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Statement of Significance
This work shows the preparation and characterization of bilayer wound dressings comprising
dual-biological function active pharmaceutical ingredients based on ionic liquids with improved
and controlled drug release and dual therapeutic efficiency. By converting analgesic and anti-inflammatory drugs
into ionic liquids, their water solubility increases up to 470-fold. The prepared bilayer wound dressing membranes have desirable mechanical
properties and improved release of drugs. The prepared membranes comprising ionic liquids display anti-inflammatory activity as effective as
those with the original drugs. Cell adhesion of fibroblasts on membrane surfaces and cell viability assays show improved viability and adhesion
of fibroblasts on PVDF/HA membranes, being thus of high relevance as effective transdermal
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drug delivery systems.

Abstract
To improve the efficacy of transdermal drug delivery systems, the physical and chemical
properties of drugs need to be optimized to better penetrate into the stratum corneum and to
better diffuse into the epidermis and dermis layers. Accordingly, dual-biological function ionic
liquids composed of active pharmaceutical ingredients were synthesized, comprising both
analgesic and anti-inflammatory properties, by combining a cation derived from lidocaine and
anions derived from hydrophobic nonsteroidal anti-inflammatory drugs. Active pharmaceutical
ingredient ionic liquids (API-ILs) were characterized through nuclear magnetic resonance,
cytotoxicity assay, and water solubility assay. All properties were compared with those of the
original drugs. By converting the analgesic and anti-inflammatory drugs into dual-function APIILs, their water solubility increased up to 470-fold, without affecting their cytotoxic profile.
These API-ILs were incorporated into a bilayer wound dressing composed of a hydrophobic
polyvinylidene fluoride (PVDF) membrane to act as a drug reservoir and a biocompatible
hyaluronic acid (HA) layer. The prepared bilayer wound dressing was characterized in terms of
mechanical properties, membrane drug uptake and drug release behavior, and application in
transdermal delivery, demonstrating to have desirable mechanical properties and improved
release of API-ILs. The assessment of anti-inflammatory activity through the inhibition of LPSinduced production of nitric oxide and prostaglandin E2 by macrophages revealed that the
prepared membranes containing API-ILs are as effective as the original drugs. Cell adhesion of
fibroblasts on membrane surfaces and cell viability assay confirmed improved the viability and
adhesion of fibroblasts on PVDF/HA membranes. Finally, wound healing assay performed with
fibroblasts showed that the bilayer membranes containing dual-function API-ILs are not
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detrimental to wound healing, while displaying increased and controlled drug delivery and dual
therapeutic behavior.
Keywords: Active pharmaceutical ingredients; Ionic liquids; Dual function; Drug release;
Polyvinylidene Fluoride; Hyaluronic acid; Bilayer wound dressing.

1. Introduction
Wound is defined as a condition in which the shape and the function of the skin are disrupted by
any internal or external factor. Natural wound healing processes in the skin follow four phases:
inflammation, proliferation, granulation, and tissue remodeling. In severe injuries, this natural
process is neither sufficient nor effective [1]. Moreover, local factors such as lack of oxygenation
and infection and systemic factors including age, stress, diseases like diabetes, and some
medications might impair wound healing [2, 3]. Therefore, many studies have been investigating
several approaches to improve wound healing, including skin grafts, biological- and biomaterialbased tissue engineering, and synthetic and natural wound dressings [4-7]. An ideal wound
dressing must provide a moist environment, gas exchange, wound protection from infection,
biocompatibility, and desirable mechanical properties as well as flexibility, natural healing
stimulation, and antibacterial activity. Furthermore, the delivery of antibiotics, anti-inflammatory
agents, and analgesics to the injured area should be accomplished [4-7].
Dressing systems with improved drug delivery abilities, such as microneedles, iontophoresis,
matrix patches, and single-/multi-layer drugs in adhesives, have been proposed. One recent
approach consists in reservoir-type wound dressings [8], which seem ideal for healing purposes
because of their easy application on the skin; elimination of drug level fluctuation through
steady, continuous, and controlled drug delivery; low demand for dressing renewal; and desirable
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therapeutic efficacy [9]. One form of reservoir-type dressings corresponds to pore-filled
membranes containing porous chemical and mechanically stable substrates filled with
electrolytes, which, in addition to filtration and ion exchange applications, are also used in drug
delivery [10].
To obtain reservoir-type wound dressings, synthetic polymers such as polypropylene (PP),
polyethylene (PE), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), poly(lactic-coglycolic acid) (PLGA), and polyvinylchloride (PVC) have been used [11,12]. Polyvinylidene
fluoride (PVDF) is a chemically and thermally stable, hydrophobic polymer with high
mechanical strength and piezoelectric properties and widely used in the biomedical field [13].
The internal porous structure of PVDF membranes makes them feasible as drug reservoirs, while
their surface pores enable drug release. Although it is well established that synthetic polymers
provide excellent mechanical properties, their low biocompatibility decreases cell adhesion,
migration, and proliferation [14]. Many researchers have focused on the surface modification of
synthetic polymers to improve their biocompatibility and cell viability. For instance, Gao et al.
[15] used alginate to improve the biocompatibility of PVC, while Dubruel et al. [16] modified a
polyimide (PI) surface with gelatin for the same purpose. In the same line, chitosan was applied
to ameliorate cell adhesion on polylactic acid (PLLA) surfaces [17], whereas PEG modification
was attempted to improve polyurethane (PU) biocompatibility [18].
Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan (GAG) commonly used in biomedical
applications [19, 20]. It is a biodegradable and biocompatible hydrogel-type polymer that
naturally exists in the human cartilage and skin [21]. It has remarkable effects on skin cell
proliferation, migration, and healing [22, 23]. On the basis of these advantages, Jayakumar et al.
[24] used HA and reported enhanced angiogenesis in wounds. Lin and co-workers [25] applied

4

HA for chronic wound and diabetic wound healing, while Matsumoto et al. [26] prepared wound
dressings combining HA and arginine to improve healing.
Although HA can contribute to wound healing [27], it is essential to include the use of
pharmaceuticals with antimicrobial, anti-inflammatory, and analgesic properties to increase the
efficacy of wound dressings [28]. Nevertheless, low water solubility and low bioavailability are
frequently experienced when applying such drugs directly in wound dressings. To overcome
these limitations, commonly, highly hydrophobic drugs are converted to related salts and, more
recently, to ionic liquids (ILs) [29]. Furthermore, therapeutic efficiency can be improved by
combining APIs with different biological functions [30], which is a particular feature that can be
accomplished with ILs.
ILs are organic salts, with melting points below 100˚C (by general definition) [31]. They are
considered amorphous salts and do not have some of the limitations of crystalline salts, such as
polymorphism. In addition to a wide range of applications in which they can be applied [32-34],
in the last decade, ILs have received significant attention in the pharmaceutical field [35, 36] in
the form of solvents to tailor polymorphism [37], solvents in drug synthesis and co-solvents to
promote drug solubility [38], and in the design of APIs [39]. Furthermore, through appropriate
selection of the IL anions and cations, API-ILs with dual biological effects can be produced [14].
In this work, a bilayer wound dressing material with controlled API-IL release capability was
prepared. In particular, a PVDF membrane was used as the top layer to provide stability and act
as the drug reservoir, while a HA hydrogel was used as the bottom layer to afford
biocompatibility and additional healing features. Dual-biological function API-ILs with both
analgesic and anti-inflammatory properties were synthesized; characterized in terms of purity,
solubility, and cytotoxicity; and incorporated in the bilayer wound dressing material envisioning
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wound healing The prepared membranes (with and without API-ILs) were characterized through
Fourier transform-infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and
mechanical property assays. Finally, drug uptake and release, transdermal delivery, cell
adhesion, macrophage and fibroblast cell viability, and anti-inflammatory and wound healing
assays were carried out. Similar assays for the original and salt-form drugs were performed for
comparison purposes. Figure 1 summarizes the goal, steps, and investigations carried out in this
work.

Biocompatibility
and additional
healing features

PVDF/HA
MEMBRANES

PVDF
MEMBRANE

API-IL in PVDF/HA
membranes

Improved mechanical
properties and drug
reservoir

WOUND
HEALING

Anti-inflammatory
and analgesic
properties

Membranes and API-ILs characterization
Drugs uptake and release
Transdermal drug delivery
Fibroblast cell adhesion and wound healing
Macrophage and fibroblast viability

Figure 1. Conceptual summary of the goal, steps, and investigations carried out in the current work.

2. Materials and methods
2.1 Materials
PVDF polymer powder (Kynar 740, high purity) was obtained from Arkema, Philadelphia, USA.
Dimethylacetamide (DMAC) (99% purity) and chloroform (>99% purity) were provided by
Fisher Chemical (USA) and Carlo Erba (France), respectively. N-hydroxysuccinimide (NHS)
(98% purity), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (98%
6

purity), dopamine, and phosphate buffer solution (PBS) were purchased from Sigma-Aldrich,
while HA sodium salt (medical grade, 1000 kDa, >95% purity, viscosity = 2.05 m3/kg) was
supplied by APRIN Biomedical Ltd. Sodium diclofenac, sodium ibuprofen (>98% purity),
sodium naproxen (98% purity), and lidocaine.HCl (>96% purity) were purchased from SigmaAldrich, Acros Organics, and Iran Darou Pakhsh Chemical Pharmaceutical Company,
respectively. Noncharged nonsteroidal anti-inflammatory drugs (NSAIDs) including ibuprofen,
naproxen, and diclofenac were provided by Sigma-Aldrich. L929 fibroblast cell line was
provided by the Pasteur Institute of Iran, whereas Raw 264.7 macrophages (TIB-71) and 3T3
mouse fibroblasts (CRL1658) were acquired from American Type Culture Collection, Manassas,
USA. Dulbecco’s modified Eagle’s medium (DMEM) cell culture medium, dimethyl sulfoxide
(DMSO), and fetal bovine serum (FBS) were obtained from Sigma, USA. Dermatomed excised
human skin from plastic surgery was provided by Center for Research and Training in Skin
Diseases and Leprosy, Iran.
2.2 Methods
2.2.1 Synthesis of dual-biological (anti-inflammatory and analgesic) function API-ILs and
their characterization
The prepared API-ILs contain the charged form of lidocaine as a cation, providing analgesic
features, and negatively charged NSAIDs (derived from ibuprofen, diclofenac, and naproxen) as
anions, with anti-inflammatory properties. API-ILs were synthesized by the reaction of
lidocaine.HCl with the sodium salts of each NSAID, namely, sodium ibuprofen, sodium
diclofenac, and sodium naproxen following a previously reported protocol [40]. Briefly,
equimolar quantities of lidocaine.HCl and each NSAID sodium salt were dissolved in deionized
water and mixed under continuous stirring for 1 h at 80°C. The solution was then cooled down to
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room temperature and extracted in chloroform to remove the produced sodium chloride (NaCl)
salt. API-ILs, namely, Lidocainium Naproxenum ([Lido][Nap]), Lidocainium Ibuprofenate
([Lido][Ibu]), and Lidocainium Diclofenac ([Lido][Diclo]), were washed with water three times
and left under reduced pressure to remove residual volatile solvents. To confirm the complete
reaction and NaCl elimination, the chloride content in each API-IL was determined with a Cl-selective Metrohm electrode, using TISAB solutions of NaNO3 [41]. NaCl was used to obtain the
calibration curve. The average number of moles of Cl- per mole of each API-IL was found to be
below 2%, confirming that the reaction was complete. The chemical structures of the prepared
API-ILs were confirmed by 1H and 13C NMR spectroscopy and elemental analysis. NMR spectra
were recorded using a Bruker Avance 300 (France) at 300.13 MHz, using dimethyl sulfoxide
(DMSO) as solvent and tetramethylsilane (TMS) as internal reference. Elemental analyses (C, H,
and N) of all synthesized ILs were carried on a PerkinElmer 2400 C, H, and N element analyzer.
Thermogravimetric analysis (TGA) was used to determine the decomposition temperature (Tdec)
of API-ILs using a Setsys Evolution 1750 (SETARAM) instrument. Samples were heated at a
temperature range of 25-800ºC in an aluminum pan under nitrogen atmosphere, with a heating
rate of 10ºC.min-1. A power compensation differential scanning calorimeter (Hitachi DSC7000X
DSC, Japan) was used to determine the melting temperature (Tm) and glass transition temperature
(Tg) of API-ILs in hermetically sealed aluminum crucibles under constant nitrogen flow (50
mL.min-1). Twenty milligrams of each sample was used to determine the temperature and
enthalpy of fusion at a scanning rate of 5 K.min-1 under constant nitrogen flow. Each TGA and
DSC analysis was repeated five times.
Saturated aqueous solutions of dual-biological function API-ILs and their corresponding drugs,
namely, the original drugs with no counter-ions and the respective sodium salts, were prepared to
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determine their water solubility. API-ILs and the remaining drugs were added in excess to 1 mL
of water and dissolved at constant temperature and agitation (37ºC, 750 rpm) for 72 h using an
Eppendorf ThermoMixer Comfort. After reaching equilibrium, the samples were centrifuged at
4500 rpm for 20 min using a Hettich Mikro-120 centrifuge. The samples were then placed in an
air bath equipped with a Pt 100 probe and a PID controller at 37°C for 2 h. Aqueous samples
were then carefully collected and diluted in ultrapure water to quantify each drug, namelythe
noncharged drugs, the NSAID sodium salts, and dual-biological function API-ILs. The analytical
techniques used to quantify each drug were UV spectroscopy, using a Shimadzu UV-1700
spectrophotometer, and

high-performance liquid chromatography,

using a Shimadzu

PROMINENCE, an analytical C18 reversed-phase column (250 × 4.60 mm), and kinetex 5-μm
C18 100 A column from Phenomenex along with a DAD detector (HPLC-DAD). The HPLC
mobile phase included 40% (v:v) of PBS at pH 6.5 and 60% (v:v) of acetonitrile, with an
injection volume of 10 μL at a flow rate of 1 mL.min−1 [42]. The column oven and autosampler
were operated at a constant temperature (30°C). Saturation was determined at λmax using
previously established calibration curves for each API, API sodium salt, and API-IL. In the case
of API-ILs, both the cation and the anion were quantified. Each experiment was replicated five
times, and the data given correspond to the average value ± standard deviation [43].
2.2.2 Preparation of PVDF flat sheet membranes and HA grafting
PVDF membranes were prepared according to a previously reported method [44]. DMAC was
chosen as the solvent because of the formation of specific structures in PVDF membranes that
seem ideal for reservoir applications. Briefly, 18, 22, 26, and 30 wt.% PVDF was dissolved in
DMAC by stirring at 50°C for 24 h. After degassing in an ultrasonic bath for 90 min and resting
for 24 h, PVDF casts were spread on a glass surface using a film applicator and immersed in
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20°C water for phase inversion and membrane formation. To remove the solvent, membranes
were kept in distilled water for 48 h. To prepare the HA solution, 0.1 g of HA was dissolved in
10 mL deionized water (1 wt.% solution of HA) and stirred overnight at room temperature.
EDC/NHS (100 mM/100 mM) was then added to 5 mL ethanol and mixed for 1 h to dissolve. To
crosslink the HA hydrogel, the EDC/NHS/ethanol solution was added to the HA solution at an
acidic pH (4.5-5.0) and stirred for 12 h [45]. It should be remarked that ethanol has a low vapor
pressure and provides a slightly acidic environment, leading to faster HA crosslinking and
drying, as demonstrated in the literature [45-48].
To provide bilayer wound dressing, the PVDF membrane surface was first activated by wet
chemistry using dopamine following a previously reported protocol [49]. PVDF membranes
were immersed in 1 g/L dopamine-PBS solution for 10 h. Membranes were taken out and
washed with deionized water and finally covered with the HA hydrogel.
2.2.3 API impregnation into PVDF membrane pores
To impregnate the original drugs and the dual-biological function API-ILs into PVDF membrane
pores, aqueous solutions containing each API and API-ILs, at values close to their saturation,
were placed in equilibrium at the unmodified side of the PVDF membranes for 24 h. Finally, the
membranes were taken out and dried at 40°C for 24 h.
2.2.4 Membrane characterization
A scanning electron microscope (SEM) (S-4100 Hitachi, Japan (20 Kv)) was used to study the
membrane morphology (surface and cross sections). To obtain membrane cross sections, the
samples were broken in liquid nitrogen. All samples were coated with gold before imaging.
Chemical compositions of the prepared membranes before and after HA grafting were
characterized by ATR-FTIR (Fourier transform infrared) with 4 cm-1 resolution at a range of
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400-4000 cm-1 using an FTIR Bruker Tensor 27, Germany. An INSTRON 5966 dynamic testing
equipment equipped with a data acquisition system was used to perform tensile testing. The
gauge length and cross-head speed were 50 mm and 10 mm/min, respectively. Tensile tests were
performed according to ASTM D882 standard with tension load cell to investigate the
mechanical properties of the membranes. These assays were carried out at least 5 times for each
sample.
To evaluate the API uptake of the PVDF and PVDF/HA membranes, the membranes were
weighed before immersion in PBS aqueous solutions of APIs and API-ILs and after drying. The
API uptake percentage was determined using the following equation:
( )

(

)

(1)

where Wi and Wf are the initial and final membrane weights, respectively.
The release of API-ILs and API sodium salts from the PVDF and PVDF/HA membranes was
determined by the Franz cell method [50]. Solutions of saturated API-ILs and API sodium salts,
namely, [Lido][Diclo], [Lido][Ibu], [Lido][Nap], lidocaine.HCl, sodium naproxen, sodium
diclofenac, and sodium ibuprofen, were prepared. PVDF and PVDF/HA membranes loaded with
APIs and API-ILs were trimmed into circular discs to cover the diffusion area of the Franz cell
receptor. The membranes were then positioned between the donor compartment and the receiver
compartment and occluded with paraffin to avoid evaporation [51]. The samples were taken out
after 1, 2, 4, 6, 8, 12, 24, 48, 72, 96, and 120 h, and the drugs were quantified by UV and HPLCDAD using established calibration curves as previously described. Sample volumes were
replaced with equal volumes of fresh PBS aqueous solution (NaCl: 0.137 M, KCl: 0.0027 M,
Na2HPO4: 0.01 M, KH2PO4: 0.0018 M; pH ~7.4). Cumulative percentages of released APIs were

11

calculated. Each experiment was replicated five times, and the data provided correspond to the
average value ± standard deviation.
To investigate the transdermal delivery and permeation of APIs and API-ILs into the skin, the
Franz-type diffusion cell was used as described in the literature [51-54]. Although the general
procedure is similar to the described release study procedure, the dermatomed human skin
excised from plastic surgery was positioned under the PVDF/HA membranes loaded with APIs
and API-ILs, between the donor compartment and the receiver compartment as described in the
literature [55, 56]. Cumulative percentages of released drugs were calculated.
2.2.5 Biological Assays
2.2.5.1 Cell adhesion onto PVDF and PVDF/HA membranes
To investigate the adhesion of fibroblast cells on PVDF and PVDF/HA membrane surfaces
(unloaded and API-IL-loaded membranes), the cells were cultured for 2 days. Culture media
contained DMEM (low glucose; Sigma, USA), 10% (v:v) FBS (Sigma, USA), 1% (v:v) PenStrep (100 U/ml penicillin and 100 µg/ml streptomycin; Sigma–Aldrich, USA). Five-millimeterdiameter samples were sterilized by immersion in 70% ethanol for 1 h at room temperature and
rinsed with PBS. The samples were placed into a 96-well cell culture plate, and cells were seeded
at a density of 104 cells/well. The samples were incubated in 5% CO2 atmosphere at 37°C for 24
h. For fibroblast cell fixation, after washing the cells with PBS (pH 7.4) aqueous solutions three
times, the HA and PVDF/HA samples were immersed in 4.5% (v:v) glutaraldehyde/PBS
solutions for 2 h. Finally, the samples were dehydrated stepwise in series of ethanol/PBS
solutions (30-100%, each step for 10 min) and dried overnight. The membrane surface was
morphologically characterized by SEM as described before.
2.2.5.2 Viability assays
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The resazurin assay was used to assess the effect of the APIs, API-ILs, and PVDF/HA
membranes loaded with API-ILs on macrophage viability [57]. Briefly, 1.5

106 Raw 264.7

cells per well were cultured in a 6-well plate and left to stabilize overnight. For assays with
membranes, the samples were placed in contact with cell cultures for 24 h by means of 24 mm
Transwell inserts with 0.4 μM polycarbonate membranes (Corning, NY, USA). Resazurin was
added to cells at a final concentration of 50 µM during the last 1 h of incubation. Finally, 200 µL
from each condition was transferred to a 96-well plate, and the absorbance of the product of the
resazurin reduction was measured at 570 and 600 nm in a Bio-Tek Synergy HT
spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA).
Fibroblast viability was also evaluated for APIs, API-ILs, PVDF, and PVDF/HA membranes
loaded with API-ILs by the MTT assay. First-cultured L929 fibroblast cells were seeded on
sterilized membranes positioned in a 48-well plate (2 × 105 cells/well) and kept in a CO2
incubator (5% CO2 at 37 °C) for 24 h (Stat Fax 2100; GMI, USA). Then, the culture medium
was removed after 24 h and refreshed by 10 μL MTT solution (5 mg/mL). After 4 h, 50 μL
DMSO was added to each well to dissolve formed formazan crystals. Absorbance was detected
at 545 nm using an ELISA microplate reader (Stat Fax 2100, USA) [58].
The given data are the average of at least five biological independent experiments conducted in
duplicate for each condition, whose results are expressed as the average cell viability ± standard
deviation. Membranes were sterilized at 121ºC in an autoclave before viability tests.
2.2.5.3 Anti-inflammatory assays
The potential anti-inflammatory activities of APIs and the bilayers membranes containing APIs
were tested by analyzing their capacities to inhibit LPS-induced nitric oxide (NO) and
prostaglandin E2 production in macrophages. Raw 264.7 cells were plated at a density of 3 × 105
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cells/well in a 48-well culture plates, allowed to stabilize for 12 h, and then incubated with
culture medium (control), APIs, and PVDF/HA membranes loaded with API-ILs for 24 h. For
NO quantification, at the end of the incubation, 100 μL of culture supernatants was collected and
mixed with an equal volume of Griess reagent [0.1% (w/v) N-(1-naphthyl)ethylenediamine
dihydrochloride and 1% (w/v) sulfanilamide containing 5% (w/v) H3PO4] for 30 min in the dark.
After 30 min incubation in the dark, the absorbance at 550 nm was measured using a standard
spectrophotometer Bio-Tek Synergy HT (Bio-Tek Instruments, Winooski, VT, USA).
Prostaglandin E2 was quantified in cell supernatants using an ELISA kit according to the
manufacturer’s instructions (R&D Systems, Minneapolis, USA).
2.2.5.4. Wound healing assays
The effects of PVDF and PVDF/HA membranes loaded with API-ILs on the spreading and
migration capabilities of 3T3 fibroblasts were assessed using a scratch wound assay, which
addresses the expansion of a cell population on surfaces. The cells were seeded in a 12-well
tissue culture dishes at a concentration of 3×105 cells/mL and left in a medium containing 10%
FBS until they nearly reached a confluent cell monolayer. Then, a linear wound was generated in
the monolayer with a sterile 200 µL plastic pipette tip. Any cellular debris was removed by
washing the coverslips with PBS. At least five images of the scratched area of each condition
were taken at the 0 h time point using an Evos M5000 Cell Imaging System (Thermo Fisher
Scientific, Massachusetts, USA) at 4× magnification. Tested stimuli were added in medium
containing 2% FBS. Media containing 10% FBS and Cytochalasin D were used as positive and
negative controls, respectively. After 16 h, at least five images of the scratched area of each
condition were taken and compared to the corresponding 0 h time point.
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2.2.6 Statistical analysis
Each experiment was conducted 3 to 5 times, and the results are reported as average ± standard
deviation. Unless otherwise stated, one-way analysis of variance (ANOVA) with Dunnett´s
multiple comparison post-hoc test was used to appraise the significance of the data, and p < 0.05

was considered as significant [59]. Statistical analysis was performed using GraphPad Prism, version 6
(GraphPad Software, San Diego, CA, USA).

3. Results and discussion
3.1 API-IL synthesis and characterization
Dual-biological function API-ILs, namely, [Lido][Diclo], [Lido][Ibu], and [Lido][Nap], were
synthesized and characterized. Their chemical structure and macroscopic appearance at room
temperature are shown in Figure 2. All API-ILs were initially characterized by NMR and
elemental analysis, and these results are given in Supplementary Information (Figures S1 and S2;
Table S1).

15

Figure 2. Chemical structure and macroscopic appearance of (a) [Lido][Diclo], (b) [Lido][Nap], and (c)
[Lido][Ibu] at room temperature

As shown in Figure 2, all ILs are liquid at room temperature, fitting within the room-temperature
IL class. To the best of our knowledge, the synthesis of [Lido][Ibu] has already been reported in
the literature [40], whereas the preparation of [Lido][Diclo] and [Lido][Nap] is reported here for
the first time. Thermal properties, namely, melting temperature (Tm), glass transition temperature
(Tg), and decomposition temperature (Tdec), of the dual-biological function API-ILs were
determined by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Their thermal behavior is shown in Supplementary Information (Figure S3). According to the
melting temperature and glass transition temperature given in Table 1, it is confirmed that the
prepared API-ILs present melting temperatures between 11.0 and 37 ºC, being liquid at room
16

temperature. This is an important advantage when foreseeing their therapeutic application by
their incorporation into membranes and improved bioavailability.
The incorporation of a cation derived from lidocaine significantly decreases the melting
temperature of API-ILs when compared with that of the respective drugs and sodium salts. The
Tdec values listed in Table 1 demonstrate that the synthesized dual-biological function API-ILs,
namely, [Lido][Ibu], [Lido][Diclo], and [Lido][Nap], present high thermal stability: 228, 255,
and 234 ºC, respectively. Among the prepared API-ILs, [Lido][Diclo] has the highest thermal
stability. These values are similar and even higher in some examples when compared with the
values of the original noncharged drugs and respective sodium salts, as reported in the literature
[60-70], and are given in Table 1.
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Table 1. Thermal properties (decomposition, melting, and glass transition temperatures) of dualbiological function API-ILs, API sodium salts, and noncharged APIs.

API-ILs

API sodium salts

Noncharged APIs

a

Tdec (± 1 °C)

Tm (±0.5 °C)

Tg (±0.5 °C)

Reference

[Lido][Ibu]

228

11.0

-37.2

---a

[Lido][Nap]

234

22.8

-33.1

---a

[Lido][Diclo]

255

37.0

-3.32

---a

Lidocaine.HCl

-

74-79

-

[60]

Ibuprofen.Na

222

220

-

[60, 61]

Naproxen.Na

244-246

244-262

-

[62, 63]

Diclofenac.Na

270-390

285

-

[64, 65]

Lidocaine

-

68

-

[66]

Ibuprofen

282

75-77

-

[67]

Naproxen

196-200

158

-

[68]

Diclofenac

185

156-158

-

[69, 70]

Experimentally determined in the work

As the water solubility of drugs significantly affects their bioavailability, the water solubility of
the dual-biological function API-ILs was determined and compared with the corresponding APIs
and API sodium salts at 37 ºC. The solubility data and the respective standard deviations are
reported in Table 2. For API-ILs, both the cation and anion of IL were quantified, and the given
results are an average of both quantifications. Detailed data per ion are given in the
Supplementary Information (Table S2). Although some debate may exist on this fact [71], we
demonstrate here that there is a close equimolar solubility of dual-biological function API-IL
ions, guaranteeing a homogeneous solubility of both APIs and possible dual therapeutic
efficiency.
Solubility results confirm that the water solubility of API-ILs is significantly higher than the
water solubility of the original APIs, except for the API-IL [Lido][Diclo] that has a lower water
solubility than lidocaine, which is also a result of the low solubility of diclofenac that is among
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the less soluble NSAIDs studied. Overall, the solubility of API-ILs follows the trend of the
respective noncharged NSAIDs, which usually display low solubility in water because of the
large hydrophobic groups in their structure [72].
The solubility of lidocaine at 37 ºC is 0.017 mmol.mL-1, whereas the solubility of the noncharged
NSAIDs ranges between 8×10-6 and 4.5×10-4 mmol.mL-1. When these NSAIDs are converted to
sodium salts, solubility values from 0.027 to 1.96 mmol.mL-1 are obtained. By converting these
APIs into dual-function API-ILs, solubility values range between 0.0038 and 0.045 mmol.mL-1,
with an increase up to 470-fold when compared with the noncharged NSAIDs. In general, APIILs are less water soluble than the respective sodium salts as a result of replacing the high-charge
density sodium ion by a large organic cation derived from lidocaine. Yet, these API-ILs have the
advantages of being liquid at room temperature and human body temperature and providing dual
therapeutic efficiency.
Thermal behavior data confirm that the prepared dual-function API-ILs are liquid at room
temperature and thus avoid typical problems of solid state drugs, such as polymorphism, whereas
solubility results demonstrate an enhanced water solubility that is beneficial to improve
bioavailability. Although decreases in the water solubility were observed for some dualbiological function API-ILs [68], in this work, we observed a general improvement in the water
solubility with the prepared dual-biological function API-ILs comprising both analgesic and antiinflammatory properties.
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Table 2. Water solubility of dual-biological function API-ILs, API sodium salts, and noncharged APIs
(mmoL.mL-1) at 37 ºC.
Solubility ± σ (mmoL.mL-1)
API-ILs

API sodium salts

Noncharged APIs

[Lido][Ibu]

(4.18 ± 0.06) × 10-2

[Lido][Nap]

(3.79 ± 0.03) × 10-2

[Lido][Diclo]

(3.81± 0.01) × 10-3

Lidocaine.HCl

1.96 ± 0.07

Ibuprofen.Na

(7.51 ± 0.06) × 10-1

Naproxen.Na

(3.63 ± 0.01) × 10-1

Diclofenac.Na

(2.76 ± 0.02) × 10-2

Lidocaine

(1.7 ± 0.1) × 10-2

Ibuprofen

(4.51 ± 0.02) × 10-4

Naproxen

(2.64 ± 0 .01) × 10-4

Diclofenac

(8.1 ± 0.1) × 10-6

3.2 Membrane characterization
3.2.1 Pristine PVDF membranes
Figure 3 shows the morphology of PVDF membranes with 18, 22, 26, and 30 wt.% polymer
concentrations prepared using DMAC as solvent at 20 °C. The increase in the PVDF
concentration leads to a spongy region formation, consistent with the findings reported in
literature [73]; this behavior could be attributed to the presence of more polymeric chains and
higher viscosity. Finger-like structures enable the membrane to hold APIs, while the spongy
region plays an important role in API release, as it controls the passage of the drug through the
pores. At 18 wt.% PVDF concentration, a more porous structure with larger pore diameters is
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obtained, which would not be suitable to hold APIs and could result in a burst release. On the
other hand, at 26 and 30 wt. % PVDF concentration, spongy regions with smaller pore diameters
are dominant. It is, however, difficult to distinguish finger-like structures from spongy regions in
membranes with 30 wt.% PVDF. Thick spongy regions would increase the time required for IL
transfer by limiting diffusion; thus, 22 wt.% seems to be the ideal PVDF concentration for the
envisioning application.

Figure 3. SEM images of PVDF membrane cross sections at (a) 18 wt.% PVDF, (b) 22 wt.% PVDF, (c)
26 wt.% PVDF, and (d) 30 wt.% PVDF. The scale bars correspond to 20 μm.

As the PVDF membrane layer is incorporated to provide mechanical stability to the bilayer
wound dressing, its mechanical properties have been investigated through tensile tests. The effect
of PVDF concentration on the mechanical properties of the membranes, namely, Young’s
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modulus (E), tensile strength (σ), and elongation at break (ε), is shown in Table 3 and Figure S4
in Supporting Information. As the percentage of PVDF increases from 18 to 30 wt.%, the
Young’s modulus (E) increases, while the elongation at break declines. This behavior confirms
the improvement of mechanical strength because of the brittle behavior and a decline in the
PVDF membrane flexibility. These results are a result of the nature of the polymeric chains in
PVDF: as the concentration of PVDF increases, the viscosity of the polymeric solution and the
density of polymeric chains increase, resulting in a higher Young’s modulus and linear stressstrain behavior [73].
3.2.2 PVDF/HA membranes
To promote a desirable morphological structure and API-IL release, HA was grafted on the 22
wt.% PVDF membrane surface. Figure 4 depicts SEM images of PVDF and PVDF/HA
membrane surfaces. Fewer and smaller surface pores can be observed after grafting HA on
PVDF, which can restrict burst release of drugs from the PVDF membrane and thus lead to a
controlled release of the drugs.

Figure 4. SEM images of the (a) PVDF surface and (b) PVDF/HA surface. The scale bars correspond to
15 μm.
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ATR-FTIR spectra of PVDF, HA, and PVDF/HA membranes are shown in Figure 5. For the
PVDF membrane sample, the bands at 873 and 1401 cm-1 are attributed to C-F vibration, while
the 1177 cm-1 peak is related to the symmetrical stretching of the –CF2 groups [74, 75].
Furthermore, the peaks at 840 and 1067 cm-1 correspond to stretching in the ß phase, whereas the
peak at 762 cm-1 is assigned to in-plane bending in the α phase of PVDF [76, 77]. The spectrum
related to HA shows peaks at 900–1200 cm-1, which correspond to the O-C-O glycosidic bond of
polysaccharides [14]. Peaks at 1541, 1661, and 1733 cm-1 are assigned to the amide I, II, and
C=O, respectively [45]. The stretching vibration peaks at 3334 and 2976 cm-1 correspond to the
hydroxyl and methylene groups of HA, respectively [58]. The ATR-FTIR spectrum of
PVDF/HA is shown in Figure 5. The corresponding peaks of PVDF (762, 838, 873, 1070, and
1182 cm-1) and HA (1541, 1661, 2976, and 3334 cm-1) are presented, demonstrating the presence
of both PVDF and HA. Peaks at 1733 and 1773 cm-1, attributed to the carbonyl group, indicate a
shift to 1712 and 1753 cm-1, respectively. These peak shifts confirm the conjugation between HA
and dopamine-activated PVDF [78]. Dopamine contains active functional groups including
hydroxyl and amine, and it has been shown that dopamine can bind to PVDF by C-N bond
formation [79]. As dopamine exists on the PVDF membrane surface, it would interact with HA
through hydrogen bond formation [80].
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Figure 5. ATR-FTIR spectra of (a) PVDF, (b) HA, and (c) PVDF/HA.

As the hydrophilic layer of wound dressing would be in direct contact with the wound and it
would swell and experience changes in mechanical properties, tensile tests were carried out on
dry and swollen HA alone and after grafting on PVDF membranes (results given in Figure S5 of
the Supplementary Information). Table 3 demonstrates the mechanical properties of dry and
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swollen HA. The gathered results reveal that the mechanical strengths of HA under dry and
swollen conditions are not similar. As HA swells, both Young’s modulus and elongation at break
decrease significantly (0.05 MPa and 3.22%, respectively). This reduction is explained by the
fact that as water molecules penetrate in the HA structure and cause swelling, disentanglement of
the polymer chains occurs, leading to a decrease in mechanical strength and lower required force
for elongation [81]. Mechanical properties of PVDF/HA membranes were also evaluated before
and after swelling. The mechanical properties of PVDF/HA membranes do not present
significant changes before and after HA swelling, confirming that the PVDF layer prevents
changes in the mechanical properties of HA after swelling. This characteristic guarantees the
stability of the dressing while in contact with the wound.

Table 3. Mechanical properties (elongation at break, Young’s modulus, and tensile strength at yield) of
PVDF, HA, and PVDF/HA membranes.
Elongation at Break

Young’s Modulus

Tensile strength at yield

(%)

(MPa)

(MPa)

PVDF (18 wt.%)

11.7 ± 0.4

44.3 ± 0.1

1.1 ± 0.2

PVDF (22 wt.%)

8.2 ± 0.3

56.7 ± 0.5

1.6 ± 0.4

PVDF (26 wt.%)

6.3 ± 0.6

74.8 ± 0.8

2.2 ± 0.5

PVDF (30 wt.%)

2.4 ± 0.1

135.7 ± 0.5

3.2 ± 0.3

HA

17.5 ± 0.9

0.10 ± 0.01

0.72 ± 0.03

3.2 ± 0.3

0.053 ± 0.003

0.23 ± 0.01

PVDF (22 wt.%)/HA

10.5 ± 0.2

62.5 ± 0.4

1.7 ± 0.3

PVDF/Swollen HA

9.5 ± 0.8

60.2 ± 0.3

1.65 ± 0.06

Properties

Swollen HA

3.2.3 API membrane uptake and release
The API uptake percentage by PVDF membranes (18, 22, 26, and 30% PVDF) is presented in
Table S4 of the Supplementary Information. These results reveal that the shape, size, and
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interconnectivity of pores affect the membrane uptake of APIs and API-ILs. The highest uptake,
that is, 16.7%, was observed with the 22 wt.% PVDF membranes. Structures with larger pores
are desirable for reservoir applications, but the exodus of ILs from larger pores is faster.
Accordingly, there is a decrease in the uptake percentage of 18 wt.% PVDF membranes (13.2%).
In 26 and 30 wt.% PVDF membranes, the drug uptake decreases to 12.1% and 9.7%,
respectively, which can be attributed to a decline in the porosity of the membranes. As the
polymeric region increases in the membranes, free space available for holding ILs is diminished.
The PVDF membrane layer was intended to act as a drug reservoir; therefore, PVDF at 22 wt.%
concentration was considered as the ideal choice, as it provides mechanical strength and relative
flexibility as well as desirable API-IL uptake. The uptake of different API-ILs, corresponding
APIs, and API sodium salts was determined. A high PVDF membrane uptake capacity for
NSAIDs and NSAID salts was observed, while this parameter is low for lidocaine and
lidocaine.HCl (Table 4). This phenomenon can be explained by capillary forces that are
influenced by the hydrophobic–hydrophilic interactions occurring between drugs and the PVDF
membrane [82]. As NSAIDs have a more hydrophobic behavior, their tendency to be
incorporated into PVDF pores is higher [83]. On the other hand, lidocaine and lidocaine.HCl are
more hydrophilic drugs than NSAIDs and NSAIDs salts, and thus, their penetration into
membrane pores is more limited [84]. The uptake for NSAID salts is slightly lower than that for
NSAIDs, which can be attributed to their more hydrophilic behavior.
The uptake by the 22 wt.% PVDF membrane for API-ILs is shown in Table 4. Results
demonstrate that the membrane uptake capacity for API-ILs is higher than that for lidocaine.HCl
and lower than that for NSAID salts, being in agreement with the hydrophilic–hydrophobic
characteristics of each API salt as discussed above. Differences between the API-IL uptake could
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be assigned to the different API and API-IL molecular weights and chemical and physical
structures. Among the studied API-ILs, the highest and lowest membrane uptakes were observed
for [Lido][Diclo] and [Lido][Ibu], respectively. The membrane uptake was compared between
each noncharged drug and API-ILs. It is shown that less hydrophobic drugs (higher water
solubility) stay for a shorter time in the PVDF membrane pores.
The same uptake trend has been observed with the PVDF/HA membranes. The uptake of APIILs was higher than those observed with lidocaine and lidocaine.HCl but lower than those
obtained with the noncharged NSAIDs and NSAID salts. Generally, the drug uptake capacity of
PVDF/HA is lower than that of PVDF.

Table 4. PVDF and PVDF/HA membrane uptake of API-ILs, APIs, and APIs salts.
PVDF (Uptake ± σ)%
PVDF/HA (Uptake ± σ)%
API-ILs

API sodium salts

Noncharged APIs

[Lido][Ibu]

15.8 ± 0.5

13.9 ± 0.3

[Lido][Nap]

16.1 ± 0.3

14.2 ± 0.1

[Lido][Diclo]

16.3 ± 0.3

14.4 ± 0.2

Lidocaine.HCl

3.7 ± 0.1

3.2 ± 0.4

Ibuprofen.Na

19.1 ± 0.2

17.2 ± 0.3

Naproxen.Na

19.7 ± 0.3

17.7 ± 0.4

Diclofenac.Na

20.3 ± 0.2

18.5 ± 0.5

Lidocaine

5.7 ± 0.5

5.1 ± 0.6

Ibuprofen

20.6 ± 0.4

18.7 ± 0.5

Naproxen

21.2 ± 0.5

19.1 ± 0.4

Diclofenac

21.7 ± 0.6

19.5 ± 0.3

The release of API-ILs and their corresponding drugs from PVDF and PVDF/HA membranes
was determined through HPLC by the quantification of both ions, additionally proving that both
ions are released in a close equimolar amount. Detailed data are given in the Supporting
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Information (Table S4). The cumulative release profile of the prepared API-ILs and original
noncharged drugs from the PVDF and PVDF/HA membranes are shown in Figure 6.
Studies from both PVDF and PVDF/HA membranes show a low cumulative drug release for the
noncharged APIs because of the low solubility and high hydrophobic behavior of NSAIDs, as
expected. Lidocaine and diclofenac present the highest and lowest amounts of release,
respectively. Lidocaine is more soluble in water, but its hydrophilic behavior not only prevents
the membrane from absorbing this API but also leads to its burst release. The fast release of
lidocaine from the PVDF and PVDF/HA membrane pores occurred after 2 and 6 h, respectively.
Overall, the release of NSAIDs follows their corresponding solubility: ibuprofen > naproxen >
diclofenac. In this case, strong hydrophobic interactions between the PVDF membrane and
NSAIDs prevent the complete release of drugs from the membrane pores. The same release trend
is observed for the API-ILs: [Lido][Ibu] > [Lido][Nap] > [Lido][Diclo]. In contrast to the
noncharged NSAIDs, dual-biological function API-ILs, in combination with a more watersoluble drug such as lidocaine and less water-soluble NSAIDs, show a higher cumulative release.
Remarkably, API-ILs allow an increase in the cumulative release from PVDF and PVDF/HA
membranes up to 85-97% and 80-90%, achieved at 72 and 120 h, respectively. The highest and
lowest releases of API-ILs correspond to [Lido][Ibu] and [Lido][Diclo], respectively. The lower
molecular weight and higher water solubility of [Lido][Ibu] could be considered as the main
reason for the higher release observed with this API-IL. The higher release of lidocaine over
[Lido][Diclo] is due to the more hydrophilic nature and higher water solubility of the first.
Accordingly, lidocaine does not show a controlled release profile.
The release trend from the PVDF membranes is similar to the release trend from the PVDF/HA
membranes, where API-ILs and NSAIDs have the highest and lowest releases, respectively. The
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overall cumulative release in PVDF membranes is higher and faster than those in PVDF/HA
membranes, which could be attributed the restrictive behavior of the HA layer. HA acts as a
mass transfer-resistant layer, covering the PVDF membrane surface, while conditioning the
exodus of APIs and API-ILs. However, the difference is less significant for the NSAID release
because of the stronger hydrophobic interactions occurring between PVDF and NSAIDs.
Overall, not only there was a higher release of API-ILs than of APIs from the PVDF and
PVDF/HA membranes, but also these compounds will lead to an improved bioavailability
because of their higher water solubility and dual analgesic and anti-inflammatory properties [85].
A similar behavior was reported in the case of Lidocainium-Docusate [86].
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Figure 6. Cumulative release of APIs and API-ILs at 37 °C from (a) PVDF and (b) PVDF/HA membranes.

Transdermal delivery and skin permeation of API-ILs and APIs were also investigated. The
cumulative release profile within time is shown in Figure 7. When compared with the previous
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assays, the overall cumulative release decreases, whereas the required time for reaching a
constant cumulative release increases. This behavior is due to additional mass transfer effects
provided by the skin, limiting the permeation of APIs and API-ILs. However, the permeation of
API-ILs into the skin is higher than that observed with NSAIDs. Furthermore, as observed
before, lidocaine has a burst release.

Figure 7. Cumulative release profile in the transdermal delivery of APIs and API-ILs from PVDF/HA membranes at
37°C.

3.3 Biological Assays
3.3.1 Cell adhesion assays
Representative SEM images of cell adhesion on the PVDF and PVDF/HA membranes (loaded
and unloaded with API-ILs) are shown in Figure 8. For all API-ILs, the density of adhered
fibroblasts on the membrane increases after grafting HA on the PVDF surface, being in
agreement with the reported beneficial effects of HA on fibroblast migration and proliferation
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[21]. Furthermore, the expanded shapes of fibroblast cells confirm their viability and tendency to
interact with other cells.

Figure 8. Cell adhesion to membranes of (a) PVDF, (b) PVDF loaded with [Lido][Ibu], (c) PVDF loaded
with [Lido][Nap], d) PVDF loaded with [Lido][Diclo], (aʹ) PVDF/HA, (bʹ) PVDF/HA loaded with
[Lido][Ibu], (cʹ) PVDF/HA loaded with [Lido][Nap], and (dʹ) PVDF/HA loaded with [Lido][Diclo]. The
scale bars correspond to 100 μm.

3.3.2 Cell viability assays
Cell viability assays were performed using Raw 264.7 macrophages and fibroblasts for APIs,
API-ILs, and PVDF/HA membranes loaded with API-ILs. The results of macrophage and
fibroblast viabilities are depicted in Figures 9 and 10, respectively.
Among all the original APIs tested, lidocaine showed the lowest negative effect on cells,
maintaining their viability at 100% for all the concentrations tested in both assays. On the other
hand, the remaining noncharged APIs decrease the cell viability in the following order:
diclofenac > ibuprofen > naproxen. The cytotoxicity displayed by these APIs is in line with that
reported in the literature [87].
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The results of the resazurin assay demonstrate that the API-IL cytotoxicity profile follows the
same trend as that of the respective APIs. [Lido][Ibu] presents a similar dose–response curve,
while both [Lido][Diclo] and [Lido][Nap] present a slight toxicity increase at higher
concentrations. Nevertheless, it should be remarked that it is the improved solubility of API-ILs
that will reduce the amount of drug needed to obtain the desired anti-inflammatory effect on
cells. Furthermore, the PVDF/HA membranes display a similar trend in the cytotoxicity profile
as that displayed by API-ILs. The results also demonstrate that the investigated membranes are
nontoxic. Overall, this set of results is of relevance, as they define the amount of each API-IL
that could be loaded into the prepared PVDF/HA membranes to be safely used.

Figure 9. Effects of the noncharged APIs, API-ILs, and PVDF/HA membranes loaded with API-ILs on
macrophage cell viability.

The toxicity of APIs, API-ILs, and PVDF and PVDF/HA membranes loaded with API-ILs for
fibroblasts was additionally investigated by the MTT assay. API-ILs lead to a decrease in the cell
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viability by increasing their concentration and for which the highest toxicity was observed with
[Lido][Diclo]. However, all API-ILs demonstrated high cell viability up to 1 mM. Furthermore,
the fibroblast viability enhances in PVDF/HA membranes loaded with API-ILs, while the cell
viability decreases in PVDF membranes loaded with API-ILs. The biocompatible behavior of the
HA layer, which is in direct contact with the fibroblast cells, could explain the observed cell
viability enhancement, being also in agreement with the cell adhesion results. On the other hand,
HA restricts the release of API-ILs, and as such, the negative effect of API-ILs on the cell
viability decreases after HA grafting on the PVDF surface.

Figure 10. Effects of the noncharged APIs, API-ILs, and PVDF/HA and PVDF membranes loaded with
API-ILs on fibroblast cell viability.
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3.3.3 Anti-inflammatory assays
The anti-inflammatory activity of PVDF/HA membranes loaded with API-ILs was investigated
in macrophages (Raw 264.7) activated with E. coli lipopolysaccharide (LPS) and compared with
the corresponding noncharged NSAIDs. The impact of the membranes on the NO production
was first evaluated (Figure 11) and compared with the respective API. The results demonstrate
that the unloaded membranes do not provoke an inflammatory response, as the NO production
values are comparable to the control, indicating that the material is immunologically safe.
Furthermore, both the precursor APIs and the PVDF/HA membranes loaded with API-ILs have a
modest but still significant effect in decreasing the NO production. These results are expected, as
the main mechanism of action of the used NSAID drugs does not rely on NO synthesis inhibition
but instead on the inhibition of the cyclooxygenase-2 (COX-2) enzyme, thus mitigating the
production of pro-inflammatory prostaglandins [88].
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Figure 11. Effect of the noncharged APIs and PVDF/HA membranes loaded with the API-ILs on nitric
oxide production of LPS-activated macrophages. Data are presented as the amount of NO production and
represented as the average ± standard deviation from at least 3 independent biological experiments.
(****p<0.0001; control vs. LPS; #p<0.05; ##p<0.01, ###p<0.001: PVDF/HA membranes vs. LPS).

On the basis of the previous information, the inhibition of LPS-induced prostaglandin E2 (PGE2)
production caused by drugs was also tested, whose results are depicted in Figure 12. PVDF/HA
membranes do not provoke significant macrophage activation as can be addressed by the modest
PGE2 production. However, the PVDF/HA membranes loaded with API-ILs have the capacity to
inhibit COX2 and thus decrease the PGE2 release in the same magnitude as that of the precursor
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noncharged APIs. The decrease in PGE2 production is highly significant, which is consistent
with the reported anti-inflammatory effects in the literature for these APIs [89,90]. On the other
hand, lidocaine does not display any anti-inflammatory effect as expected because it is an
analgesic drug. These results also indirectly support the good and predictable release profile of
API-ILs from the PVDF/HA membranes.

Figure 12. Effect of noncharged APIs and PVDF/HA loaded with API-ILs in the LPS-induced PGE2
production. Data are presented as the amount of PGE2 production and represented as the average ±
standard deviation from at least 3 independent biological experiments. (****p<0.0001; control vs. LPS;
#

p<0.05; ##p<0.01, ###p<0.001: PVDF/HA membranes vs. LPS).

3.3.4 Wound healing assays
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The wound healing process highly depends on the fibroblast proliferation and migration from
neighboring connective tissues to the injured area. Therefore, the impact of conditioned media
from PVDF or PVDF/HA membranes loaded with API-ILs on the spreading and migration
behavior of these cells across a wound area was finally evaluated in vitro (Figure 13). All assays
were performed in a medium with 2% FBS, except when 10% FBS is used as the positive
control. Cytochalasin D (CITO D) was used as a negative control, blocking actin polymerization
and inducing cell cycle arrest. As expected, at high concentrations of FBS, the increased cell
proliferation rate and the almost complete occlusion of the wound were observed. Moreover, the
PVDF/HA membranes without API-ILs (unloaded membranes) do not interfere with the
fibroblast proliferation/migration, as the dimension of the gap after 16 h is similar to the
respective control (2% FBS).
The PVDF/HA membranes loaded with [Lido][Ibu] and [Lido][Nap] do not negatively impact
the fibroblast proliferation, while [Lido][Diclo] causes a slight inhibition in cell
proliferation/migration. In the literature, there are some conflicting reports on the impact of
NSAIDs on fibroblast proliferation, including the negative effects that are usually related to the
concentrations used [91, 92]. These antiproliferative properties over fibroblasts were shown to
rely on COX-2 inhibition and consequent decreased levels of prostaglandin E2 [93]. NSAIDs
may additionally impair wound healing by decreasing the activity of the enzyme prolidase,
which results in a decrease in collagen biosynthesis by fibroblasts [94, 95].
HA has been shown to play multiple beneficial effects on wound healing processes, namely, by
enhancing angiogenesis and by promoting fibroblast proliferation and capacity to synthesize
collagen and enzymes linked to the extracellular matrix remodeling [96]. Accordingly, HA has
been extensively used as a central component in scaffolds and dressing membranes, with an aim
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to accelerate skin regeneration [97–99]. To address whether the incorporation of HA in the
membranes contributes to mitigate some of the potential negative effects of NSAIDs on
fibroblast proliferation, parallel experiments were performed with simple PVDF structures
loaded with API-ILs. As shown in Figure 13, the capacity of fibroblasts to colonize the gap is
lower in PVDF membranes loaded with API-ILs than with their respective PVDF/HA
membranes loaded with API-ILs. Results from cytotoxicity/proliferation assays also revealed a
similar tendency in which the presence of HA exerts a protective effect (Figure S5 in the
Supplementary Information). Therefore, in the membranes studied here, HA minimizes potential
antiproliferative effects attributable to NSAIDs, allowing the simultaneous delivery of antiinflammatory and analgesic drugs to the injured area without compromising skin regeneration.
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Figure 13. Impact of PVDF and PVDF/HA membranes loaded with API-ILs in fibroblast
proliferation/migration. Scratch wound assays were performed with 3T3 fibroblasts treated with
conditioned media from PVDF-API-IL and PVDF/HA-API-IL membranes. Images were captured at 0 h
and 16 h time points using an Evos M5000 Cell imaging System at 4x magnification.
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4. Conclusions
Bilayer wound dressings composed of a hydrophobic PVDF membrane and a hydrophilic HA
layer were first prepared to act as a drug reservoir and to have biocompatible characteristics on
contact with skin, respectively, containing dual-biological function ILs and then characterized.
To this end, API-ILs, comprising both analgesic and anti-inflammatory properties, were
synthesized and characterized by combining a cation derived from lidocaine and anions derived
from hydrophobic NSAIDs. All prepared API-ILs are liquid at room temperature and display
high degradation temperatures. All the determined properties were compared with those of the
original drugs. By converting the original drugs into dual-function API-ILs, there is an increase
in their water solubility up to 470-fold, without significantly affecting their cytotoxic profile.
Both the IL cation and anion were quantified, indicating that they solubilize in water in a 1:1
molar ratio.
The prepared bilayer wound dressing was characterized in terms of mechanical properties,
membrane uptake and drug release, and transdermal delivery behavior. The PVDF membrane
layer provided the required mechanical stability of bilayer wound dressing, while HA grafting on
the PVDF membrane surface enhanced fibroblast cell proliferation, migration, and adhesion.
Furthermore, the PVDF/HA membranes do not cause activation of macrophages, indicating that
they are immunologically safe and biocompatible.
The release of API-ILs is higher than that of the original NSAID drugs in PVDF and PVDF/HA
membranes, contributing to desirable analgesic and anti-inflammatory characteristics for wound
healing purposes. Fibroblast cell adhesion and cell viability are improved with the grafting of
HA onto the PVDF membrane surface. Finally, it was shown that membranes loaded with the
API-ILs display a similar anti-inflammatory effect on LPS-activated macrophages as that of the
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precursor APIs and that the unloaded and loaded membranes do not negatively affect fibroblast
proliferation and migration in in vitro wound healing assays, thus presenting a safety profile to
be used as effective transdermal drug delivery systems.
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