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Biological Activity of Poly(1,3-propanediol citrate) Films and
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Polymers are of great interest for medical and cosmeceutical applications. The
current trend is to combine materials of natural and synthetic origin in order
to obtain products with appropriate mechanical strength and good
biocompatibility, additionally biodegradable and bioresorbable. Citric acid,
being an important metabolite, is an interesting substance for the synthesis of
materials for biomedical applications. Due to the high functionality of the
molecule, it is commonly used in biomaterials chemistry as a crosslinking
agent. Among citric acid-based biopolyesters, poly(1,8-octanediol citrate) is
the best known. It shows application potential in soft tissue engineering. This
work focuses on a much less studied polyester, poly(1,3-propanediol citrate).
Porous and non-porous materials based on the synthesized polyesters are
prepared and characterized, including mechanical, thermal, and surface
properties, morphology, and degradation. The main focus is on assessing the
biocompatibility and antimicrobial properties of the materials.
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1. Introduction

The intensive development of tissue en-
gineering offers new possibilities for
reconstructing damaged tissues. Tissue
engineering aims to combine biological
material (cells) and a synthetic scaffold
that temporarily supports the growing
tissue. Such scaffolds are mainly made
of biodegradable polymers, for example,
polyesters.[1] New biomaterials with better
biocompatibility and application properties
are being researched. Both natural and
synthetic biopolymers are used. Materials
of natural origin have the advantage of
being non-toxic and minimizing the host’s
immune response. However, the applica-
tion requirements are growing, which leads
to an increasing emphasis on the ability to
functionalize the material and an ease of
processing into a product with tailorable
properties. As a result, synthetic polymers

are becoming widely relevant. The solution to their biocompati-
bility problem is using substrates naturally present in the body.
These include citric acid, an intermediate in the Krebs cycle
that occurs in the metabolism of all aerobic organisms. Besides,
biodegradability is considered a crucial and desired property in
many applications as it contributes to sustainability by reduc-
ing waste. Polymers that are degradable to substances present
in the body are called bioresorbable. The degradation products
are subsequently included in metabolic pathways, excluding the
necessity of removing the biomaterial device once its function
has been fulfilled.[2,3] For some applications, additional proper-
ties of biopolymers are in demand, for example, antimicrobial
activity. Considering the severity of the problems caused by mi-
crobial contamination, such qualities are mostly desired in food
packaging and biomedical devices.[4]

In the natural environment, polyesters are hydrolyzed to acidic
oligomers and monomers. Hence, the degradation process might
result in a significant drop in the local pH leading to an inhibited
growth of microorganisms as they typically prefer a pH greater
than 4.[5] Many environmental factors affect microbial metabolic
activities; however, acidity is critical.[6] First, because of the
pH-dependency of structure and function of biological macro-
molecules (especially proteins). Second, because of protons
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concentration affecting the kinetics of chemical reactions. The
final reason is the impact of pH changes on the energetic
metabolism (electrochemical potential for ATP synthesis).[7]

Every microbe exhibits optimal growth pH, which is the pH of
its maximum growth rate. In natural environments, a one-unit
pH change can lower the metabolic activity of microbial com-
munities by up to 50%.[8,9] However, a simple pH drop is not
sufficient for the inhibition of the microorganisms to occur as
they can form a resilient colony if there is a substantial time
discrepancy between the microbial growth and the degradation-
driven environment acidifying. To overcome the problematic
mismatch, a fast-degrading polymer is needed. This, in turn,
entails the increased risk of inflammation of the surrounding
tissues and rapid loss of the required mechanical properties of
the material.[5,10]

At present, there are several types of biodegradable polyesters
on the market. Among them, poly-l-lactide (PLA) has been
attracting much attention for some time now because it is
readily available and relatively inexpensive. Depending on the
physiochemical and mechanical properties, PLA has found
applicability in packaging and a wide range of biomedical uses,
for example, bone fixation screws, suture threads, and drug
delivery systems.[11,12] Thermal stability and degradation rate
of PLA are determined by crystalline content and molecular
weight, which affect its processability (due to brittleness).[13,14]

To address the limitations, PLA has been blended with various
polymers.[15–19] Other promising materials in medical and pack-
aging sectors include polycaprolactone, polyhydroxyalkanoates,
poly(glycolic acid), and poly(glycerol sebacate).[14,20–24] Blending
biodegradable polymers with natural biopolymers synthesized
from renewable resources (e.g., starch) expands their industrial
applications by minimizing cost.[24]

The potential of PLA for use in antibacterial packaging has
been investigated. However, in those studies, antimicrobial ac-
tivity is achieved by incorporating active agents, nanoparticles,
or essential oils into PLA, not due to the properties of the poly-
mer itself.[25–29] PLA film then acts as an active release system,
and the release kinetics can be tuned by modifying the physical
properties and crystallinity of the polymer film resulting from dif-
ferent processing techniques.[30] Studies on such matrixes based
on biodegradable polyesters also include poly(3-hydroxybutyrate)
and poly(butylene succinate) (PBS). Still, the antimicrobial activ-
ity is obtained via specific additives and polymer backbone func-
tionalization. The results imply that the aforementioned mate-
rials might exhibit too slow a degradation rate to act as antimi-
crobial agents on their own.[31–33] Having said that, citric acid
has recently emerged as an interesting monomer for biomaterial
synthesis. Simultaneously, it has been reported as an antimicro-
bial molecule, although the knowledge of the action mechanism
remains limited. The uncharged molecule is believed to pene-
trate the microbial membrane and dissociate once inside the cy-
toplasm, causing acidification and, subsequently, structural dam-
age to the cell. Negatively charged citric acid species are thought
to destabilize the outer membrane or sequester metals essential
for the bacteria’s growth from its environment.[34] Given the pos-
itive results of cytotoxicity testing of citric acid-based polyesters
and various poly(glycerol dicarboxylates), the potential of such
materials as antimicrobial scaffolds for cell culture is deemed
worthwhile studying.[35–38] With the aim to contribute to increas-

ing the range of potential biomaterials, it was decided to test the
cytotoxicity and antimicrobial activity of poly(1,3-propanediol cit-
rate), which has not been reported yet.

2. Experimental Section

2.1. Prepolymer Synthesis Procedure

Commercially available 1,3-propanediol (ChemSolute, >=
99,7%), anhydrous citric acid (Acros Organics, >= 99,5%), and
p-toluenesulfonic acid monohydrate (Sigma-Aldrich, >= 98,5%)
were used without prior preparation. The synthesis of poly(1,3-
propanediol citrate) (PDCit) was carried out in the MultiMax
Mettler Toledo reactor systems, in Hastelloy reactors (50 mL)
equipped with mechanical stirrers, temperature sensors, and
Dean–Stark apparatuses. Anhydrous citric acid, 1,3-propanediol,
and p-toluenesulfonic monohydrate were weighed into the reac-
tor in each trial. The molar ratio of COOH:OH functional groups
was 2:1, 1:1, and 1:2. 1% w/w of the catalyst was used in relation
to the mass of citric acid. The OH group in the acid molecule
was not considered in the calculations. The reaction mixture was
heated for 10 min to reach 130 °C. Then the temperature was
held constant for 50 min.

2.2. Polymer Film Preparation

The prepolymer mass was heated to about 50 °C and poured into
a flat, rectangular PTFE form. The form with the prepolymer was
placed in a laboratory oven at 130 °C for 24 h.

2.3. Electrospinning

PLA (Purasorb PL49, Corbion) was used to prepare PLA/PDCit
solutions. 1,1,1,3,3,3-Hexafluoro-2-propanol (Iris Biotech) was
used as a solvent, and the weight content of polymers was 5% to-
tal. The polymer mass ratio varied from 1:3 PLA/PDCit, through
1:1 PLA/PDCit to 3:1 PLA/PDCit. Solutions were stirred for 48 h.
The electrospinning process was carried out under the following
conditions: applied voltage of 10.5–12.0 kV, solution dosing rate
of 1.5 mL h−1, and distance between the needle tip and the sur-
face of the collector 14 cm. A rotational collector with a low linear
speed (1 m s−1) was used.

2.4. Scanning Electron Microscopy

Samples were coated with a 7–9 nm thick gold layer in a K550X
Sputter Coater. SEM images were taken using a Hitachi TM1000
microscope.

2.5. Gel Content

Rectangular-shaped pieces of ≈6 × 10 mm were cut from the
polymer films, three from each test material. The samples were
weighed, placed in plastic test tubes with caps, and then sub-
merged in 1 mL of distilled water. The tubes were placed on
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a Heidolph reciprocating shaker equipped with a thermostatic
chamber for 24 h. A constant temperature of 25 °C and a speed
of 150 rpm were maintained throughout the test. Wet samples
were dried and weighed again. Drying was carried out at room
temperature under 20 mbar for 96 h. Gel content, that is, the de-
gree of the material crosslinking, was calculated according to the
formula

gel content =
dry sample mass after testing
sample mass before testing

× 100% (1)

Results from three trials were averaged. The value of standard
deviation was calculated.

2.6. Wettability (Contact Angle) Surface Free Energy
Determination

Two liquids were used: distilled water and diiodomethane. Sam-
ples were placed on the measuring device, and tiny drops of liq-
uid were placed onto the test surfaces. The droplet’s shape was
recorded using the Digital Camera Industrial Digital Camera UC-
MOS01300KPA with Fixed Microscope Adapter FMA037. The
measurements were carried out using the ToupView software.
Five samples were taken for each tested material, and the results
were averaged.

Based on the results of the contact angle measurements, the
surface free energy (SFE) of the materials was determined by ap-
plying the Owens–Wendt method.

2.7. Mechanical Tests

The nonwovens were tested on the Mecmesin Multitest-I
(Mecmesin Ltd, West Sussex, UK) test frame using a 1 kN load
cell. Samples were gripped and elongated at a 10 mm min−1

speed until failure occurred. Young’s modulus, maximum ten-
sile force at break, and elongation at break were calculated from
the obtained strain–elongation curves. For each sample, three in-
dividual measurements were made. The value of standard devia-
tion was calculated.

2.8. Differential Scanning Calorimetry

DSC measurements were taken using TA Instruments Q2000
flow calorimeter. The test was conducted at −50–250 °C with a
constant temperature increment of 10 °C min−1. The system was
heated, cooled, and heated again.

From the second heating curve, the enthalpy of fusion was de-
termined and on its basis the degree of crystallinity of the sam-
ples was calculated according to the formula

% crystallinity =
ΔHf

ΔH0
f

× 100% (2)

where ΔHf—enthalpy of fusion of the sample, J g−1 and ΔHf
o—

enthalpy of fusion of 100% crystalline PLLA, 93,6 J g−1.[39]

Results from three trials were averaged. The value of standard
deviation was calculated.

2.9. Film Degradation Testing

Rectangular-shaped pieces of ≈8 × 13 mm were cut from the
polymer films, three from each test material. The samples were
weighed, placed in plastic test tubes with caps, and then sub-
merged in 5 mL of PBS solution. The tubes were placed on a Hei-
dolph reciprocating shaker equipped with a thermostatic cham-
ber. A constant temperature of 37 °C and a speed of 150 rpm
were maintained throughout the test. Wet samples were weighed
immediately after removal from the test tube, then dried and
weighed again. Drying was carried out at room temperature un-
der 20 mbar for 96 h. The weight loss after 5 and 24 h and after
3, 7, 30, and 60 days was determined according to the formula

remaining mass =
dry sample mass after testing
sample mass before testing

× 100% (3)

It was also determined how much liquid the material could
hold within.

mass absorbability =
wet sample mass after testing
dry sample mass after testing

× 100% (4)

Results from three trials were averaged. The value of standard
deviation was calculated.

2.10. Radiation Sterilization

Cytotoxicity and antimicrobial activity studies were preceded by
radiation sterilization of the materials. An electron accelerator
ELEKTRONIKA 10/10 was used, and the electron energy was 9.1
MeV. A radiation dose of 15.0 kGy was applied.

2.11. Cytotoxicity Testing

The referential continuous cell line of L929 mouse fibroblasts
(ATCC), as model cells of connective tissue exhibit anchorage-
dependency, was used. Two Dulbecco’s modified Eagle medium
(DMEM) media varying in glucose concentration were indepen-
dently used in the studies: 1 and 4.5 g L−1. Both media were sup-
plemented with 10% v/v inactivated fetal bovine serum and 1%
v/v Pen–Strep. All culture media were supplied by Gibco, and
they were all certified as approved for cell cultures.

2.11.1. Maintaining L929 Cells

The used culture medium was aseptically pipetted out from
culture flasks containing L929 cells. The remaining cell mono-
layer was rinsed twice with sterile Dulbecco’s phosphate buffered
saline (DPBS) without Ca2+ and Mg2+ to remove calcium and
magnesium ions from the cells’ surface entirely. 3 mL of sterile
0.05% trypsin-EDTA was poured into each flask. The flasks were
subsequently incubated for 5 min at 37 °C. Microscopic observa-
tion of the cells was performed to assess cell detachment. Sus-
pension of detached cells was transferred to a sterile Falcon-type
centrifuge tube, 10 mL of fresh culture medium was added, and
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the tube was centrifuged at 4500 rpm for 5 min. The supernatant
was aseptically removed, and the cells were suspended in 10 mL
fresh culture medium. Cells were counted in a hemocytometer,
passaged into new culture flasks, and continuously incubated at
37 °C in 5% CO2-enriched air atmosphere.

2.11.2. XTT Cytotoxicity Test

Discs of 1.5 cm diameter were cut from the nonwovens and films
and placed in 24-well plates, four discs a well for nonwovens and
one disc a well for films. The plates were vacuum-packed and
sterilized. 1.3 mL or 2.0 mL of culture medium was poured into
each well containing the nonwoven and film discs, respectively.
The plates were incubated at 37 °C for 24 h.

A cell suspension of 105 cells mL−1 was placed in a 96-well
plate, 100 μL per well. The outer wells of the plate were flooded
with DPBS to prevent evaporation of the culture medium. The
plates were incubated at 37 °C for 24 h. The medium was re-
moved, and the extracts were added, 100 μL per well. Some wells
were flooded with fresh medium (negative control) or 0.1% so-
lution of the Triton X-100 in DMEM (positive control). The plate
was subsequently incubated at 37 °C for 24 h in 5% CO2-enriched
air atmosphere.

After the incubation, the used culture medium was removed,
and the cells were washed twice with 100 μL of DPBS. XTT
reagent (CyQUANT XTT Cell Viability Assay, ThermoFisher Sci-
entific) solution in culture medium (33% v/v) was added, 150 μL
per well. The 96-well plate was placed in an incubator (37 °C) for
4 h. The absorbance was automatically measured in the multiwell
plate reader for 450 and 630 nm (reference wavelength). The test
was performed simultaneously in six wells of the 96-well plate
for each type of material. Results were compared to the negative
control, which was assumed as 100% of the metabolic activity of
cells.

2.12. The Proliferation of L929 Cells on the Nonwovens

Discs of 1.5 cm diameter were cut from the nonwovens and
films and placed in 24-well plates, one disc a well. The plates
were vacuum-packed and sterilized. 1.5 mL of inoculum (105 cells
mL−1) was poured into each well. The plates were transferred to
an incubator (37 °C, 5% CO2).

L929 cell cultures were carried out for 8 days without medium
exchange. The samples were harvested every 48 h. The following
tests or measurements were carried out: cell density and viabil-
ity assessment (trypan blue dye), metabolic activity (Presto Blue
assay), and lactate dehydrogenase activity (LDH assay). SEM and
confocal microscopy were also used to visualize the morphology
of L929 cells. Zero day analyses were performed after 3 h of in-
cubation.

2.13. Assessment of Properties of Cell Culture

2.13.1. Measurement of Cell Density and Viability

L929 cells were detached from the surface of the nonwovens as
per the typical trypsinization procedure. The culture medium was

aseptically pipetted-out from each well. The cells that remained
on the nonwovens were rinsed twice with sterile DPBS without
Ca2+, Mg2+ buffer. Then, 0.5 mL of sterile 0.05% trypsin-EDTA
was poured into each well. The plates were incubated at 37 °C
for 15 min, and the contents were gently mixed with a pipette
tip to facilitate the detachment of the cells from the material’s
surface. 0.5 mL of fresh DMEM medium was added to inhibit
trypsin and preserve suspended cells from trypsin-based diges-
tion. Cell density and viability were determined by counting cells
stained with 0.4% trypan blue aqueous solution (Thermo Fischer
Scientific, US) using a Bürker–Türk hemocytometer (Brand, DE)
and an Eclipse TS100 inverted microscope (Nikon) to ensure the
replicability of the counting. The counting of the total number of
cells and the number of dead cells was repeated five times.

2.13.2. Metabolic Activity Assessment

Metabolic activity has been estimated based on the resazurin-
based PrestoBlue assay results (Presto-Blue, Thermo Fischer Sci-
entific, US). 111 μL of PrestoBlue reagent was added to 1.0 mL
of L929 cells culture or pure culture medium without cells (refer-
ence samples). All samples were incubated at 37 °C for 2 h. Then,
absorbance was measured using a GENESYS 20 UV–vis spec-
trophotometer (Thermo Fisher Scientific, US) at 570 and 600 nm
(reference wavelength). Metabolic activity was calculated accord-
ing to the formula

metabolic activity = 37.04 ×
(
A570 − A570REF

)

−
(
A600 − A600REF

) [
𝜇 dm−3] (5)

where A570—the absorbance of the test sample at 570 nm,
A570REF—the absorbance of the reference sample at 570 nm,
A600—the absorbance of the test sample at 600 nm, and A600REF—
the absorbance of the reference sample at 600 nm,

Results from three trials were averaged. The value of standard
deviation was calculated.

2.13.3. LDH Activity Measurement

LDH activity was determined according to the procedure
of enzyme-based BioMaxima-LDH assay (BioMaxima, PL).
Biomaxima-LDH reagent was prepared by mixing R1 and R2
reagents in a 4:1 volume ratio before use. The reagent was then
poured into the standard disposable spectrophotometric cuvettes,
1.0 mL per cuvette. Then, 20 μL of culture medium samples
filtered through syringe filters (ϕ = 0.2 μm) were added and
thoroughly mixed. Absorbance measurement was performed at
340 nm in 1 min intervals (from 0 to 3 min) using a GENESYS 20
UV–vis spectrophotometer (Thermo Fisher Scientific, US). The
values of LDH activity were calculated based on the following for-
mula

LDH activity = 267.2 ⋅ ΔA
[
𝜇 dm−3] (6)

where ΔA—the absorbance change per minute.
Results from three trials were averaged. The value of standard

deviation was calculated.
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2.13.4. Morphology and Cell Culture Visualization

After 0, 2, 4, 6, and 8 days of culture, nonwoven discs with cells
were transferred to new 24-well plates and rinsed twice with
1 mL sterile DPBS without Ca2+, Mg2+ buffer. Next, the materials
were soaked in the following solutions: 1 mL of 4% w/v aqueous
paraformaldehyde solution (Sigma-Aldrich), 1 mL of 0.2% v/v
aqueous Triton X-100 solution (Sigma-Aldrich), 200 μL of 165 nm
Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific) in DPBS
solution, and 100 μL of 300 nm DAPI (Thermo Fisher Scientific)
in DPBS solution. After each step, the materials were rinsed twice
with 1 mL sterile DPBS without Ca2+, Mg2+ buffer. Samples were
visualized by an LSM 880 confocal laser scanning microscope
(Carl Zeiss AG, Jena, DE).

2.14. Antimicrobial Activity Studies

The antimicrobial activity of PDCit films (molar ratio of
COOH:OH functional groups 2:1, 1:1, and 1:2) was tested against
gram-positive and gram-negative bacteria and yeast. Tests were
conducted in a liquid and on a solid medium. The following mi-
croorganisms were used: Staphylococcus aureus (S. aureus) ATCC
6538, Escherichia coli (E. coli) ATCC 8739, and Candida albicans
(C. albicans) ATCC 10 231.

2.14.1. Preparation of Cultures of Bacteria and Yeast

A sterile loop of material from a single colony of bacterium or
yeast was used to inoculate 10 mL of liquid MHB (for bacteria)
or Sabouraud (for yeast) medium in a 100 mL Erlenmeyer flask.
The cultures were incubated overnight (about 20 h) at 37 °C with
constant shaking (220 rpm) using a Benchtop shaker LabCom-
panion SI-600R (Jeio Tech, Daejeon, South Korea). Subsequently,
the overnight cultures were diluted in fresh medium (MHB or
Sabouraud) to obtain a 105 cfu mL−1 suspension of microorgan-
isms.

2.14.2. Tests in a Liquid Medium

Discs of 1.5 cm diameter cut from sterile films, nine from each
test material, were placed in 100 mL Erlenmeyer flasks. 5 mL of
the previously prepared suspension of 105 cfu mL−1 was added
to each flask (three flasks of the same microorganism type for
every material). The flasks were placed in the incubator shaker
(220 rpm) at 37 °C for 24 h. After 24 h of incubation, the opti-
cal density (OD) of the cultures was measured using the spec-
trophotometric method at the wavelength 600 nm. The results
were compared to the OD of the control flasks without materials.
Antimicrobial activity was calculated according to the formula

antimicrobial activity = OD
ODcontrol

× 100% (7)

where; OD—optical density of a culture of microorganisms with
the addition of the polymer film; ODcontrol—optical density of a
culture of microorganisms without the addition of the polymer
film.

Results from three trials were averaged. The value of standard
deviation was calculated.

Table 1. The gel content of films with different COOH:OH molar ratios.

COOH:OH molar ratio of poly(1,3-propanediol citrate)

1:2 1:1 2:1

gel content [%] 95 ± 2 100 ± 1 84 ± 3

2.14.3. Tests on a Solid Medium

Freshly prepared media (MHA for bacteria and Sabouraud dex-
trose agar for yeast) were poured into petri dishes and allowed to
solidify. Briefly, 100 μL of 108 cfu mL−1 cell suspension was dis-
tributed evenly on a suitable medium and allowed to dry. Discs
of 1.7 cm diameter cut from sterile films were placed on the petri
dishes. The samples were incubated at 37 °C for 24 h. After in-
cubation, sample activity was determined by measuring the di-
ameter of inhibition of the growth zone. Results from three trials
were averaged. The value of standard deviation was calculated.

3. Results and Discussion

3.1. Polymer Films

3.1.1. Gel Content

The gel content of the polymer films with different molar ratios of
COOH:OH functional groups (2:1, 1:1, and 1:2) was determined,
that is, the content of the insoluble phase (crosslinked, gelled)
(Table 1).

The highest content of the water-insoluble phase was observed
in material with an equimolar ratio of functional groups. It is to
be expected as crosslinking should be most readily achieved in
this case. Noticeably lower gel content for the film with excess car-
boxyl groups can be associated with acidification of the environ-
ment and faster degradation of the material. The lower crosslink-
ing density in the case of a non-equimolar ratio of COOH:OH
results from the presence of free side groups, increasing the in-
terchain distance in the network structure. As a consequence, the
permeation of the medium into the material is easier, driving the
degradation further.

3.1.2. Wettability and Surface Free Energy

The contact angle values of the surfaces of poly(1,3-propanediol
citrate) films were determined (Figure 1). It was observed that the
surfaces of all the films tested showed wettability for both liquids,
that is, a droplet was formed for each measurement, and the con-
tact angle was less than 90°. No liquid was found to spread over
the surface or penetrate the material during the several seconds
of measurement duration.

The water contact angle falls within (57.6 ± 4.7)–(71.4 ± 4.0)°.
In all three cases, this is a larger value than the diiodomethane
contact angle (from (42.4 ± 4.5) to (48.2 ± 3.5)°). This means the
non-polar liquid wets the film surfaces more easily than the po-
lar liquid. The film characterized by excess carboxyl groups is the
most difficult to wet by water. This indicates that hydroxyl groups
hydrophilize the surface more than carboxyl groups. The use of

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (5 of 18)

 15213927, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

arc.202300452 by Instytut Podstaw
ow

ych Problem
ow

 T
echniki PA

N
, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mrc-journal.de


www.advancedsciencenews.com www.mrc-journal.de

Figure 1. Water and diiodomethane contact angle values of films with dif-
ferent COOH:OH molar ratios.

citric acid helps to increase the hydrophilicity of the film surface
compared to similar polyesters based on acids with a longer car-
bon chain in the molecule, such as poly(glycerol sebacate).[40]

The polymer chains are arranged in a specific way in the films.
There are no free surface functional groups, which mainly de-
termine the hydrophilicity. The wettability of the film surface
may be influenced by the material used to make the forms for
crosslinking the prepolymer. As a hydrophobic material, PTFE
might have induced an arrangement of the polyester chains that
ensured minimal contact between the polar groups and the form.
The effect of PTFE can also be seen in the fact that hydrophilicity
is apparently not affected by the amount of unreacted functional
groups remaining after the reaction. The material containing ex-
cess carboxyl groups has the least hydrophilic surface despite the
theoretically lowest degree of esterification (lowest gel content).
This conclusion is worth considering for further studies, for ex-
ample, by determining the contact angle of films obtained from
the same prepolymer but in forms made of different materials.

When analyzing the films for potential use as implantable ma-
terials, it ought to be noted that an excess of hydroxyl groups
should favor the adsorption of proteins on the surface. First, this
is indicated by the SFE values (Figure 2). The higher the SFE
value of the film, the stronger the interaction with other materi-
als will be. Besides, proteins that promote cell adhesion are more
likely to be absorbed on hydrophilic surfaces.[41] Materials with
COOH:OH molar ratios of 1:2 and 1:1 show higher hydrophilic-

Figure 2. Surface free energy and its components of films with different
COOH:OH molar ratios.

Figure 3. Degradation of films with different COOH:OH molar ratios—
changes in the remaining mass of the films (bars on the graph) and pH
value of buffer (dashed lines) over time.

ity than the third film, as evidenced by the higher value of the
polar component.

3.1.3. Degradation

The degradation time of polymer films in PBS solution at 37 °C
was investigated. The test conditions were designed to imitate
human body temperature. Weight loss after 5 and 24 h and 3, 7,
30, and 60 days were determined. The initial pH value of the PBS
solution was 7.4.

Degradation of the film samples with the highest acid content
(COOH:OH = 2:1) occurred almost immediately. Already after 5
h, the weight loss was about 90%. After 24 h, the residual sam-
ples had disintegrated into small pieces, which caused problems
when weighing. After 3 days, no solid fragments of the samples
were found in the tubes. Compared to the other samples, such a
rapid weight loss indicates degradation autocatalyzed by free acid
groups. The high concentration of H+ cations in the medium ac-
celerates the hydrolysis of the ester bonds, causes the release of
carboxyl groups, and drives a rapid drop in pH value. The effect
illustrated in Figure 3 is, therefore, a synergy between the impact
of the medium (water-induced hydrolysis of the ester bonds) and

Figure 4. Mass absorbability of PBS buffer of films with different
COOH:OH molar ratios.

the contribution of the material properties (autocatalysis). Reduc-

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (6 of 18)
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Table 2. SEM images of electrospun nonwovens made from poly-l-lactide/poly(1,3-propanediol citrate).

PLA/PDCit COOH:OH molar ratio of poly(1,3-propanediol citrate)

1:1 1:2

3:1

1:1

1:3

ing the influence of the latter would be possible with a cyclic
exchange of the PBS buffer. The medium exchange would also
simulate the circulation of body fluids under in vivo conditions.
It was decided not to conduct the study this way, as the material
in question was considered unprosperous. Even with frequent
exchange of PBS buffer, the acidification of the medium would
have been significant and disqualifying for further studies.

The other two materials degraded completely between the 60th
and 90th day. The progression of weight changes during the test
was similar in both cases. However, the values shown in Figure 4
for the material with an equimolar COOH:OH ratio are certainly
slightly overestimated (increase in sample weight during the test
compared to the initial weight). It is due to the absorption and
retention of some liquid inside the film, indicating a bulk degra-

dation mechanism. The degrading agent penetrates the material
and causes hydrolysis of the ester bonds simultaneously through-
out the entire volume. The varying degradation rate also confirms
this. In the case of a surface degradation mechanism, the mass
changes should be constant in time.

3.2. Electrospun Nonwovens

Nonwovens of PLA and poly(1,3-propanediol citrate) with a
COOH:OH molar ratio of 1:2 and 1:1 were made via electrospin-
ning. At this stage, material containing excess carboxyl groups
was rejected as being too rapidly degradable in aqueous me-
dia and highly probable to be cytotoxic. The mass content of

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (7 of 18)
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Figure 5. Water contact angle values of nonwovens with different contents
of poly(1,3-propanediol citrate) and different COOH:OH molar ratios.

poly(1,3-propanediol citrate) in the polymer blend was 25% (3:1
PLA/PDCit), 50% (1:1 PLA/PDCit), and 75% (1:3 PLA/PDCit).

3.2.1. Morphology

The structure of the nonwovens was visualized using a scan-
ning electron microscope (Table 2). It was possible to obtain a
fibrous material with individual fiber diameters in the range of
0.5–5 μm. Poly-l-lactide improved processing performance. It is
evident that as the mass content of PLA in the blend is reduced,
the quality of the electrospun materials decreases significantly.
The fibers are more poorly formed, thinner, and prone to clus-
tering. In the case of 1:3 PLA/PDCit, a thin layer of solid mate-
rial can be observed on the surface. Thus, obtaining nonwovens
from pure poly(1,3-propanediol citrate) is probably impossible via
electrospinning. This does not exclude using this polyester as an

Figure 6. Surface free energy and its components of nonwovens with different contents of poly(1,3-propanediol citrate) and different COOH:OH molar
ratios.

additive to modify the final material’s selected properties (sur-
face, mechanical, etc.).

SEM images are insufficient to assess the nonwovens’ suitabil-
ity as cell culture scaffolds. However, it should be noted that the
smooth surface of the fibers may result in reduced cell adhesion.
All the fabrics are porous, allowing the cells to inhabit the entire
volume.

3.2.2. Wettability and Surface Free Energy

A study of the contact angle between distilled water and di-
iodomethane on the surface of the nonwovens was carried out.
It was observed that on the surface of five of the six materials,
a drop of diiodomethane dissolves immediately after being ap-
plied with a syringe needle so that the contact angle value is 0°.
Only in the case of 1:3 PLA/PDCit with excess hydroxyl groups
(COOH:OH = 1:2) did the applied droplet remain intact for sev-
eral seconds before dissolving. This allowed the determination of
the diiodomethane contact angle, and the value was (7.0 ± 1.4)°.
Hence, only the water contact angle values are shown in Figures 5
and 6.

The results are inconsistent with the hypothesis set up be-
fore the study. Adding poly(1,3-propanediol citrate) increases the
hydrophilicity of the surface compared to polylactide (≈125°),
but the trend is unclear. It was assumed that the water con-
tact angle should decrease with increasing poly(1,3-propanediol
citrate) content. Yet, the results can be considered comparable
(for COOH:OH = 1:1). Likely, the surface properties are more
influenced by the arrangement of the polymer chains in the
nonwovens. Polylactide forms the core of the structure, inter-
spersed with the more hydrophilic poly(1,3 propanediol citrate).
The higher surface fraction of poly(1,3-propanediol citrate) is
not equivalent to its higher mass content in the electrospin-
ning mixture. The arrangement of the polymer chains may be
coincidental.

The significant increase in surface hydrophilicity of 1:3
PLA/PDCit nonwovens with an excess of hydroxyl groups
(COOH:OH = 1:2) is probably due to the poor fiber-forming

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (8 of 18)
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Table 3. Mechanical properties of electrospun nonwovens made from poly-l-lactide/poly(1,3-propanediol citrate); Fmax—maximum tensile force at break,
A—elongation at break, E—Young’s modulus.

PLA/PDCit COOH:OH molar ratio of poly(1,3-propanediol citrate)

1:1 1:2

Fmax [N] A [%] E [MPa] Fmax [N] A [%] E [MPa]

3:1 2.32 136.5 ± 5.5 13.3 ± 1.9 2.02 111.5 ± 3.5 7.5 ± 0.1

1:1 0.96 93.0 ± 4.0 3.3 ± 0.5 0.88 72.0 ± 2.0 3.1 ± 0.1

1:3 0.53 15.0 ± 0.5 1.0 ± 0.1 0.49 35.0 ± 4.0 1.0 ± 0.0

properties of this polymer. The layers of solid material observed
in the SEM images are areas of increased hydrophilicity. In other
cases, the PLA dominates the fiber surface, hence the high values
of the water contact angle.

3.2.3. Mechanical Properties

The mechanical properties of electrospun nonwovens are deter-
mined and presented in Table 3.

The values of elongation at break and Young’s modulus of anal-
ogous materials made only from PLA are 107% and 315 MPa,
respectively.[42] Given the acquired results, it can be concluded
that a relatively small addition of PDCit (up to 25%) does not af-
fect nonwovens elongation capability and may even improve it
to some degree. Nonetheless, there is a major drop in Young’s
modulus, and it is explicit that the higher the concentration of
PDCit, the lower the value of Young’s modulus. Nonwovens with
identical amounts of PDCit added to PLA are similar within the
standard deviation limits if the addition is 50% or higher, differ-
ences in COOH:OH molar ratios of PDCit notwithstanding. It
can be related to the comparable crosslinking degree (as seen in
the gel content values of the films) for both PDCits. However, for
the lowest PDCit content, the distinction in Young’s modulus be-
tween those two materials is significant, yet the reason remains
unclear. Sample preparation likely affects results, that is, whether
they are cut perpendicularly or parallel to the nonwovens orien-
tation. The arrangement of the nonwovens may not be homoge-
neous throughout the material.

Amorphous phase chain arrangement is a critical factor con-
tributing to the mechanical response properties of the nonwo-
vens. PLA is brittle, and the mobility of the chains is low, whereas
PDCit increases molecular mobility, contributing to a reduction
of Young’s modulus and elongation at break. Besides, the ten-
sile strength of the polymer increases with molecular weight.
In the case of high molecular weight, polymer chains are bulky
and consequently become entangled, hence the better resistance
when subjected to strain. Material can be stretched further be-
fore the chains break, and more bonds must be broken, mean-
ing the polymer can absorb more energy before rupture. PDCit
added to PLA is in the form of oligomers. When the molecular
weight is low, chains are loosely bound by weak intermolecular
van der Waals forces. Smaller molecules have more end groups,
increasing free volume and molecular mobility and consequently
reducing Young’s modulus.

Described influence of the poly(diol citrate) on PLA-based non-
wovens contradicts the results obtained for poly(1,8-octanediol
citrate) (POC).[43] Given the significant difference in chain length
between both diols, it is only reasonable for POC to exhibit much
better elasticity than PDCit.

The results of this study are comparable to elastin in terms
of Young’s modulus for materials with higher PDCit content
and strain at break for materials with higher PLA content.[44] It
implies the potential of such materials for applications in sub-
stitutes, especially of tissues characterized by high amounts of
elastin, like blood vessels.

3.2.4. Thermal Properties

DSC tests were conducted to obtain the thermal properties of all
PLA/PDCit(1:1) and PLA/PDCit(1:2) nonwovens, meaning 1:1
and 1:2 COOH:OH molar ratios, respectively. Both PDCit pre-
polymers used for electrospinning these nonwovens were also
examined for comparison. Results are presented in Figures 7–9.

The DSC curves in Figure 7 show distinct shifts of the base-
line (T(F)) between 100 and 220 °C, resulting from the ongoing
crosslinking process of the prepolymer during the test heating.
Given quite a low degree of esterification of the carboxyl groups in
the PDCit(1:1) (≈70%) and PDCit(1:2) (≈79%) resins, heat energy
uptake is significant enough to be distinguishable. Thermal de-
composition of citric acid also occurs in this temperature range,
leading to dehydration and decarboxylation. Also, endothermic
shifts below 50 °C are observed, indicating glass transition. For
the PDCit(1:1) prepolymer (green curve), glass transition temper-
ature during the first heating (T(A)) is significantly lower (−10
°C) than during cooling (T(B)) and second heating (T(C), ≈35 and
43 °C). This is the result of crosslinking, as mentioned above. The
initial sample consists mainly of low-molecular weight oligomers
with a few repeating units that form long branched chains af-
ter first heating. No melting peaks or crystallization peaks were
found, as expected. The hyperbranched structure of the polymer
makes it amorphous.

The same conclusions apply to the PDCit(1:2) prepolymer
(blue curve). The glass transition is not visible on the first heating
curve, though, probably due to negligible heat absorption, which
may be caused by the prepolymer’s relatively low viscosity, result-
ing from the excess of the alcohol. Glass transition during cool-
ing and second heating occurs about 10 °C (T(D), T(E)). It is a
lower value than the one for PDCit(1:1) for the same reason as
above.

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (9 of 18)
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Figure 7. DSC thermogram of PDCit prepolymers with different COOH:OH molar ratios.

The DSC curves of all three nonwovens in Figure 8 indicate
glass transition at about −10 °C (T(G)), rising to about 40 °C
(T(H), T(I)) after first heating. The heat effect is less noticeable
than for PDCit resin itself and increases with its mass content in
the polymer blend for electrospinning. T(J) at about 55 °C marks

the glass transition of PLA, followed by cold crystallization, with
a proportionally decreasing heat effect for lower contents of PLA
(compare green and blue curves). A slight shift toward higher
temperatures from 3:1 PLA/PDCit to 1:3 PLA/PDCit results
from PDCit hindering crystallization by significantly increasing

Figure 8. DSC thermogram of PLA/PDCit nonwovens with a COOH:OH molar ratio of 1:1 and with different mass contents of poly(1,3-propanediol
citrate).

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (10 of 18)
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Figure 9. DSC thermogram of PLA/PDCit nonwovens with a COOH:OH molar ratio of 1:2 and with different mass contents of poly(1,3-propanediol
citrate).

the content of the amorphous phase. The glass-transition–based
curve shift is less sharp in the case of 1:3 PLA/PDCit compared
to 3:1 PLA/PDCit due to PDCit causing the fractionation of PLA
chains differing in length. Between T(K) and T(L) points PDCit
prepolymer crosslinking can be observed, most distinctive on the
blue curve. At around 175 °C (T(L)), melting of PLA can be no-
ticed, probably overlapping with dehydration and decarboxylation
of citric acid-based parts. Interestingly, during the first heating,
the PLA-melting signal shows two distinguishable peaks, prob-
ably coming from fractions with different chain lengths. The ef-
fect is diminished by the time of the second heating due to vari-
ous possible effects: partial degradation of PDCit (lesser impact
on fractionation), PLA reacting with PDCit (via free terminal car-
boxyl groups in PLA and OH groups in PDCit), or homogeniza-
tion of PLA chain lengths because of different fractions reacting
with each other.

The effects observed for PLA/PDCit(1:2) nonwovens (Figure 9)
are comparable to the above, with the glass transition temper-
atures of the polycitrate parts being accordingly lower than for
PDCit(1:1), as already described regarding Figure 7 (compare
T(D) and T(E) with T(N) and T(O)). Note that there is a de-
tectable glass transition during the first heating for the non-
woven with the highest PDCit content (T(M)) at about −20 °C.
Considering relatively small differences for the respective curves
between the three types of nonwovens, it can be presumed
that the effect of PDCit(1:2) on the properties of the whole
nonwoven is much weaker than for PDCit(1:1), which may
be related to the difference in viscosity of the two prepoly-
mers. PDCit(1:2), being less viscous, is more easily mixed in
PLA.

Given the good performance of typical citric acid triesters, it
is possible to expect the plasticizer-like effect of low-molecular

weight PDCit. However, its content in those nonwovens is too
high to observe any actual effect of this kind.

Based on DSC analysis, the degree of crystallinity of the non-
wovens was determined (Figure 10).

It was observed that the degree of crystallinity of nonwovens
decreases with increasing PDCit content because of the hyper-
branched structure of citrate polyester. This decrease is less no-
ticeable with PDCit(1:2), possibly due to the lower molecular
weight and lower degree of branching associated with the lower
citric acid content. Such a structure makes the crystallization of

Figure 10. Degree of crystallinity of nonwovens with different contents of
poly(1,3-propanediol citrate) and different COOH:OH molar ratios.

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (11 of 18)
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Figure 11. Cytotoxic effect of the 24 h extracts of the various PLA/PDCit
nonwovens as a percentage of the negative control (NC) viability. The black
line shows the accepted cytotoxicity limit at 70% of NC. Positive control
(PC) is the result of the activity of the cells cultured with TritonX-100.

Figure 12. Morphology assessment of L929 cells using SEM (left) and
confocal microscopy (right). Culture on 3:1 PLA/PDCit(1:1) nonwovens.

Figure 13. Morphology assessment of L929 cells using SEM (left) and
confocal microscopy (right). Culture on 1:1 PLA/PDCit(1:1) nonwovens.

linear PLA less hindered, and the short oligomeric chains of the
polycitrate are more easily intermixed with the base polymer.

4. L929 Cell-Based Assays of PLA/PDCit
Nonwovens

4.1. Cytotoxicity Tests

The cytotoxicity effect of the PLA/PDCit nonwovens was investi-
gated by the results of the colorimetric XTT reagent assay. L929
mouse fibroblasts were used. Cell viability determination was
based on the absorbance measured spectrophotometrically at 450
and 660 nm in the XTT test, following ISO EN 10993–5: 2009. Ini-
tially, the intention was to perform cytotoxicity tests on films addi-
tionally, but this idea was abandoned due to the culture medium
acidifying too quickly. Results of the XTT cytotoxicity tests of the
nonwovens are presented in Figure 11.

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (12 of 18)
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Figure 14. Morphology assessment of L929 cells using SEM (left) and
confocal microscopy (right). Culture on 3:1 PLA/PDCit(1:2) nonwovens.

None of the tested nonwovens exhibits a short-term cytotoxic
effect on L929 cells as the metabolic activity does not drop below
70% of negative control, commonly set as the cytotoxicity limit.
The obtained results do not indicate an increase in cytotoxicity
even at higher contents of poly(1,3-propanediol citrate) (1:3 type
nonwovens), which in theory, should acidify the culture medium
most rapidly. It is likely that the presence of semicrystalline PLA
limits the penetration of the medium into the material and in-
hibits degradation.

4.2. Eight Days Cell Culture

L929 cells were maintained for 8 days, with samples harvested
every 48 h. Images of cells after staining are presented in
Figures 12–15 alongside SEM images of cells on nonwovens. The
actin skeleton of the cells is stained green, and the nuclei are
stained blue. Figures 16 and 17 present changes in different cul-

Figure 15. Morphology assessment of L929 cells using SEM (left) and
confocal microscopy (right). Culture on 1:1 PLA/PDCit(1:2) nonwovens.

ture parameters for all the materials compared to the reference
culture.

The overall morphology of the cells cultured on the nonwovens
differs from those growing on the flat reference surface.[45–47] It
is to be expected given the nonwovens’ fibrous and highly porous
structure. To adhere to such a surface, the cells often must wrap
themselves around the fibers and take on a more elongated shape
due to the limited number of attachment sites. Not until later in
the culture time (>4 days), when the cells start to form a dense
colony, do they adopt more of a cobblestone-like shape.

For both types of the PLA/PDCit(1:1) nonwovens, it is appar-
ent that while the number of cells increases up to the sixth day of
culture, on the eighth day the growth is suppressed (Figure 16A–
F). Cell viability decreased due to nutrient consumption in the
medium, increased concentration of metabolic waste, and re-
duced available growth area. This effect is comparable to the ref-
erence culture and, as such, should not be associated with the

Macromol. Rapid Commun. 2024, 45, 2300452 © 2023 Wiley-VCH GmbH2300452 (13 of 18)
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Figure 16. a–l) L929 culture properties at different time points: cell density, cell viability, metabolic activity, and LDH activity. Comparison between the
reference culture and the PLA/PDCit nonwovens of an equimolar COOH:OH ratio with a different mass content of poly(1,3-propanediol citrate): 25%
(3:1 PLA/PDCit(1:1)) and 50% (1:1 PLA/PDCit(1:1)).

potential cytotoxicity of the nonwovens. Due to their low density,
the nonwovens partially floated in the culture medium, reducing
the number of adhered cells. Not all cells managed to settle on
the material and floated down the porous structure. This effect
is noticeable in the slower growth of cells between days 0 and
2 compared to the reference. The growth rate from the second
to fourth day and from the fourth to sixth day parallels the ref-
erence culture, indicating that the adhered cells are growing on
the nonwovens. A more substantial decrease in cell viability be-
tween days 0 and second compared to days second and sixth may
be specifically due to the non-adherence of some cells from the
suspension applied on the nonwovens (compare Figure 16E–F

with Figure 16D). This hypothesis is supported by confocal mi-
croscopy and SEM images, showing the increasing number of
cells over time.

The circumstances are different for the PLA/PDCit(1:2) non-
wovens. There is hardly any cell growth detected on 1:1
PLA/PDCit(1:2) material, as seen in Figure 17C/F/I/L and pro-
vided SEM and confocal images. There is a slight increase in
the number of cells after 2 days of culture, followed presumably
by acidification of the local environment. This effect was not de-
tected during the cytotoxicity testing and is also not entirely con-
firmed here, as no drop in the pH of the culture medium has been
observed. However, it is possible that no intensive acidification
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Figure 17. a–l) L929 culture properties at different time points: cell density, cell viability, metabolic activity, and LDH activity. Comparison between the
reference culture and the PLA/PDCit nonwovens of 1:2 COOH:OH molar ratio with a different mass content of poly(1,3-propanediol citrate): 25% (3:1
PLA/PDCit(1:2)) and 50% (1:1 PLA/PDCit(1:2)).

of the medium is occurring because the material’s degradation
is not advancing substantially. Still, poly(1,3-propanediol citrate)
with excess hydroxyl groups exhibits a somewhat higher degra-
dation rate than the equimolar one due to the lower crosslinking
density (as discussed in the previous sections of the article). For
this reason, cells in direct contact with the fibers of a nonwoven
can sense and respond to these slight changes. The same expla-
nation can be applied to material 3:1 PLA/PDCit(1:2), but this
effect is less prominent given the lower PDCit content. Nonethe-
less, cell growth at the beginning (zeroth to second day) is slower
compared to the reference, indicating a longer adaptation time
(compare Figure 17A with Figure 17B). Once adapted to the con-

ditions, the cells start to grow on the material, but the growth is
quite stunted.

Figures 16J–L and 17J–L show the LDH activity. LDH release
assay was used to assess the level of plasma membrane damage
in cell culture: the higher the enzyme concentration, the more re-
cently damaged cells. The results are complementary to the cell
density and viability assessment. The most significant increase
of LDH activity in the reference culture occurs after 6 days, in-
dicating hindered proliferation of cells despite the highest val-
ues of metabolic activity. It confirms the conclusions regarding
cell death prompted by high confluency and their competition
for space on the plate surface, enhanced by the depletion of the
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Figure 18. Antimicrobial activity of poly(1,3-propanediol citrate) films with
different COOH:OH molar ratios as a percentage of culture growth inhi-
bition.

culture media. As seen in Figure 16K,L, the same conclusions
can be made about both types of the PLA/PDCit(1:1) nonwo-
vens, except the increase in LDH activity between days sixth and
eighth is more pronounced. The higher cell damage rate may be
due to a smaller specific surface area of growth (porosity, fibrous
rather than solid structure) and, therefore, a faster critical con-
fluence value being reached. Remarkably, both metabolic activity
and LDH activity profiles are, in this case, much more similar
to the reference for nonwovens with a higher PDCit content (1:1
PLA/PDCit(1:1), Figure 16I,L). It may indicate the positive effect
of the addition of a polymer that hydrophilizes the PLA surface
while not acidifying the cell environment (slow degradation rate).

For materials PLA/PDCit(1:2), the results obtained for
metabolic activity and LDH activity (Figure 17J–L) confirm sig-
nificant cell death occurring already from the beginning, which
is in line with previous remarks about the acidity of the surface of
the nonwovens. Cell damage and death are more rapid for higher
mass content of PDCit(1:2), happening extensively as early as sec-
ond day of culture.

5. Antimicrobial Activity of the Polymer Films

5.1. Tests in the Liquid Medium

The antimicrobial activity of poly(1,3-propanediol citrate) films
with different COOH:OH molar ratios has been tested in the
liquid medium. The inhibitory effect of the materials was de-
termined by a decrease in OD compared to the control culture
(Figure 18). After the incubation with polymer films, the pH val-
ues of the culture medium were measured (Table 4). Samples
were not weighed after removal from the medium. Still, the ma-
jority of them (COOH:OH = 1:1 and 1:2) retained their original
shape and size, from which it can be assumed that no extensive
degradation occurred. Films with an excess of carboxyl groups
degraded completely.

It is apparent that the antimicrobial activity of PDCit films re-
sults from the pH drop in the culture medium. The growth of

Table 4. PH of culture medium after 24 h incubation with polymer films.

COOH:OH molar ratio of poly(1,3-propanediol citrate)

1:2 1:1 2:1

E. coli 4.5 6.5 3.0

S. aureus 4.5 6.5 3.0

C. albicans 3.5 5.0 2.0

Table 5. Antimicrobial activity of poly(1,3-propanediol citrate) films with
different COOH:OH molar ratios as the diameter of inhibition growth
zone [mm].

COOH:OH molar ratio of poly(1,3-propanediol citrate)

1:2 1:1 2:1

E. coli 0 0 29.4 ± 2.2

S. aureus 0 0 30.9 ± 2.0

C. albicans 0 0 23.0 ± 1.9

C. albicans, the most resistant to the acidic environment among
the three tested microorganisms, is significantly inhibited only
after contact with the material with excess carboxyl groups (low-
est pH). Differences in pH changes between the materials are
comparable to the results obtained during degradation testing,
with the equimolar COOH:OH ratio film being the least acid-
ifying, which is the consequence of the highest content of the
crosslinked polymer. The slightly sharper decrease in pH for C.
albicans is a result of the metabolic activity of this yeast.

5.2. Tests on the Solid Medium

The antimicrobial activity of the PDCit films was additionally de-
termined by the size of the inhibition of the growth zone. The re-
sults are partially comparable to the tests conducted in the liquid
medium (Table 5 and Figure 19). Only the material with excess
carboxyl groups exhibits antimicrobial activity against all tested
microorganisms resulting from media acidification. The appar-
ent difference in pH decrease compared to the liquid medium is
presumably a consequence of the diffusion rate. Given enough
time, all the film samples would sufficiently degrade and induce
microbial growth inhibition.

Initially adherent to the media surface, the discs cut from the
most acidic PDCit have become mostly detached and rolled up
(as seen in Figure 19).

6. Conclusions

In this work a polyester was prepared from citric acid and 1,3-
propanediol. Films of poly(1,3-propanediol citrates) with differ-
ent stoichiometry of COOH:OH groups were made. The wetta-
bility of the film surfaces was investigated with a polar (water)
and a non-polar liquid (diiodomethane). The surface free energy
of the materials was calculated. It was observed that the films
showed wettability with both liquids, with an excess of hydroxyl
groups in the material increasing the hydrophilicity of its surface.
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Figure 19. Antimicrobial activity of poly(1,3-propanediol citrate) films with different COOH:OH molar ratios: A: 1:1, B: 2:1, C: 1:2, tested on a solid
medium.

Poly(1,3-propanediol citrate) films have been shown to be capa-
ble of absorbing and retaining polar liquid in their structure. This
may enable the material to be saturated with bioactive liquids.

The stoichiometry of the functional groups strongly influenced
the course of the films degradation. Materials with an equal con-
tent of functional groups or an excess of hydroxyl groups are com-
pletely degraded after more than 60 days. Degradation occurs via
bulk mechanism.

Nonwovens were prepared by electrospinning from a mix-
ture of poly(1,3-propanediol citrates) and PLA. It was found that
poly(1,3-propanediol citrate) exhibited low fiber-forming poten-
tial on its own, but could be used together with another polymer
as an additive to hydrophilize the surface and promote cell adhe-
sion. The materials exhibited potential as antimicrobial agents,
primarily due to the acidification of the culture environment. In
the case of PLA/PDCit nonwovens, the amount of polycitrate may
be too small to produce a similar effect. However, these are pre-
liminary results that suggest the possibility of using the polymer
as an antimicrobial agent, not necessarily strictly as presented.
The polymer could, for example, serve as an antibacterial addi-
tive in cosmetic formulations or be released from another carrier
in a controlled manner.
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