (particularly 
with the addition of poly(diol citrates) with the shorter aliphatic 
diol chain, namely P- 1,2- ECit and P- 1,4- BCit).

Based on SEM imaging, fibers from PLA without any additive 
appear to be more homogeneous in terms of formation quality 
and diameter. However, it does not seem as if the addition of 
poly(diol citrates) substantially affected the quality of the fiber 
structure. The fiber orientation is somewhat disordered and 
random, which is a typical characteristic in the case of fibers 
deposited on a drum collector with a slow rotational speed (like 
in this study).

2.2   |   Surface Analysis

The hydrophilicity of the nonwoven surfaces was measured by 
determining the water contact angle. The wetting angle of the 
polycitrate resins used for electrospinning was also determined 
as a reference. The results are presented in Table 1.

One of the reasons for using citric acid and short- chain diols is 
to obtain hydrophilic polymers, the addition of which should 
improve the water wettability of PLA nonwovens. As evi-
denced by the measurements of the resins, hydrophilic mate-
rials were indeed obtained. At the same time, differences in 
aliphatic chain lengths do not seem to affect the results, as 
there is no actual change between P- 1,2- ECit, P- 1,4- ECit, and 
P- 1,6- HCit.

The measurements were conducted as soon as the droplet was 
placed on the surface, but it should be noted that the water 
soaked into the material very quickly. Due to the high content 
of hydrophilic groups, especially on the surface, the amount 
of methylene groups in the diol molecule does not necessar-
ily play a significant role in this particular case. Nonwovens 

made from PLA have a contact angle of approximately 120°, 
which is in accordance with literature values [40, 58, 59]. The 
addition of polycitrates causes the contact angle to drop below 
90°, making the nonwoven surfaces hydrophilic. However, the 
pattern of changes in hydrophilicity is unexpected—the wet-
tability of the surface increases with the lengthening of the 
diol chain in the polycitrate. The P- 1,6- HCit/PLA nonwoven 
showed the highest water wettability in the test—the droplet 
dissolved as soon as it was placed and soaked into the mate-
rial, making measurement impossible. In the case of the PLA 
nonwovens, no water soaking occurred even after extended 
observation times.

The differences in water contact angle between the three 
poly(diol citrate) resins are negligibly slight and do not correlate 
with the effect observed for nonwovens. This indicates that the 
described changes in surface hydrophilicity are not simply due 
to the presence of the poly(diol citrate) in the electrospinning 
mixture but are the result of a more complex effect of the addi-
tive on the spun fibers. SEM micrographs showed no noticeable 
differences in the morphology of the nonwovens, that is, areas 
of solid material, significant changes in fiber thickness or pore 
size, which could affect the result of the contact angle measure-
ment. It is reasonable that the spatial organization of the constit-
uent polymer chains in the fibers is essential.

Additional measurements of the surface of the nonwovens were 
carried out using atomic force microscopy (AFM). The results 
are presented as 2D and 3D topography maps (Figure  3) and 
adhesion force maps (Figure 4). The quantitative results of the 
adhesion forces are summarized in Table 2.

Based on the topographic images, it can be concluded that the 
microscale morphology of the nonwovens is similar between 
samples. All the images depicted a smooth surface of the fibers. 
Qualitative analysis of the 3D maps shows that irrespective of 

FIGURE 1    |    Schematic illustration of the synthesis of poly(dimethylene citrate), poly(tetramethylene citrate), and poly(hexamethylene citrate).
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FIGURE 2    |    SEM micrographs showing the morphology of electrospun nonwovens; from the top: PLA (a and b), P- 1,2- ECit/PLA (c and d), P- 1,4- 
BCit/PLA (e and f) and P- 1,6- HCit/PLA (g and h).
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the type of material studied, homogeneous, continuous fibers 
were obtained, with no thickening, thinning, or pores on the 
surface. The results support and complement the SEM micro-

graph analysis.

The adhesion force maps and the numerical results vary be-
tween materials. The values obtained for the PLA nonwoven 
are relatively low, with the distribution of adhesion forces 
being uniform within the tested fiber (Figure  4a), as is the 
case for the P- 1,6- HCit/PLA nonwoven (relatively uniform 
areas depicted in the map, Figure  4d). On the other hand, 
the maps for P- 1,2- ECit/PLA and P- 1,4- BCit/PLA materials 
are of particular interest. The alternation of light and dark 
areas (higher and lower adhesion, respectively) indicates a 
structural- related change [60, 61], which was followed by vari-
ations in the surface adhesion forces. This is reflected in the 
large scatter of the recorded numerical values (Table 2). The 
effect of the addition of hydrophilic poly(diol citrates) to the 
PLA carrier polymer is visible in the increase in fiber surface 
adhesion force values. However, the course of change is oppo-
site (decrease in mean adhesion force) to that of the wetting 
angle, where a progressive increase in hydrophilicity from 
P- 1,2- ECit/PLA to P- 1,6- HCit/PLA was shown.

From the results of both analyses, one basic conclu-
sion emerges: the observed effects and material surface 
properties are dependent on the level of structure (macro-
scopic/microscale/nanoscale approach). Poly(dimethylene 
citrate) (P- 1,2- ECit) blended with polylactide causes the most 
remarkable changes in local fiber surface properties, but 
due to its shortest carbon chain and least compatibility with 
the carrier polymer, its concentration on the fiber surface is 
lower and more heterogeneous over a given area than that of 
poly(hexamethylene citrate) (P- 1,6- HCit). As a result, the hy-
drophilicity of the surface understood in a macroscopic way 
(water contact angle) non- intuitively increases inversely to the 
assumptions (predominance of the resultant “macro” effect). 
The key question, therefore, is at what level of contact with 
the surface the application properties of the material should 
be considered.

2.3   |   Thermal Analysis

Thermal analysis of poly(diol citrates) resins and nonwovens 
was performed using differential scanning calorimetry (DSC). 
Thermograms of the P- 1,2- ECit, P- 1,4- BCit, and P- 1,6- HCit res-
ins are shown in Figure 5.

The DSC curves of the first and second heating cycles illustrate 
the glass transition in the polymers, with the values of the glass 
transition temperatures Tg of a given poly(diol citrate) varying 
from cycle to cycle (areas A and E in Figure 5, respectively). The 
glass transition temperatures, as read from the cooling cycle 
curves (area D), correspond to the values in area E. The Tg values 
are summarized in Table 3.

The difference in Tg values between areas A and D/E is a con-
sequence of the gelling of the resins during measurement. 
Gelation is additionally evident in the presence of a broad area 
B of the endothermic transition (> 110°C), showing the esteri-
fication of free COOH and OH groups and evaporation of the 
resulting water.

The significant increase in Tg values after gelling results from 
reduced mobility of the polymer chains and increased rigid-
ity of the cross- linked, branched structure. In turn, the visibly 
different Tg values between individual poly(diol citrates) both 
before and after crosslinking are due to (1) differences in ester 
bond density per unit volume (P- 1,2- ECit > P- 1,4- BCit > P- 1,6- 
HCit) due to the different number of methylene units in the 
diol monomers and (2) the strength of intermolecular hydrogen 
bonds. Higher bond density and strong hydrogen bonds between 
the free COOH and OH groups limit the mobility of the chains, 
leading to an increase in the glass transition temperature. The 
decrease in density with lengthening of the aliphatic diol chain 
is explained by the rise in inter- chain free volume between 
cross- links [36]. No signals from the crystallization or melting of 
poly(diol citrates) were observed.

The curve of the first heating cycle of P- 1,4- BCit additionally 
shows a small endothermic C signal, stretching between about 
50°C and 110°C. One possible explanation for this observa-
tion is the evaporation of THF formed during the synthesis 
reaction and bound in the resin. The reaction conditions, that 
is, elevated temperature and acidic environment, favor the 
cyclo- dehydration of 1,4- butanediol to THF. Admittedly, the 
boiling point of pure THF is 66°C, while it is possible that the 
dense arrangement of the polymer chains hinders its evapo-
ration. On the basis of thermogravimetric analysis (TGA), it 
was determined that the weight loss of the resins from room 
temperature to 200°C is approximately 8%–11% (Figure  6). 
The changes in mass may be due to the evaporation of water 
formed during (1) the gelling of the polymer during analysis, 
and (2) synthesis in the reactor and bound in the resin struc-
ture (incomplete removal into the Dean- Stark apparatus). In 
the case of P- 1,4- BCit, part of the recorded mass loss may be 
due to THF evaporation.

In the next step, a thermal analysis of the nonwovens was per-
formed. A thermogram is shown in Figure 7, displaying the DSC 
curves.

TABLE 1    |    Results of water contact angle measurements of the 
nonwovens.

Material Water contact angle [°]

Resin P- 1,2- ECit 23.5 ± 2.4

P- 1,4- BCit 24.4 ± 3.3

P- 1,6- HCit 24.5 ± 2.9

Nonwoven PLA 118.5 ± 4.3

P- 1,2- ECit/PLA 85.7 ± 3.0

P- 1,4- BCit/PLA 54.9 ± 1.0

P- 1,6- HCit/PLA The droplet spreads and 
soaks into the material

Note: Data show mean ± SD (n = 3).
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In the case of the PLA nonwoven, a glass transition tempera-
ture Tg (area F, Figure  7) of about 56°C and a melting tem-
perature Tm (area H; peak maximum value is given) of about 
186.5°C were observed. In addition, around 69.5°C, a process 
of crystallization of the amorphous fraction, the so- called 

“cold crystallization” (Tcc, area G), occurred, resulting from 
an increase in the mobility of the polymer chains at tempera-
tures above Tg [62, 63]. The broadening of the endothermic 
melting signal G is due to some inhomogeneity of the polylac-
tide in the nonwoven.

FIGURE 3    |    2D (left column) and 3D (right column) topographic images of nonwovens obtained by AFM; from the top: PLA (a), P- 1,2- ECit/PLA 
(b), P- 1,4- BCit/PLA (c), and P- 1,6- HCit/PLA (d).
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The influence of poly(diol citrates) is evident in the shift in char-
acteristic temperatures of the polylactide, as shown in Table 4. 
The values of Tg, Tcc, and Tm are dependent on a number of fac-
tors, including intermolecular interactions, steric effects, chain 
flexibility, molecular weight, or cross- linking density. The ad-
dition of short- chain poly(diol citrates) disrupts the continuity 
of the polylactide phase and results in a reduction of the PLA 
crystalline phase content. A reduction in the cold crystallization 

process of the amorphous phase is also observed (based on the 
decreasing value of ΔHcc), which is probably related to the re-
duction in the number of crystallization nuclei and their lim-
ited growth due to the presence of the oligomeric additive. This 
means that poly(diol citrates) do not act as nucleating agents for 
the PLA crystallization process. Furthermore, they reduce the 
mobility of PLA chains, as indicated by an increase in Tg and Tcc 
temperatures.

The DSC curve of the first heating cycle (Figure 7, left side) illus-
trates properties of the sample that depend on its manufacture, 
storage, and preparation (e.g., the presence of crystalline struc-
tures formed due to some mechanical pressure), which can inter-
fere with the repeatability of the analysis run and cause a shift in 
characteristic temperatures. For this reason, it is common prac-
tice to remove the thermomechanical history of the sample by 
heating under measurement conditions and, thus—to carry out 
the actual analysis on the basis of a second heating cycle. In the 
present case, the interpretation of the first measurement curve 

FIGURE 4    |    Adhesion force maps of nonwovens obtained by AFM; from the top left: PLA (a), P- 1,2- ECit/PLA (b), P- 1,4- BCit/PLA (c), and P- 1,6- 
HCit/PLA (d).

TABLE 2    |    Results of adhesion force measurements (AFM).

Nonwoven Adhesion force [nN]

PLA 17.0 ± 3

P- 1,2- ECit/PLA 230.7 ± 68

P- 1,4- BCit/PLA 191.6 ± 84

P- 1,6- HCit/PLA 93.6 ± 20

Note: Data show mean ± SD (n = 3).
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is intentional and is based on the assumption of further applica-
tion of the tested materials. Potential vascular implants would 
go into use immediately after manufacture and sterilization, so 
the thermomechanical history would have an impact on their 
performance.

In order to determine the effect of the first heating cycle on 
the thermal properties of the nonwovens, an additional anal-
ysis of the cooling and second heating curves was performed 
(Figure  7, right side). During the cooling, a broad exothermic 
crystallization peak of PLA is observed (area I; maximum at 
100.2°C–120.9°C). The discrepancies are due to the quality of 
the crystal formation, which is influenced by the presence of 
poly(diol citrates). The width and (in some cases) bimodality of 
the peak can be related to the cooling rate, among other factors.

Also visible are signals corresponding to the glass transitions of 
PLA (J; 58.4°C) and the poly(diol citrates): P- 1,4- BCit (K; 16.6°C) 
and P- 1,6- HCit (L; −8.7°C); the glass transition of P- 1,2- ECit 
overlaps with PLA, giving a single signal in area J. Values J, K, 
and L correspond to areas M, P, and R, respectively. The Tg tem-
peratures of the poly(diol citrates) indicate that cross- linking 
has occurred.

The intensity of the heat flow in the cold crystallization area 
of PLA during the second heating (N) is noticeably lower than 

during the first cycle (G) or the cooling (I). The Tcc temperature 
of I/N is also significantly higher than that of G, which may be 
related to the formation of a cross- linked polycitrate structure 
that limits the mobility of the PLA chains. No significant change 
in PLA melting temperatures was observed in the nonwovens 
(area O; maximum at 178.9°C–181.5°C) between the two heating 
cycles.

2.4   |   In Vitro Degradation Tests

The stability of the nonwovens in an aqueous environment was 
investigated as the course of degradation (material weight loss) 
in PBS buffer (37°C) at given time intervals. The PBS buffer is 
the most commonly used fluid to simulate in vivo conditions, 
suggested by the international standard ISO 10993- 13:2010 as 
suitable for the in vitro assessment of polymeric material deg-
radation (despite the absence of relevant body environment 
factors, i.e., exposure to mechanical stresses, immune response 
cells, enzymes, etc.).

The results are shown in Figure 8A as a percentage of the initial 
weight of the nonwoven: the 50% limit, that is, the mass content 
of poly(diol citrate) in the electrospinning mixture, was marked. 
Changes in the pH value of the buffer over time were investi-
gated. The example of the degrading effect of the aqueous envi-
ronment on the morphology of the nonwovens is shown in SEM 
micrographs (Figure 8B).

The results presented here demonstrate the existing problem of 
the incompatibility of polylactide with nonlinear polymers of 
higher hydrophilicity and much lower molecular weight. The 
majority of poly(diol citrate) leaches out of the material after the 
first day. It is likely that the lack of a clear trend in the degra-
dation pattern of one type of nonwoven and the variation be-
tween nonwovens containing different poly(diol citrate) is more 
a result of the uneven distribution of the component polymers in 
the material rather than the actual effect of the aliphatic chain 

FIGURE 5    |    DSC curves from the first and second heating cycle (black lines) and the cooling cycle (blue) obtained for P- 1,2- ECit, P- 1,4- BCit, and 
P- 1,6- HCit resins. Measurements were carried out at a temperature change rate of 10°C/min.

TABLE 3    |    Glass transition temperatures of poly(diol citrates) before 
and after gelling.

Resin

Glass transition temperature [°C]

Tg (A) Tg (D, E)

P- 1,2- ECit −23.1 43.6

P- 1,4- BCit −26.9 20.3

P- 1,6- HCit −40.6 −8.4
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length of the diol on the stability of these materials in an aque-
ous environment. It is especially visible in the inconsistency of 
the P- 1,4- BCit/PLA nonwoven degradation pattern, where little 
difference can be distinguished between the 1st and 14th days of 
the degradation test despite some fluctuations in between.

Poly(diol citrate) will leach much faster from the outer layers, 
where contact with the degrading medium is greater. It is, how-
ever, possible that the greater homogeneity of the polymer dis-
tribution on the fiber surface of P- 1,6- HCit/PLA compared to 
P- 1,2- ECit/PLA and P- 1,4- BCit/PLA influences the consistent 
level of weight loss over the time interval studied.

The morphology of the PLA nonwoven did not visibly change 
after 14 days in the degradation medium. In the case of the non-
woven containing P- 1,4- BCit, there is a clearly visible thinning 
of the fibers, indicating washing the surface layer out while 
maintaining the porous fiber structure. The undegraded residue 
is the polylactide core of the nonwoven fabric. SEM micrographs 
for the presented material (Figure 8B) and two other nonwovens 
confirm the results of the mass change measurements.

The decrease in the pH value of the PBS buffer is due to the 
presence of washed- out poly(diol citrate) molecules, which con-
tain free carboxyl groups. The macromolecules then hydrolyze 
to shorter oligoesters until the ester bonds are completely bro-
ken down into monomers. Cross- linked poly(diols citrate) films 
degrade completely after about 60–90 days under conditions 

similar to those described in this work, with a clear synergistic 
effect of the aqueous environment and the acidic properties of 
the material (autocatalysis) on the hydrolysis of the ester bonds 
[55]. A 50% mass addition of PLA in nonwovens reduces the acid-
ification of the medium by the degrading polycitrate fraction.

In the case of the PLA nonwovens, no weight loss or acidifica-
tion of the medium was observed due to the significantly longer 
degradation time of PLA than the time of the analysis. However, 
due to the conclusions described above, continuing the study be-
yond 14 days was considered unreasonable.

According to studies [55, 64], nonwoven fabrics made of mix-
tures of polylactide with citric acid polyesters and short- chain 
diols do not show toxicity toward cells; it is possible to main-
tain a cell culture on the surface. The decrease in cell viability 
after a certain time is attributed to a reduced growth area and 
nutrient depletion rather than to the toxic effect of poly(diol ci-
trate). It remains an open question as to whether the observed 
growth of cells on the nonwoven fabric is not simply a result 
of the contact with mainly polylactide following the rapid 
washing out of poly(diol citrate) in contact with an aqueous 
medium. Nevertheless, even assuming this, no cytotoxic effect 
of leached and hydrolysable poly(diol citrate) in the culture 
medium is observed. This indicates the potential of poly(diol 
citrates) in the role of biomaterials while highlighting the 
problem of durability of nonwovens obtained from typical 
electrospinning mixtures.

FIGURE 6    |    TGA curves obtained for P- 1,2- ECit (a), P- 1,4- BCit (b), and P- 1,6- HCit (c) resins.
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3   |   Conclusion

The use of electrospinning is a common method for obtain-
ing polymeric cell scaffolds, yet the most widely known and 
used spinnable polymers exhibit poor surface properties for 
cell adhesion. Hence, investigating various additives to im-
prove these limitations is a popular research trend. This work 
demonstrated that the addition of highly hydrophilic polyes-
ters based on citric acid and short- chain diols significantly 

affects the surface properties of nonwovens made from PLA, 
a typical spinnable/carrier polymer. Nevertheless, beyond 
the mere hydrophilicity of the polymers blended with PLA 
for electrospinning, the spatial organization of the chains in 
the fibers and the actual distribution and proportion of both 
polymers present within or near the surface levels have a sig-
nificant impact on said properties. Poly(dimethylene citrate), 
despite causing the highest local changes in the surface adhe-
sion force of a fiber, seems to be the least compatible with PLA 

FIGURE 7    |    DSC curves from measurements obtained for nonwovens made of PLA and poly(diol citrates)/PLA blends: on the left side—the first 
heating cycle, on the right side—the cooling cycle (blue lines) and the second heating cycle (black). Measurements were carried out at a temperature 
change rate of 10°C/min.

TABLE 4    |    Thermal characteristics of PLA and poly(diol citrates)/PLA nonwovens.

Nonwoven

Glass transition temperature [°C]

ΔHcc [J/g] ΔHm [J/g] Xc [%]Tg (F) Tcc (G) Tm (H)

PLA 56.0 69.5 186.5 12.7 50.9 41.0

P- 1,2- ECit/PLA 60.1 77.8 182.9 2.4 26.2 25.6

P- 1,4- BCit/PLA 63.2 77.4 185.5 5.0 28.7 25.5

P- 1,6- HCit/PLA 62.9 77.0 183.4 5.0 30.9 27.8

Abbreviations: ΔHcc, enthalpy of cold crystallization of PLA in the nonwoven; ΔHm, enthalpy of melting of PLA in the nonwoven; Tcc, cold crystallization temperature; 
Tg, glass transition temperature; Tm, melting temperature; Xc, degree of crystallinity of PLA in the nonwoven.
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in terms of chain length, causing a more uneven distribution 
than poly(hexamethylene citrate). As a result, the hydrophilic-
ity measured by water contact angle values increases along 
with the diol chain length because of the overall “macro” ef-
fect determined by the better compatibility and more homoge-
nous mixing of both polymers.

This effect may not be such an issue itself, as the desired “level” 
of impact on surface properties can be tailor- made and adjusted 
for a given application, for example, the size of cells to be cul-
tured on such a scaffold. However, the major limitation of such 
polymer mixtures, which consist of highly dissimilar compo-
nents in terms of chain length, degree of branching, and hydro-
philicity, is their instability in an aqueous environment, as is 
the case of presented poly(diol citrates)/PLA. Even a major im-
provement in surface properties is ultimately insignificant if one 
of the nonwoven components is washed away instantaneously. 
Even so, adequate degradation tests are relatively rare in pub-
lished work in this field.

The results and issues described in this work are by no means 
an attempt to discourage research on similar topics but rather 
to draw attention to an important limitation of this type of elec-
trospun materials. The authors suggest that one possible solu-
tion is to use hydrophilizing additives to PLA with a longer 
polymer chain, which would allow greater chain entanglement 
in the fiber and consequently reduce leaching. It is, however, 
impossible to obtain poly(citrate diols) with a higher molecular 
weight than used in this study due to the functionality of citric 
acid (three carboxyl groups), resulting in a branched polyester. 
Achieving a higher monomer conversion is not possible due to 
the gelation of the reaction mixture at the critical conversion 
point and the formation of an insoluble, unprocessable product. 
Therefore, the best approach seems to be a post- polymerization 
modification of the poly(diol citrates), for example, using other 
oligomers/polymers.

4   |   Experimental Section/Methods

4.1   |   Materials

1,2- Ethanediol (Fisher Chemical, ≥ 99%), 1,4- butanediol (Thermo 
Scientific, ≥ 99%), 1,6- hexanediol (Angene, ≥ 98%), anhydrous 
citric acid (Acros Organics, ≥ 99.5%), and p- toluenesulfonic acid 
monohydrate (PTSA; Sigma Aldrich, ≥ 98.5%) were used without 
prior preparation. For the preparation of the polymer solutions 
for electrospinning, poly- l- lactide Purasorb PL49 was purchased 
from Corbion (no longer available).

4.2   |   Polymer Synthesis

The syntheses of polyesters were carried out in a Mettler Toledo 
MultiMax parallel reactors system; reactors were equipped with 
a mechanical stirrer, temperature sensor, and Dean- Stark appa-
ratus. PTSA was added at 1% (w/w) relative to citric acid. The re-
action mixture was heated for 10 min to a temperature of 130°C, 
which was then held constant for 30, 50, or 60 min, depending 
on the diol monomer.

4.3   |   Electrospinning

Electrospinning was carried out using 1,1,1,3,3,3- hexafluoro
- 2- propanol (HFIP) as a solvent. A solution of the polymers, 
poly(diol citrates), and PLA (1:1 mass ratio) was prepared at a 5% 
mass concentration and left for stirring on a magnetic stirrer for 
24 h at a rotation speed of 150 rpm.

A drum (rotary) collector with a diameter of 8 cm and a rotational 
speed of 250 rpm was used, with a distance between the needle 
tip and the collector surface of 14 cm and a solution feed rate of 
1.5 mL/h. The spinning solution was fed using a 23G needle. The 

FIGURE 8    |    Results of the in vitro degradation tests: (A) degradation of the PCit/PLA nonwovens in PBS buffer as percentage changes in sample 
weight relative to initial weight (bar graph); comparison with the degradation pattern of nonwovens from polylactide. The dashed lines represent 
changes in the pH value of the buffer over time; data show mean ± SD (n = 3); (B) SEM micrographs showing the morphology of nonwovens before 
and after 14- day degradation in PBS buffer; P- 1,4- BCit/PLA (a and b) and PLA (c and d) nonwovens.
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value of the applied voltage was 10.5–12.0 kV. The nonwovens 
were dried after spinning to remove residual solvent.

4.4   |   Scanning Electron Microscopy

The samples were attached to an aluminum base using a double- 
adhesive carbon tape and coated with a 4 nm thick platinum 
layer (SCD 050 vacuum sputtering machine; Leica, Vienna, 
Austria). The top side of the samples was observed using a 
MAIA 3 SEM microscope (TESCAN, Brno, Czech Republic). 
Micrographs were obtained using a secondary electron detector 
at an accelerating voltage of 3 kV.

4.5   |   Water Contact Angle Measurement

Samples were prepared as follows: (1) the resins were heated to 
approximately 35°C; a small amount was spread evenly on a mi-
croscope slide and allowed to cool; (2) samples of approximately 
1 cm × 1 cm were cut from the nonwovens with a scalpel and 
placed on a microscope slide.

The prepared samples were placed on a mobile table with a 
UCMOS01300KPA digital camera and a fixed microscope 
adapter FMA037. Drops of deionized water were deposited 
on the surface of the samples using a syringe with a needle. 
ToupView software was used to measure the wetting angle val-
ues. The results from five samples were averaged; the data was 
calculated as mean ± SD.

4.6   |   AFM

The atomic force microscope (Dimension Icon, Bruker) was 
used to visualize the topography of nonwovens and to study the 
adhesion force between the scanning probe tip and the surface 
of the fibers. Imaging of the nonwovens was performed in tap-
ping mode (TM), while the adhesion force study was conducted 
in quantitative nano mechanics (QNM) mode. For both studies, 
an ACST probe (AppNano) with a spring constant of approxi-
mately 7.8 N/m and a tip radius of curvature below 10 nm (data 
suggested by the manufacturer) was mounted in an Icon- type 
AFM scanning head. Both studies were carried out in air at room 
temperature (approximately 21°C). The samples were mounted 
on the microscope table and enclosed in a chamber (provided 
by the manufacturer) designed to protect the measurement sys-
tem from acoustic disturbances. Topographic and QNM maps 
were acquired at 10 randomly selected locations on each mate-
rial, and the obtained results were analyzed using the dedicated 
NanoScope Analysis software.

4.7   |   Differential Scanning Calorimetry

Measurements were performed on a DSC Q2000 (TA 
Instruments) in an aluminum vessel in a nitrogen flow and at 
a constant temperature gradient of 10°C/min. The mass of the 
samples was 7–10 mg. A program in heating–cooling–heating 
mode was established. The degree of PLLA crystallinity in the 
nonwovens was calculated according to the formula:

where Xc is the degree of crystallinity of PLLA in the nonwoven, 
∆Hm the enthalpy of melting of PLLA in the nonwoven (J/g), 
∆Hcc the enthalpy of cold crystallization of PLLA in the nonwo-
ven (J/g), and ΔH0

m is the enthalpy of melting of fully crystallized 
PLLA equal to 93.1 J/g.

4.8   |   TGA

Measurements were performed on an SDT Q600 analyzer (TA 
Instruments, Eschborn, Germany) in a nitrogen flow and at a 
constant temperature gradient of 10°C/min. The mass of the 
samples was 6–10 mg.

4.9   |   In Vitro Degradation Tests

Discs with a diameter of 1.5 cm were cut from the materials and 
placed in 5 mL plastic tubes with a screw cap; 1.5 mL of freshly 
prepared PBS solution was poured into each tube. The tubes 
thus prepared were placed on a Heidolph reciprocating motion 
shaker equipped with a thermostatic chamber. A temperature of 
37°C and a rotation speed of 50 rpm were maintained for a max-
imum of 14 days. After removal from the PBS, the discs were 
transferred to clean tubes, flooded with 5 mL of deionized water, 
and placed back on the shaker for 1 h to rinse any residual salt. 
The discs were then dried at room temperature under a vacuum 
(1 mbar) for 48 h. The weight loss at selected time points was de-
termined according to the formula:

where m0 is the mass of the sample before degradation and md 
is the mass of the dried sample after degradation. The results 
from the three tests were averaged. The data were calculated as 
mean ± SD.

4.10   |   Statistical Analysis

All experiments were carried out as three independent experi-
ments. Data were expressed as mean ± SD. All calculations were 
performed using Microsoft Excel software.
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