
International Journal of Biological Macromolecules 268 (2024) 131476

Available online 16 April 2024
0141-8130/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Physicochemical, structural and biological characterisation of poly 
(3-hydroxyoctanoate) supplemented with diclofenac acid conjugates — 
Harnessing the potential in the construction of materials for skin 
regeneration processes 
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A B S T R A C T   

This study involved creating oligomeric conjugates of 3-hydroxy fatty acids and diclofenac, named Dic-oligo 
(3HAs). Advanced NMR techniques confirmed no free diclofenac in the mix. We tested diclofenac release 
under conditions resembling healthy and chronic wound skin. These oligomers were used to make P(3HO) 
blends, forming patches for drug delivery. Their preparation used the solvent casting/porogen leaching (SCPL) 
method. The patches’ properties like porosity, roughness, and wettability were thoroughly analysed. Antimi-
crobial assays showed that Dic-oligo(3HAs) exhibited antimicrobial activity against reference (S. aureus, S. 
epidermis, S. faecalis) and clinical (Staphylococcus spp.) strains. Human keratinocytes (HaCaT) cell line tests, as 
per ISO 10993-5, showed no toxicity. A clear link between material roughness and HaCaT cell adhesion was 
found. Deep cell infiltration was verified using DAPI and phalloidin staining, observed under confocal micro-
scopy. SEM also confirmed HaCaT cell growth on these scaffolds. The strong adhesion and proliferation of HaCaT 
cells on these materials indicate their potential as wound dressing layers. Additionally, the successful diclofenac 
release tests point to their applicability in treating both normal and chronic wounds.   

1. Introduction 

The skin – the main barrier of the human body – is the tissue that 
covers the largest surface area of the body. Tissue damage and skin in-
juries happen to people of all ages [1]. Wound healing is a multilevel 

biochemical process occurring in response to physical tissue damage, 
with the following phases overlapping: haemostasis, inflammation, 
proliferation and reconstruction (scar formation) [2]. Inflammation 
usually results in the body’s response to the presence of pathogens, 
including bacteria, viruses, and fungi. Interactions between antigens and 
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antibodies, as well as oxidative stress, can also be factors that induce the 
inflammatory process. During this process, the enzyme phospholipase 
A2, present in leukocytes and platelets, is activated by pro-inflammatory 
cytokines. This is followed by hydrolysis of phospholipids from the 
damaged cell membrane, resulting in the synthesis of arachidonic acid. 
This product is a substrate for cyclooxygenases (COX) and lipoxygenases 
(LOX), which produce inflammatory metabolites: leukotrienes, prosta-
glandins and thromboxanes [3,4]. 

Traditional anti-inflammatory therapies are associated with the 
neutralisation or reduction of pro-inflammatory mediators and the in-
hibition of the involvement of leukocytes. To achieve this, compounds 
with anti-inflammatory properties, glucocorticoid receptor antagonists, 
antibodies, or inhibitors that inhibit pro-inflammatory cytokines are 
used, that is, TNF-α and various interleukins (ILs) [5]. Non-steroidal 
anti-inflammatory drugs (NSAIDs) are compounds taken to reduce 
pain, inflammation, or lower fever. NSAIDs inhibit the COX enzyme, 
which converts arachidonic acid into prostanoids, i.e. prostaglandins. 
Traditional non-selective COX inhibitors include aspirin, diclofenac 
(DIC), ibuprofen, and piroxicam [5]. Through inhibition of COX, DIC 
leads to a reduction in the prostaglandins responsible for inflammation 
and pain. It is commonly used systemically to treat postoperative pain 
[6]. Furthermore, literature reports indicate an antimicrobial effect of 
DIC. It is increasingly used in formulations to improve its bioavailability, 
allowing it to act through the skin coatings [7]. 

Modern skin substitutes should contribute to faster wound closure, 
restoring the barrier function of the wound while preventing the spread 
of inflammation and bacterial infection [8]. The interdisciplinary field 
known as tissue engineering can offer materials with the appropriate 
properties for regenerating skin e.g., dressings characterised by high 
porosity, which enables cell adhesion and proliferation, and also allows 
the transport of nutrients during tissue regeneration processes. The se-
lection of an appropriate methodology and proper skin composition 
regeneration materials makes it possible to obtain the most optimal 
biochemical and mechanical properties, leading to increased adhesion, 
differentiation and proliferation of skin-building cells (e.g., keratino-
cytes or fibroblasts) [9,10]. A particularly interesting polymer derived 
through biotechnological processes, which the FDA has approved as a 
material for the construction of components for medical applications, is 
poly(4-hydroxybutyrate) [P(4HB)] [11]. This is related to the hydrolytic 
degradation of this polymer, occurring inside the human body, leading 
to the release of 4-hydroxycarboxylic acid molecules, which are char-
acterised by moderate acidity (pKa = 4.84) [12]. P(4HB) represents a 
group of polyesters synthesised by bacterial fermentations – the poly-
hydroxyalkanoates (PHAs). In vivo studies of PHAs have shown that 
these polymers are slowly degraded, and their decomposition products 
are well metabolised by cells [11]. Considering the above, many 
research groups are investigating using polymers from the PHAs family, 
other than P(4HB), for constructing materials for medical applications. 
Due to the abovementioned characteristics, these polymers can be used 
to build drug carriers, materials for implant applications (i.e., stents, 
bone and nerve tissue regeneration materials), or dressing materials 
[12–27]. In the literature, there are several papers describing the pos-
sibility of using polymers of the PHA family and copolymers [e.g., P 
(4HB) or P(3HB-co-3HHx)] in the construction of dressing materials. 
Native unmodified porous structures made from P(3HB)/P(3HB-co- 
3HHx) blends by induced thermal phase separation were tested for use 
in skin regeneration. The study was conducted in an in vitro model using 
human keratinocyte (HaCaT) cells. The results showed that HaCaT can 
adhere and proliferate on the surface of the prepared scaffolds. More-
over, the porous structure of the materials promoted the production of 
collagen, which is one of the components of the extracellular matrix 
(ECM) [23]. Additionally, dressing materials prepared with PHA can 
also be trifunctional. This means that they can act: (1) as a barrier to 
protect the wound: (2) to stimulate regeneration of the wound site; and 
(3) as biosensors to detect bacterial infections. Such functional materials 
were made by Ward et al. using mcl-PHA and graphene. The dressing 

allowed the detection of pyocyanin, which is a secondary metabolite 
produced by P. aeruginosa [22]. 

Herein we show the possibility of using poly(3-hydroxyoctanoate) [P 
(3HO)] in the construction of a component of dressing materials, and P 
(3HO) supplemented with diclofenac-modified oligomers [Dic-oligo 
(3HAs)] in the preparation of analogous materials for the local de-
livery of active substances. The release profiles of DIC from the prepared 
carriers and kinetic models describing how it is delivered to the wound 
site are presented. The prepared biomaterials were characterised by a 
porous structure generated by the solvent casting/particulate leaching 
(SCPL) technique. In the presented work, the surface and mechanical 
properties of the prepared porous patches were evaluated. The results 
were correlated with information from in vitro bioassays for the HaCaT 
cell line and the findings from antimicrobial tests performed for refer-
ence and clinical strains. The thorough characterisation of the prepared 
biomaterials made it possible to assess their potential for biomedical 
applications. 

2. Materials and methods 

2.1. Materials 

Materials are shown in the Supporting Information (paragraph S1.1). 

2.2. Synthesis of Dic-oligo(3HAs) 

The selection of the most favourable reaction parameters for the prepa-
ration of Dic-oligo(3HAs) is described in the Supporting Information 
(paragraph S1.2). Procedure for preparing the final mixture containing Dic- 
oligo(3HAs): For synthesis the final mixture [Dic-oligo(3HAs)], the 
following reagents were used: P(3HO), 15 % of p-TSA and 40 % of DIC. 
The synthesis were carried out at 125 ◦C for 2 min once the melting of 
the reagents was observed. To obtain a reaction product that did not 
contain the free unreacted DIC, after washing the reaction mixture 
(dissolved in chloroform) with 1 M NaCl (x 4) and H2O (x 2), as well as 
evaporating the chloroform (700 mbar, 25 ◦C), the reaction mixture was 
again dissolved in hexane. The solution was then alkalised by adding an 
aqueous NaOH solution. Then, the mixture was washed several times 
with 1 M NaCl and distilled water until a neutral pH was obtained (the 
pH value was measured with a universal indicator paper). The hexane 
was then evaporated from the reaction mixture under reduced pressure 
(350 mbar, 45 ◦C). The final reaction mixture was placed in a vacuum 
dryer for three days at 45 ◦C (Binder, Tuttlingen, Germany). The reac-
tion product was obtained in three replicates. 

2.3. Preparation of analysed materials 

Synthesis of blends containing Dic-oligo(3HAs): P(3HO)/Dic-oligo 
(3HAs) are shown in the Supporting Information (paragraph S1.3). 
Preparation of the porous patches: The SCPL technique was used to obtain 
porous materials. For this purpose, sodium chloride with 100–300 μm 
grains was used. To obtain porous patches, 5 % (w/v) solutions of P 
(3HO) or P(3HO)/Dic-oligo(3HAs) were used, which were prepared by 
dissolving them in ethyl acetate. The amounts of polymer and NaCl used 
to produce the suspensions are shown in Table 1. The obtained sus-
pensions were stirred overnight at room temperature. The mixtures were 
poured into suitable vessels and left for 14 days to evaporate the solvent 
and crystallise the polymer/blend. Afterwards, the materials were 
washed with distilled water, which was replaced 1–2 times daily. This 
porogen leaching process was carried out for six days. The remaining 
water was removed from the material by freeze-drying (Labconco, MO, 
USA). The prepared patches were stored in leak-proof vessels at 4 ◦C. 
The patches were obtained in at least three replicates. 
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2.4. Methods 

Spectroscopic analysis: The characterisation details of the spectro-
scopic methods (13C NMR, COSY, HMBC, HSQC, ESI-MS) of the final 
reaction mixture are described in the Supporting Information (paragraph 
S1.4.1). Release of DIC and kinetics: The measurements for determining 
the release profiles of DIC and/or its esters (DIC/3HAs) are shown in the 
Supporting Information (paragraph S1.4.2 and 1.4.3). Surface properties of 
Dic-oligo(3HAs): The precise methodology for determining the wetting 
angles and surface free energies of the materials are described in the 
Supporting Information (paragraph S1.4.4). Structural analysis of the pre-
pared patches: For the exact information regarding the implementation of 
the analyses, that is, computed microtomography (μ-CT), atomic force 
microscopy (AFM) and mechanical testing, please see the Supporting 
Information (paragraph S1.4.5). Minimal inhibitory concentrations 
(MIC90) of DIC and Dic-oligo(3HAs) were determined against bacterial 
strains based on CLSI recommendations, with some modifications using 
the standard microdilution method. The above-mentioned strain were 
Gram-negative bacteria: Escherichia coli (NCTC 10538), Klebsiella pneu-
moniae (ATCC 10031), Pseudomonas aeruginosa (ATCC 27853), and 
Gram-positive bacteria: Staphylococcus aureus (ATCC 6538P, ATCC 
25923), Staphylococcus epidermidis (RP62A), Enterococcus faecalis (ATCC 
29212). Test concentrations of the compounds were from 800.00 to 
6.25 μg ‧ mL− 1 and from 10.00 to 0.04 mg ‧ mL–1, for DIC and Dic-oligo 
(3HAs), respectively. The antimicrobial activity assay was carried out on 
their methanolic solutions, which were then diluted in Mueller Hinton 
broth (final methanol concentration was 0.5 %). Unmodified oligomers 
were tested as a negative control. All tests were performed in triplicate. 
The analysis of the growth rate of clinical strains: Two clinical strains of 
Staphylococcus spp. such as S. epidermidis O–121 and O–202 were tested. 
Briefly, microplates were incubated with bacteria at a concentration of 
5 × 105 CFU ‧ mL− 1. Then, an appropriate amount of Dic-oligo(3HAs) 
was added to the mixture. The plates were then incubated with 
shaking at 37 ◦C and 200 rpm for 20 h. During the experiment, optical 
density (OD) was measured automatically every 5 min. As a negative 
control, the MH broth with a final concentration of methanol 0.5 % as a 
oligomer solvent were used. Assays were repeated three times. Biological 
tests in vitro: The details of the in vitro cell culture conditions for HaCaT 
cells and the preparation of the materials for cell culture are described in 
the Supporting Information (paragraph S1.4.6.1). Indirect cytotoxicity tests: 
The experiments were carried out in accordance with ISO 10993–5:2009 
using extracts obtained by incubating the prepared patches in Dulbec-
co’s Modified Eagle’s Medium (DMEM) for 24 h. The extracts were 
obtained according to ISO 10993–12, where 40 mg of the appropriate 
biomaterial was incubated in 1 mL of DMEM for 24 h, at 37 ◦C, in an 
atmosphere containing 5 % CO2. At the same time, HaCaT were seeded 
into 96-well plates at a concentration of 2 × 104 cells per well, and then 
were incubated in a 200 μL medium. Afterwards, the prepared plates 
were placed in an incubator for 24 h, at 37 ◦C, in an atmosphere con-
taining 5 % CO2. After the time above, the DMEM was removed and 
replaced with the same volume of the obtained extracts (200 μL). The 

prepared plates were again placed in the incubator for 24 h, maintaining 
the same culture conditions. After the incubation period, a positive 
control was prepared. For this purpose, the medium in the dedicated 
wells was replaced with 0.1 % (v/v) triton X-100 for 15 min. After the 
mentioned time, the cells were washed with PBS solution. In the 
experiment, the wells in which the cells were in contact with DMEM only 
were used as a negative control. For the exact information regarding the 
resazurin spectrophotometric assay please see the Supporting Information 
(paragraph S1.4.6.2). Live/Dead assay: In these experiments, 15 × 104 

cells/well were seeded in 6-well plates. The cells were incubated in 2 mL 
of DMEM for 24 h at 37 ◦C in an atmosphere containing 5 % CO2. After 
24 h, the DMEM was removed from the wells and replaced with an equal 
volume of the corresponding extracts (for the procedure for obtaining 
them: see above). The prepared plates were again placed in an incubator 
for 24 h (37 ◦C, 5 % CO2). The positive and negative controls were 
prepared analogously to the abovementioned experiment. Solutions of 
calcein green AM (2 μL•mL− 1 in DMSO) and ethidium bromide (0.1 
μL•mL− 1 in PBS) were prepared to start the double staining assay. The 
cells were incubated with the prepared solutions in the dark for 30 min, 
at 37 ◦C, in an atmosphere containing 5 % CO2. Afterwards, the cells 
were observed using a fluorescence microscope (Olympus IX3, Tokyo, 
Japan). Direct bioassays performed in contact with the surface of bio-
materials: The procedure for preparing patches for direct contact and 
proliferation testing is detailed in the Supporting Information (paragraph 
S1.4.6.3). Direct cytotoxicity tests: 105 cells were placed on the surface of 
each prepared material. Each well of the plates was supplemented with 
4 mL of DMEM. Then, the prepared materials were incubated for two 
days at 37 ◦C in an atmosphere containing 5 % CO2. After this time, the 
cells on the scaffolds were stained using the Live/Dead staining meth-
odology. The scaffolds were washed several times with PBS and incu-
bated with the prepared fluorescent dye solutions in the dark for 30 min, 
at 37 ◦C, in an atmosphere containing 5 % CO2. The cells were then 
observed using a confocal scanning microscope (Zeiss LSM510-META, 
UK) with an argon-ion laser. Recording of the stained structures was 
made possible using the following parameters: excitation/emission at 
494/517 nm: green fluorescence – living cells; excitation/emission at 
517/617 nm: red fluorescence – dead cells. Direct proliferation test 
(spectrophotometric resazurin test): On the surface of the scaffolds, 104 of 
the HaCaT, resuspended in 30 μL of DMEM, were seeded. The plates 
prepared this way were placed for 30 min in a culture incubator at 37 ◦C 
in an atmosphere containing 5 % CO2. After this, the volume of DMEM 
was completed to 1 mL per well. The blank solutions, native DMEM, 
were incubated in three wells. The culture plates were incubated for 14 
days (37 ◦C, 5 % CO2). The DMEM was removed from the culture plates 
every three days and replaced with fresh reagent. On the experiment’s 
1st, 3rd, 8th, 11th and 14th days, the number of cells on the scaffolds 
were determined using a spectrophotometric assay based on resazurin 
reduction (please see the Supporting Information: paragraph S1.4.6.2). 
Direct proliferation tests (Live/Dead staining): On the 14th day of the 
experiment described above, the scaffolds were transferred from 24-well 
to 6-well plates. The scaffolds were then washed with PBS and incubated 
with calcein green AM (2 μL•mL− 1 in DMSO) and ethidium bromide 
(0.1 μL•mL− 1 in PBS) staining solutions for 30 min (37 ◦C, 5 % CO2). The 
procedure for materials preparation and analysis using the confocal 
microscope is described in the section: Direct cytotoxicity tests. Staining of 
cytoskeleton elements of cells: After the 14th day of direct proliferation 
assays, the cells on the scaffolds were dehydrated by incubation in 3.7 % 
formaldehyde. Afterwards, the cells were washed several times with 
PBS, followed by immersion in 0.1 % (v/v) Triton X-100 for 20 min. In 
the next step, the cells were again washed several times with PBS, after 
which they were incubated in a solution of tetramethylrhodamine 
(TRITC) labelled phalloidin (1/500, diluted in PBS) and 4′,6-diamidino- 
2-phenylindole: DAPI (1/1000, diluted in PBS) for 30 min, in the dark. 
After this, the materials were washed several times with PBS and then 
observed using a confocal scanning microscope (Zeiss LSM510-META, 
Zeiss, UK) equipped with an argon-ion laser and a two-photon Ti- 

Table 1 
The amounts of reagents used in preparing the porous patches and the termi-
nology used.   

Amount of P(3HO) or P(3HO)/Dic-oligo 
(3HAs) blends (%) 

Amount of NaCl 
(%) 

5P(3HO) 5 95 
5P(3HO)/Dic-oligo 

(3HAs) 
5 95 

15P(3HO) 15 85 
15P(3HO)/Dic- 

oligo(3HAs) 
15 85 

25P(3HO) 25 75 
25P(3HO)/Dic- 

oligo(3HAs) 
25 75  
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Sapphire. Recording of the stained structures was made possible using 
the following parameters: excitation/emission at 517/617 nm, red 
fluorescence – TRITC; excitation/emission at 800/470 nm, blue fluo-
rescence – DAPI. Observation of cell morphology on scaffolds: After the 
direct proliferation assays on the 1st and 14th days, the cells were fixed 
by impregnating them twice in 4 % (v/v) formaldehyde. Then, the cells 
deposited on the surface of the materials were gradually dehydrated by 
immersing the scaffolds for 15 min in aqueous ethanol solutions at the 
following concentrations: 35 %, 50 %, 70 % and 90 %. The final step was 
to immerse the scaffolds twice in 96 % ethanol. Finally, the degree of cell 
adhesion and proliferation was assessed by scanning electron micro-
scopy (SEM). The scaffolds were analysed after sputtering the materials 
with gold, using a JEOL JSM-7500F microscope (JEOL Ltd., Tokyo, 
Japan). Statistical analysis: One-way analyses of variance (ANOVA) were 
performed to demonstrate statistically significant differences between 
the two groups of results. The differences obtained were considered 
statistically significant at probabilities of *p < 0.05, **p < 0.01, ***p <
0.001 (Origin Pro 2019 Software, Originlab, MA, USA). 

3. Results 

3.1. Optimisation of the reaction conditions 

This work presents the possibility of constructing dressing materials 
using a representative of the group of biodegradable and biocompatible 
PHAs, P(3HO). Fig. 1A provides a flow diagram of the P(3HO) prepa-
ration used in this work. Further, the solvent-free reaction of the 
simultaneous modification and decomposition of P(3HO) was used to 
obtain Dic-oligo(3HAs) is also presented. In this work, p-TSA was used as 
a catalyst/hydrolysing agent. The experiments involved a series of re-
actions using different reaction temperatures and varying amounts of 
reagents (DIC and p-TSA). To terminate the reaction, the post-reaction 
mixture was cooled and then dissolved in chloroform; washed with an 
aqueous solution of sodium chloride, as well as water, and precipitated 
in cold methanol. DIC is a substance with good solubility in both chlo-
roform and methanol; however, it is poorly soluble in water. Therefore, 
no unreacted substrate was removed during the extraction step of the 
reaction mixture with aqueous sodium chloride solution and water. The 
confirmation of which signals originated from the introduced DIC was 
obtained by an experiment in which, after 1H NMR analysis of the re-
action mixture (Fig. 1B-C), a second spectrum measurement was made 
for an identical sample, after the addition of five drops of DIC solution 
(25 g•L− 1) [25]. The H8 signal was associated with the protons of the 
DIC’s methylene unit, which are adjacent to the ester group that links 
the active substance to the oligomers of the 3-hydroxyalkanoic acids 
(3HAs). To enable the analysis of the samples characterised by high 
molecular weights, based on the knowledge that low-molecular-weight 
P(3HO) fractions (oligomers below 2000 Da) are soluble in alcohols 
(e.g., methanol), the final reaction mixtures were precipitated after a 
extraction step. Subsequently, the precipitated fractions – characterised 
by a higher molecular weight and the fractions obtained after evapo-
ration of the methanol used for precipitation were subjected to 1H NMR 
analyses. Further, 1H NMR analyses of all the precipitated fractions were 
carried out. For analyses of products obtained at 65 ◦C and 85 ◦C, only 
signals from unmodified oligomers and free, unbound DIC are noticeable 
(H8’, Fig. S1). In the case of the precipitated parts of the reaction mix-
tures obtained during the reactions conducted at higher temperatures 
(105 ◦C and 125 ◦C) (Fig. S2), the appearance of a new signal (δ = 3.78 
ppm) was observed (H8). The amount of attached compound in the 
precipitated part of the reaction mixture ranged from 0 to 27%mol. of 
DIC (Fig. 1E). Furthermore, the 1H NMR analyses of all the methanol 
fractions confirmed the heterogeneity of the mixture, which also in-
cludes linear unmodified oligomers of 3-hydroxycarboxylic acids, 
physically bound DIC, and Dic-oligo(3HAs) (Fig. S3). The amount of 
attached DIC in the methanol fraction of the reaction mixture ranged 
from 6.4 to 64.2%mol. of DIC (Fig. 1D). 

3.2. The spectroscopic analysis of Dic-oligo(3HAs) 

Fig. S4 presents an analysis of the COSY spectrum, making it possible 
to assign the precise δ at which they appear to specific protons 
(Table S1). Afterwards, the HSQC analysis allowed correlation of the δ at 
which the signals from protons were read in the previous section with 
the corresponding δ of the carbon atoms (Fig. S5). Based on these results, 
the 13C NMR spectrum was analysed, together with the assignment of 
carbon atoms to the specific δ where the signals were read (Figs. S6–7). 
Further, the HMBC analysis demonstrated the correlation of signals 
attributed to hydrogen atoms with signals from carbon atoms that were 
at least three bonds away from it. By using HMBC analysis, it was 
confirmed that the signal at δ = 3.78 ppm recorded in the 1H NMR 
measurements correspond to the protons (H8) of the methylene group of 
DIC, which is directly adjacent to the ester bond connecting the active 
substance to the oligo(3HAs) ̶ a correlation between H9 and C14 
(Fig. S8). Taking the above into account, it can be summarised that the 
introduction of an additional purification step, via extraction of the re-
action mixture with an aqueous NaOH solution, enabled the conversion 
of unreacted DIC to its sodium salt, which has excellent solubility in 
water. Data on the solubility of diclofenac sodium in water vary, 
depending on the source, database or sales brochures. Nevertheless, the 
solubility is always >20 mg•mL− 1. Leaching out the resulting diclofenac 
sodium salt from the reaction mixture resulted in a product that contains 
only unmodified oligo(3HAs) and Dic-oligo(3HAs). Subsequently, the 
resulting reaction mixture was analysed by mass spectrometry using 
electrospray ionisation (ESI-MS). Fig. S9 shows an ESI-MS spectrum of 
Dic-oligo(3HAs) performed in positive ionisation mode, which made it 
possible to confirm the structures of the compounds composing the re-
action mixture. 

3.3. The release of DIC and DIC/3HAs and their kinetic models 

The release profiles of DIC from Dic-oligo(3HAs) were determined 
using 1H NMR. The use of 1H NMR made it possible to record changes in 
the area under the signal at δ = 3.75 ppm, which were attributed to the 
methylene groups of DIC in Dic-oligo(3HAs) (Fig. S11A). This indicates 
that during the measurements it was possible to record the release of 
DIC, its esters (DIC/3HAs), or its oligomeric forms (dimers, trimmers, or 
molecules characterised by higher molecular weight) (Fig. S11B). For 
the experiments conducted in D2O, in the 1st hour, the release of 7.7% 
mol. of DIC or DIC/3HAs was recorded (Fig. S11C). In the following 
hours, the active substances were gradually released. After 48 h of 
ongoing release in D2O, 82.08%mol of DIC or DIC/3HAs were deter-
mined. Otherwise, when a phosphate buffer at pH 7.4 and 5.0 was used 
as the incubation medium, the release profiles of the active substances 
were different (Fig. S11C). Within the 1st hour of the process carried out 
at pH 7.4 and 5.0, rapid release of DIC was recorded, at 74.35%mol. and 
68.50%mol., respectively. The almost complete release of all the active 
substances encapsulated in the polymeric carrier was recorded within 
12 h. The DIC released at the 12th hour when the material was incubated 
at pH 7.4 and 5.0 was 93.57%mol. and 93.90%mol., respectively. This 
phenomenon was related to DIC’s solubility, which varies depending on 
the medium used. The solubility of DIC in water is about 77 times lower 
(17.8 mg•L− 1) than the solubility of this compound in PBS at pH 7.4 
(1.37 g•L− 1) [28,29]. 

The results obtained from the release experiments were used to 
simulate Higuchi, Hixson and Korsmeyer-Peppas kinetic models. The 
highest correlation coefficient obtained (R2) indicates which kinetic 
model is most suitable to describe the release of DIC, or DIC/3HAs [30]. 
The release of DIC, or DIC/3HAs into a control medium (D2O) is best 
described by a Hixon model. When PBS was used as the medium in 
which the release processes of DIC and DIC/3HAs were simulated, 
irrespective of the pH of the medium, the results indicate that the 
Korsmeyer-Peppas model is the most appropriate (Table S3.). An 
important parameter describing the release mechanism according to 
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Fig. 1. (A) A scheme of the experimental pathway leading to the preparation of Dic-oligo(3HAs). The processing included biosynthesis of the bacterial polymer P 
(3HO), testing the reaction parameters, post-synthetic treatment of the resulting reaction mixtures, as well as NMR analyses. Created with BioRender.com; (B) 1H 
NMR of the Dic-oligo(3HAs) reaction mixture; (C) an identical sample after addition of four drops of diclofenac solution (25 g⋅L− 1). As H8 are the protons of the 
–CH2– group of DIC adjacent to the ester linkage between the active substance and the 3HAs oligomers, H8’ are the atoms of the protons of the –CH2– of DIC; (D) The 
surface response graph showing the %mol. of DIC attached via covalent bonding to 3HAs in the methanol part of the reaction mixtures. The plot shows the variation 
in the amount of DIC attached to 3HAs as a function of the amount of p-TSA used and the reaction temperature; (E) Parallel plot showing the variation obtained in the 
precipitation parts of the reaction mixtures. 
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Korsmeyer-Peppas kinetics is the exponent n, which indicates by which 
mechanism the active substances are released. When PBS at pH 7.4 was 
used as the reaction medium, the value of n was 0.524 (0.5 < n < 1), 
indicating anomalous diffusion taking place without obeying Fick’s laws 
of diffusion (coupling of diffusion and erosion of the polymer carrier) 
[31]. When PBS at pH 5.0 was used as the medium, the exponent n was 
0.411 (0.30 < n < 0.45). This result indicates that, the release of the 
substance is controlled by diffusion according to Fick’s laws. In the first 
hour, there was a rapid release of active substances due to differences in 
the concentrations of the bioactive substances in the medium and the 
polymer carrier [32]. Thereafter, a gradual and steady release of the 
remaining substances in the carrier was observed. The parameters of the 
release constant (K) are determined to be the same for the release pro-
cesses carried out at both pH 7.4 and pH 5.0. Considering this, it can be 
concluded that the release of substances from these carriers does not 
depend on the pH, but on the diffusion laws governing this process [33]. 

3.4. Physicochemical properties of the Dic-oligo(3HAs) 

The wettability of films prepared using the P(3HO)/Dic-oligo(3HAs) 

blend was assessed using the sitting drop method. The wettability values 
for the liquids, which were polar water and non-polar diiodomethane, 
were 108 ± 20 and 65 ± 20, respectively (Fig. S12). The surface free 
energy characterising P(3HO)/Dic-oligo(3HAs) was determined based 
on the results obtained in the experiment described above. The values of 
the polar, dispersive and summed surface energy for P(3HO)/Dic-oligo 
(3HAs) were 23.51 ± 0.25 mN•m− 1; 3.87 ± 0.16 mN•m− 1 and 26.34 
± 0.45 mN•m− 1, respectively (Fig. S13). 

3.5. Structural analysis of the prepared patches 

The porous wound dressings were obtained using an SCPL technique 
(Fig. 2A). The μ-CT photographs show three-dimensional models, 
interconnected pores (Fig. 2B) and reconstructed cross-sections 
(Fig. S14). All the materials obtained were characterised by a high de-
gree of open porosity (> 72 %), with a low proportion of closed porosity 
(< 0.2 %) (Table 2). Among the two groups of materials, (1) constructed 
from P(3HO) and (2) P(3HO)/Dic-oligo(3HAs)) prepared using the ratio 
of 5 % P(3HO)/95 % NaCl had the highest degree of porosity, which was 
76.20 % and 83.70 % for 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs), 

Fig. 2. (A) Demonstration of the preparation of porous patches. Created with BioRender.com; (B) Three-dimensional reconstructed models of the prepared patches: 
(a) 5P(3HO); (b) 5(P3HO)/Dic-oligo(3HAs); (c) 15P(3HO); (d) 15P(3HO)/Dic-oligo(3HAs); (e) 25P(3HO); (f) 25P(3HO)/Dic-oligo(3HAs); (C) Topographical images 
of the prepared patches and the roughness determined for each: (a) 5P(3HO); (b) 5(P3HO)/Dic-oligo(3HAs); (c) 15P(3HO); (d) 15P(3HO)/Dic-oligo(3HAs); (e) 25P 
(3HO); (f) 25P(3HO)/Dic-oligo(3HAs). 
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respectively (Table 2). Fig. S15 shows that the analyses revealed a large 
population of pores with a diameter of <100 μm, which is inconsistent 
with the diameter of the porogen grains used. However, the smaller 
pores may have been formed during one of the material preparation 
steps (mixing the porogen grains with the polymer solution). 

Projections of the three-dimensional topographic regions of the 
prepared patches were obtained by AFM analyses (Fig. 2C). Heteroge-
neous patterns and the presence of elongated structures characterise all 
the imaged surface topographies. The highest roughness values were 
recorded for materials prepared using the highest amount of porogen 
(95 % NaCl, for both P(3HO) and P(3HO)/Dic-oligo(3HAs). The 
roughness for 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs) was 193.33 ±
53.46 nm and 314.20 ± 31.10 nm, respectively. For materials made 
from blends supplemented with Dic-oligo(3HAs), the surface roughness 
of the patches decreased with increasing amounts of polymer used. 
When the patches were prepared using the ratio of the reagents: 85 % 
NaCl/15 % P(3HO), the roughness of the 15P(3HO)/Dic-oligo(3HAs) 
was 7.86 ± 0.58 nm. Subsequently, for patches prepared with 75 % 
NaCl and 25 % P(3HO), the roughness of 25P(3HO)/Dic-oligo(3HAs) 
was 0.11 ± 0.01 nm. In contrast, for patches made from P(3HO), no 
apparent decreasing trend in roughness with increasing amounts of P 
(3HO) used in the preparation was observed. The roughness of the 15P 
(3HO) and 25P(3HO) was 0.09 ± 0.00 nm and 1.74 ± 0.00 nm, 
respectively. 

Next, the basic mechanical parameters of the prepared patches were 
determined (Figs. S16). In the case of dressings, it is desirable that the 
material is flexible and has a high tensile strength and a correspondingly 
high elongation at break. Our analysis showed that Young’s modulus 
increased as the amount of polymer used increased. The Young’s 
modulus for 5P(3HO), 15(3HO) and 25P(3HO) were 1.07 ± 0.49 MPa, 
0.95 ± 0.41 MPa and 2.72 ± 0.61 MPa, respectively. Additionally, 
similar relationships were recorded for tensile strength and elongation 
at break. The highest values were recorded for 25P(3HO), which were 
0.83 ± 0.12 MPa and 127.56 ± 10.60 %, respectively. Considering that 
it is important that the dressing material is sufficiently flexible and can 
be deformed, the 25P(3HO) material is not suitable for wound treat-
ment. Surprisingly, it was observed in all cases that adding Dic-oligo 
(3HAs) increased the Young’s modulus, tensile strength and elonga-
tion at break. Furthermore, no statistically significant differences were 
shown for the Young’s modulus, tensile strength and elongation at break 
for 5P(3HO)/Dic-oligo(3HAs) and 15P(3HO)/Dic-oligo(3HAs). 

3.6. Biological assays on prepared materials 

To determine the ability to inhibit the growth of microorganisms of 
the synthesised Dic-oligo(3HAs), minimum inhibitory concentrations 
(MIC90) were determined using the microdilution method. Our findings 
indicate a varied susceptibility of Gram-positive bacteria to diclofenac 
with MIC90 ranging between 50 and 100 μg ‧ mL− 1. Specifically, strains 
such as S. aureus (ATCC 65p) and S. epidermidis (RP62a) are less sus-
ceptible to DIC, exhibiting MIC90 at the higher end of the spectrum (100 
μg ‧ mL− 1). Conversely, S. aureus ATCC 29213 and E. faecalis ATCC 

29212 demonstrated greater susceptibility, as reflected by lower MIC90 
(50 μg ‧ mL− 1) (Table 3). 

Further, we conducted also a comparative analysis of the antimi-
crobial effects of DIC and Dic-oligo(3HAs) on clinical strains of Staphy-
lococcus spp., focusing on their ability to inhibit bacterial growth at 
various concentrations. The investigation, illustrated through growth 
curves in Fig. 3, revealed that both compounds exert a concentration- 
dependent inhibitory effect on bacterial proliferation. Notably, Dic- 
oligo(3HAs) demonstrated a markedly higher potency, inhibiting bac-
terial growth at significantly lower concentrations compared to diclo-
fenac. At the highest tested concentrations, both compounds induced a 
delay in the bacterial growth phases, yet the impact was more pro-
nounced with Dic-oligo(3HAs). This difference in efficacy suggests that 
Dic-oligo(3HAs) interacts with bacterial cells more effectively, poten-
tially due to a higher affinity to cell walls or enhanced cellular uptake, 
which needs further investigation. 

Indirect cytotoxicity tests were performed to evaluate the toxicity of 
the prepared materials. The experiments were carried out according to 
ISO 10993-5, in which extracts were tested after 24 h of incubation of 
the materials in culture medium (DMEM). HaCaT were incubated for 24 
h in the resulting extract, and the cytotoxicity was then assessed using 
two techniques: (1) quantitative, which was based on resazurin reduc-
tion; (2) qualitative, by staining live cells with calcein green AM as well 
as dead cells with propidium iodide. The quantitative tests (Fig. 4A) 
showed cell viability after 24 h of exposure to the obtained extracts was 
higher than 90 %, compared to the negative control. A higher viability, 
compared to the negative control, was observed for 5P(3HO), 5P(3HO)/ 
Dic-oligo(3HAs) and 15P(3HO). This is related to the nutritional prop-
erties of (R)-3-hydroxycarboxylic acids, which are released during the 
incubation of the materials [24]. The slightly lower viability observed 
for the 15P(3HO)/Dic-oligo(3HAs), 25P(3HO) and 25P(3HO)/Dic-oligo 
(3HAs) may be related to the leaching of the non-leached salt that played 
the role of porogen during the preparation of the porous materials. The 
results of the qualitative analysis performed using a fluorescence mi-
croscope after staining the cells with calcein green AM and propidium 
iodide, are shown in Fig. 4B. A large number of living cells, as well as the 
absence of dead cells were observed. This confirms the absence of 
cytotoxicity, which is consistent with the results of the spectrophoto-
metric tests. 

Next, direct cytotoxicity assays were performed, in which HaCaT 
were cultured for two days directly on the surfaces of the test materials. 
After this, the HaCaT were stained with calcein green AM and propidium 
iodide, after which they were visualised by confocal microscopy 
(Fig. 4C). In the Fig. 4C shown, viable cells with a spherical shape and a 
tendency to form clusters were observed. The highest number of viable 
cells, similar to the number observed for the negative control, a poly-
styrene surface, were observed for materials: 5P(3HO), 5P(3HO)/Dic- 
oligo(3HAs) and 15P(3HO). This may indicate a similar adhesion of 
HaCaT to the surface of these materials. 

The direct proliferation analysis showed an increase in the number of 
HaCaT during culture on biomaterials: 5P(3HO), 5P(3HO)/Dic-oligo 
(3HAs) and 15P(3HO) (Fig. 5A). This indicates that the properties of 

Table 2 
The degree of porosity of the prepared materials.   

Open porosity 
(%) 

Closed porosity 
(%) 

Total porosity 
(%) 

5P(3HO)  76.20  0.00  76.20 
5P(3HO)/Dic-oligo 

(3HAs)  
83.70  0.07  83.77 

15P(3HO)  73.30  0.06  73.36 
15P(3HO)/Dic-oligo 

(3HAs)  
76.70  0.15  76.85 

25P(3HO)  76.00  0.07  76.07 
25P(3HO)/Dic-oligo 

(3HAs)  
72.20  0.14  72.34  

Table 3 
Comparison of MIC90 for Dic and Dic-oligo(3HAs).  

Bacteria strain MIC90 (μg ‧mL− 1) 

DIC Dic-oligo(3Has) 

S. aureus ATCC 6538p 100 5 
S. aureus ATCC 29213 50 5 
S. epidermidis RP62a 100 10 
E. faecalis ATCC 29212 50 10 
E. coli NCTC10538 nd nd 
K. pneumoniae ATCC 10031 nd nd 
P. aeruginosa ATCC 27853 nd nd 

nd – not detected. 
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the patches favour HaCaT proliferation on their surface. In the case of 
the other materials [15P(3HO)/Dic-oligo(3HAs), 25P(3HO) and 25P 
(3HO)/Dic-oligo(3HAs)], a decrease in the number of cells was 
observed on the 11th day, compared to the 7th day of the conducted 
experiment (Fig. S17). This indicates that some cells died and/or ceased 
cell division. Based on the results shown in Fig. 5A, the rate of cell 
proliferation on the scaffolds was calculated (Fig. S18). The analyses 
showed there were no statistically significant differences in the cell 
proliferation rates on the surfaces of the 5P(3HO) (0.017 ± 0.002 h− 1), 
15P(3HO) (0.013 ± 0.000 h− 1) and 5P(3HO)/Dic-oligo(3HAs) (0.018 
± 0.002 h− 1). When HaCaT were cultured on the surface of the other 
biomaterials, significantly lower cell population proliferation rates were 
observed. These were 0.005 ± 0.002 h− 1, 0.009 ± 0.003 h− 1 and 0.006 
± 0.003 h− 1 for 25P(3HO), 15P(3HO)/Dic-oligo(3HAs) and 25P(3HO)/ 
Dic-oligo(3HAs), respectively. 

The HaCaT present on the scaffolds on the 14th day of the experi-
ment were visualised using confocal microscopy after being stained with 
calcein green AM and propidium iodide (Fig. 5B). The highest number of 
viable cells was observed for 5P(3HO), 5P(3HO)/Dic-oligo(3HAs) and 
15P(3HO). The study showed parallelism for the results obtained from 
the analyses of the materials [15P(3HO)/Dic-oligo(3HAs), 25P(3HO) 
and 25P(3HO)/Dic-oligo(3HAs)]. Single live and dead cells were 
observed on their surface. Only the few dead cells observed on the 
surface of these scaffolds may be caused by the washing of the materials 
while preparing the cell stains. 

Taking into account the fact that only materials prepared using a 
ratio of 5 % P(3HO) or P(3HO)/Dic-oligo(3HAs) and 95 % NaCl were 
characterised by a lack of cytotoxicity, as well as biocompatibility 
confirmed via HaCaT proliferation assays; the next stage of the work 
focuses on the analyses of 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs). 
Following this, analyses were performed to demonstrate that HaCaT 
penetrate deep into the prepared materials. To graphically represent 
this, cell nuclei were stained with DAPI dye and observed using confocal 
microscopy (Fig. 6A–B). The three-dimensional graphs demonstrate that 
HaCaT colonise the surface similarly deep into the material. For the 5P 
(3HO) and 5P(3HO)/Dic-oligo(3HAs) materials, this is 295 μm and 275 
μm, respectively. To demonstrate how the cells behave during cultiva-
tion, the cytoskeleton of the cells was further stained with phalloidin- 
TRITC (Fig. 6I–K). It can be observed that the cells colonise bio-
materials primarily by adhering to their pores. In addition, through SEM 
analyses, it was presented that HaCaT not only colonise biomaterials 

deeply but also grow on their surface (Fig. 6C–H). Furthermore, the 
presence of NaCl residues was observed in photographs showing the 
surface of 5P(3HO). The observation indicating ineffective leaching of 
NaCl from biomaterials has already been noted for μ-CT analyses. 

4. Discussion 

4.1. Dic-oligo(3HAs) as a component of dressing materials 

This paper presents the characterisation of P(3HO) and P(3HO)- 
based porous patches supplemented with Dic-oligo(3HAs). The bio-
materials produced are promising materials for applications in skin 
regeneration processes. This is because topical delivery of active sub-
stances makes it possible to increase the bioavailability of drugs and, 
above all, to prevent several side effects associated with the oral intake 
of drugs [34]. The stratum corneum is a selective barrier to drug 
penetration. To allow topical delivery of hydrophobic drugs to the 
deeper layers of the skin, compounds are used that improve penetration. 
Such molecules include fatty acids, polyalcohols or surfactants [35]. As 
shown in the mass spectrometry (MS) analysis, in the filtrate obtained 
from precipitation of the post-reaction mixture, which mimics the con-
ditions under which DIC can be released, the presence of free unbound 
DIC, with a molecular weight of 295 Da, was not recorded. In contrast, 
its conjugates with hydroxyl derivatives of fatty acids, which have a 
molecular weight of 578 Da, were observed. The MS analysis showed 
that the reaction mixture contained different chain-length cyclic hy-
droxy fatty acid derivatives (Fig. S9). The release of active substances 
from polymeric drug carriers is linked to various physical and chemical 
processes: dissolution, permeation, diffusion or erosion [30]. The release 
profile of the active substance also depends on the physicochemical 
properties of the polymer carrier, including its chemical structure and 
dimensions. Herein, the release experiments of the active substance 
(Fig. S11C) were conducted using low-molecular-weight DIC carriers. 
One can assume that, in the case of releasing active substances from a 
blend prepared for the preparation of patches, the delivery of DIC, or 
DIC/3HAs, to a well-defined site will be prolonged. 

The study of drug release kinetic models is an important step in 
predicting the behaviour of prepared formulations in contact with a 
living organism in vivo. The kinetics of drug release are influenced by a 
number of parameters that include the pH present at the application site, 
drug solubility, as well as various other physiological parameters [36]. 

Fig. 3. Presentation of the growth of clinical Staphylococcal isolates (A) O–121 and (B) O–202 over time at different concentrations of Dic-oligo(3HAs). With 
increasing concentrations of Dic-oligo(3HAs), lower OD values were registered, as shown by the arrow in the graphs. The negative control (oligo-3HAs) is shown as a 
black curve. 
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The kinetic models presented in this study showed that at pH 7.4 and 
5.0, they are released from the prepared carriers according to the 
Korsmeyer-Peppas mechanism (Table S3). According to the assumptions 
of this model, the release of the active substances was shown to follow a 
passive mechanism. The analysis presented here shows that the release 
of active substances is not dependent on the pH of the environment. 
Taking this into account, the active substances should be released in a 
similar manner, both for applications in the treatment of chronic skin 
wounds (pH = 5.0) and normally healing wounds (pH = 7.4). 

Herein, a representative of mcl-PHA, to construct the dressing car-
riers of active substances was used. P(3HO) comprises repeating units of 
hydroxylated fatty acid derivatives. As is well known, fatty acids are 
involved in the metabolism of processes occurring during or following 
inflammation (e.g., blood vessel contraction, cell adhesion and death, or 
tissue regeneration) [37]. The concentration of 100 μg Dic-oligo(3HAs)/ 
1 g P(3HO) used in this study is an amount that should have a thera-
peutic effect while limiting the toxic effect of the substance on 

regenerated tissues. As shown in a study presented by Sioufi et al., the 
minimum therapeutic concentration of DIC (IC50) that was able to 
inhibit 50 % prostaglandin (PGE2) synthesis in synovial fluid was 45 
ng•mL− 1 [38]. Ex vivo studies using a gel containing DIC (Emulgel 1 %) 
showed that 12.5 ± 3.2 % (~1.25 mg) of the applied drug is absorbed in 
the skin [39]. Additionally, using three-dimensional patches as topical 
delivery systems for DIC in regenerated skin is promising. As shown in a 
study prepared by Haltner-Ukomadu et al., the use of a three- 
dimensional hydrogel as a carrier for DIC in the topical delivery of the 
drug increased its permeability through the skin by 280 %, compared to 
Emulgel 1 % [39]. Numerous literature reports demonstrate the sup-
portive effects of fatty acids, for example, linoleic acid, α-linolenic acid, 
or oleic acid, in the regeneration of chronic skin wounds [37]. In the 
work presented by Mohanty et al., in vivo studies were conducted on 
dressings containing oleic acid and curcumin [40]. The authors showed 
that using these dressings improved the wound-healing process 
compared to the control material. These observations were supported by 

Fig. 4. (A) The indirect cytotoxicity of the prepared materials determined in a spectrophotometric test (n = 3, N = 3); (B) The Live/Dead assay performed after 
indirect analysis in which cells were incubated in the presence of extracts derived from biomaterial incubation in DMEM; (C) The direct cytotoxicity assay assessed by 
Live/Dead staining (n = 3, N = 3). 
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curcumin inhibiting further inflammation at the wound site due to its 
anti-inflammatory properties. Furthermore, the authors hypothesised 
that oleic acid ensures the sustained release of curcumin and its better 
bioavailability due to the solubility of its metabolites (sulphates or 
glucoronates) in fatty acids [40]. 

4.2. Correlation of the structural properties of patches with their in vitro 
biological characteristics 

The interactions between eukaryotic and prokaryotic cells and the 
dressing material depend on their surface parameters, including wetta-
bility, surface energy, and roughness [41]. Wettability is an important 
parameter determining eukaryotic cells behaviour, bacterial adhesion, 
and protein adsorption. P(3HO) and P(3HO)/Dic-oligo(3HAs) are hy-
drophobic. The wettability for these materials is 108 ± 20 and 100 ± 10, 
respectively. As is known from literature data, the hydrophobicity of 
material surfaces affects the adhesion of Staphylococcus aureus, a path-
ogen that colonises the skin and has great pathogenic potential. The 
bacterial infection caused by S. aureus is particularly difficult to treat 
due to this pathogen’s extensive antibiotic resistance. As was shown, 
S. aureus creates a denser biofilm on hydrophilic surfaces. It is known 
that the virulence of bacterial strains is closely related to the density of 
the bacterial film formed [42]. Considering the above, using hydro-
phobic P(3HO) to construct wound patches should reduce the possibility 
of pathogen adhesion, especially of the S. aureus species. This is 
particularly relevant when using such materials in treating chronic skin 
wounds, including, among others, diabetic wounds, which have a 
limited ability to regenerate [43]. The active ingredient used in this 
work, diclofenac, is also worthy of attention in terms of its antimicrobial 

activity. In the literature data, there is information that it has an 
inhibitory effect on various virulence factors of methicillin-resistant 
S. aureus, including biofilm formation [44]. Ferrer-Luque et al. postu-
lated that the mechanism of diclofenac’s antimicrobial action may be 
linked to inhibition of microbial cell wall synthesis, alteration of mem-
brane damage, and inhibition of nucleic acid synthesis [45]. Ullah et al. 
presented approaches for the fabrication of electrospun nanofibers made 
from soy protein, hydroxyethylcellulose and halloysite nanotubes, 
which were subsided by the addition of diclofenac sodium. The samples 
were prepared for wound healing applications. The study demonstrated 
antimicrobial efficacy against E. coli and B. subtilis strains, which was 
provided just by the addition of diclofenac sodium [46]. 

Having the above in mind we have performed preliminary assess-
ment of the new P(3HO) bioadditives and assessed their biological ac-
tion against a panel of bacteria (Table 3). This variability underscores 
the selective efficacy of DIC across different Gram-positive bacterial 
strains. In contrast, Dic-oligo(3HAs) exhibits remarkably higher anti-
microbial potency against the same Gram-positive strains, with MIC90 
significantly lower than those observed for DIC, ranging from 5 to 10 μg ‧ 
mL− 1. This stark contrast in efficacy not only highlights the superior 
antimicrobial properties of Dic-oligo(3HAs) but also its potential as a 
more effective therapeutic option against Gram-positive bacterial in-
fections. Notably, our analysis extends to Gram-negative bacteria, where 
both DIC and Dic-oligo(3HAs) demonstrated no discernible activity, 
with MIC values potentially exceeding 800 μg ‧ mL− 1. This lack of effi-
cacy indicates a resistance mechanism inherent to Gram-negative bac-
teria, possibly attributed to their unique cell wall composition that 
impedes the drugs’ penetration, underscoring the challenge in devel-
oping broad-spectrum antimicrobials capable of targeting both Gram- 

Fig. 5. (A) The direct HaCaT proliferation test performed on the scaffold surface shows the increase in the number of cells over the experiment (n = 3, N = 3). The 
results are statistically significant when: *p < 0.05, **p < 0.01, and ***p < 0.001; (B) The analysis of direct HaCaT proliferation on biomaterial surfaces on day 14 of 
the conducted experiment, evaluated by Live/Dead staining assays. 
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positive and Gram-negative pathogens. 
However, as shown in Fig. S12, the prepared blends containing 100 

μg Dic-oligo(3HAs)/1 g P(3HO) have a 140 lower contact angle for water 
compared to P(3HO) [26]. Accordingly, HaCaT should preferentially 
adhere to P(3HO)/Dic-oligo(3HAs) materials. However, the microscopic 
observations presented in Fig. 4C show similar adhesion of HaCaT to 
materials made of both P(3HO) and P(3HO)/Dic-oligo(3HAs). In Fig. 4C, 
differences were observed that were not due to the addition of Dic-oligo 
(3HAs) but to the mass ratio of the reagents [P(3HO) and NaCl] used to 
prepare the porous materials. Skin is a hydrophobic tissue with surface 
energy values ranging from 25 to 29 mN•m− 1. Liu described that ma-
terials for skin regeneration should have similar or lower surface energy 
values [47]. Taking the above into account, it can be concluded that P 
(3HO) and P(3HO)/Dic-oligo(3HAs) are good candidates for the con-
struction of dressing materials because the surface energy for these 
materials was 7.22 ± 0.64 mN•m− 1 and 26.34 ± 0.45 mN•m− 1, 
respectively (Fig. S13). 

An appropriate combination of a material’s mechanical, physico-
chemical and structural properties influences the behaviour of cells 
(adhesion, proliferation and infiltration) on its surface [48]. The degree 
of porosity, pore size, and the mechanical properties of the materials are 

important parameters affecting the ability to simulate appropriate 
biomechanical properties that can mimic the extracellular matrix (ECM) 
of native tissue [49]. Commercially available dressing materials such as 
Smart Matrix® and Integra® are characterised by a highly porous 
structure (80–90 %) with a high proportion of open pores. The prepared 
patches had porosities of 72.20–83.70 % (Table 2). Among the patches, 
the group obtained using a mass ratio of 5 % P(3HO)/95 % NaCl was 
characterised as the one with the highest porosity, which was 76.20 % 
and 83.70 % for 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs), respectively. 
The materials obtained were characterised by open porosity and 
different pore diameters (Fig. 2B). This is especially important because 
smaller pores transport nutrients and body fluids. In comparison, larger 
pores allow cells proliferation and infiltration [50]. The Young’s 
modulus values for 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs) were 1.07 
± 0.49 MPa and 2.09 ± 0.82 MPa, respectively, indicating that the 
materials were susceptible to elastic deformation (Fig. S16A). Moreover, 
these values were also in the range of the Young’s modulus value which 
characterises human skin. Nevertheless, it should be noted that the 
Young’s modulus values of the skin depend on the age of the patient 
from whom the tissue originated, the site of collection, and the mea-
surement technique used. Considering the above, the range of values is 

Fig. 6. The 3D reconstructions of the tested biomaterials showing the depth of cells penetration into the patches for (A) 5P(3HO) and (B) 5P(3HO)/Dic-oligo(3HAs); 
SEM microphotographs show (C) the surface of 5P(3HO) at day 1 of the proliferation assay; (D) the surface and (E–F) a cross-section of 5P(3HO) at day 14 of the 
proliferation assay; (G–H) the surface of 5P(3HO)/Dic-oligo(3Has)-Chem at day 14 of the proliferation assay. Yellow arrows indicate HaCaT, while red ones indicate 
unleached NaCl. The photographs presented in panels I–K show cells in the 5P(3HO) pores. The blue dye (DAPI) allowed staining of cell nuclei, while the red dye 
(phalloidin-TRITC) enabled observation of the cytoskeleton of the HaCaT. 
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wide: 0.1–500.0 MPa [51]. The patches obtained in the present study 
were also characterised by high tensile strength and high elongation at 
break (Fig. S16B-C). The tensile strength for human skin (21.6 ± 8.4 
MPa) is higher than these parameters for 5P(3HO) and 5P(3HO)/Dic- 
oligo(3HAs), which are 0.17 ± 0.02 MPa and 0.43 ± 0.11 MPa, 
respectively [52]. The values obtained for tensile strength and elonga-
tion at break demonstrate the flexibility of the prepared materials, 
making them suitable as a good barrier to protect wounds from the 
external environment. 

Surface roughness is an important factor influencing cell adhesion 
and behaviour [49]. Materials with higher roughness should support 
eukaryotic cell adhesion more [48]. On the surface of materials with a 
higher roughness (Fig. 2C), more HaCaT were observed in the direct 
cytotoxicity tests (Fig. 4C). The initial degree of adhesion of HaCaT to 
the surface of the tested biomaterials tested also influenced the other 
results obtained in the bioassays. In addition to the ability of dermal cells 
to adhere to dressing materials, they should exhibit other properties that 
include biodegradability, bioactivity, biocompatibility, and the absence 
of cytotoxicity [53]. In this paper, the indirect cytotoxicity tests were 
performed in accordance with ISO 10993-5. These tests evaluated the 
toxicity of extracts after 24 h incubation of the prepared materials in 
DMEM. Figs. 4A–B show that the prepared materials are non-toxic to the 
HaCaT. Considering the above, the extracts from these materials should 
not cause an allergic reaction or irritation. NMR analyses (Figs. S4–S8) 
showed that the material is prepared from a polymer of repeating units 
of 3-hydroxycarboxylic acids. Furthermore, as is well known, fatty acids 
are natural metabolites found in human blood, which is important from 
a therapeutic perspective [27]. 

The wound healing process involves not only keratinocytes but also 
fibroblasts. Fibroblasts are responsible for processes related to the 
biosynthesis of the extracellular matrix (ECM) and the formation of new 
blood vessels. In turn, keratinocytes enable the reconstitution of the 
epidermis, which protects the underlying tissues from injury [54]. The 
possibility of HaCaT proliferation on the prepared biomaterials was 
evaluated in this study. Direct proliferation analysis performed using 
both the spectrophotometric (Fig. 5A) and the Live/Dead assay (Fig. 5B) 
showed that 5P(3HO) and 5P(3HO)/Dic-oligo(3HAs) promote HaCaT 
proliferation, both on their surface (Fig. 6C–H) and deep into their 
structure (Fig. 6A–B). The results presented here may provide a proof-of- 
concept for the biocompatibility of the biomaterials, as well as further 
commercialisation potential. 

5. Conclusions 

In this paper, the biomedical potentials of porous patches composed 
of P(3HO) and P(3HO) supplemented with Dic-oligo(3HAs) were 
confirmed. The conducted experiments showed that 5P(3HO) and 5P 
(3HO)/Dic-oligo(3HAs) materials exhibit sufficient surface energy, 
porosity, roughness and mechanical properties to allow HaCaT to adhere 
to their surface and further proliferate both on and into their structure. 
Moreover, synthesised Dic-oligo(3HAs) revealed antimicrobial activity 
against both – Gram-positive and Gram-negative pathogenic strains. 
Furthermore, the indirect cytotoxicity tests performed in accordance 
with ISO 10993-5 showed that the prepared patches are non-toxic to the 
HaCaT. Moreover, it was demonstrated that releasing active substances 
into the wound environment is not dependent on the pH. Therefore, it 
can be concluded that DIC will be released similarly in typically and 
severely healing wounds. This indicates the versatility of the prepared 
materials in the construction of wound dressing components, allowing 
the local delivery of DIC. 
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for human keratinocytes (HaCaT), resazurin spectrophotometric assay, 
and direct bioassays performed in contact with the surface of bio-
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patches, (n) the proliferation rate of HaCaT cells on the surface of the 
tested biomaterials. Supplementary data to this article can be found 
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[24] K. Sofińska, J. Barbasz, T. Witko, J. Dryzek, K. Haraźna, M. Witko, J. Kryściak- 
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K. Haraźna et al.                                                                                                                                                                                                                               


