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Abstract: In this work, we studied the effect of as on the interaction of membrane DPPC with the
key antifibrotic drug pirfenidone. Liposomal forms of pirfenidone were obtained using passive
loading. The addition of cholesterol reduces the loading efficiency of pirfenidone by 10%. The
main binding site of pirfenidone in DPPC liposomes is the carbonyl group: the interaction with PF
significantly increases the proportion of low-hydrated carbonyl groups as revealed by ATR-FTIR
spectroscopy. The phosphate group acts as an additional binding site; however, due to shielding
by the choline group, this interaction is weak. The hydrophobic part of the bilayer is not involved
in PF binding at room temperature. Cholesterol changes the way of interaction between carbonyl
groups and pirfenidone probably because of the formation of two subpopulations of DPPC and
causes a dramatic redistribution of carbonyl groups onto the degrees of hydration. The proportion
of moderately hydrated carbonyl groups increases, apparently due to the deepening of pirfenidone
into the circumpolar region of the bilayer. For the first time, a change in the microenvironment of
pirfenidone upon binding to liposomes was shown: aromatic moiety interacts with the bilayer.
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1. Introduction

Today, all over the world, there is an urgent task of developing new drugs for reha-
bilitation after COVID-19. The incidence is constantly growing, new strains of the virus
appear, causing not only a severe course of the disease but also a pronounced post-COVID
syndrome [1,2]. One of the manifestations of this syndrome is the development of pul-
monary fibrosis [3,4], which is similar in its properties to idiopathic pulmonary fibrosis
(IPF). According to Dr Christine Kim Garcia [5], 20% of non-mechanically ventilated sur-
vivors of severe COVID-19, and 72% of mechanically ventilated individuals had fibrotic-like
radiographic abnormalities 4 months after hospitalization.

For the treatment of idiopathic pulmonary fibrosis, the FDA has approved two drugs,
pirfenidone (PF) and nintedanib [6,7], which are effective in IPF correction. According to
the latest data, pirfenidone is also capable of being active in the correction of post-COVID
pulmonary fibrosis, which opens up new horizons for the use of this drug around the world.
In India, some clinical trials are already being conducted (e.g., CTRI/2021/09/036442).

For the massive use of pirfenidone in the rehabilitation of patients with post-COVID
pulmonary fibrosis and IPF, a simple and convenient dosage form is needed, which would
not require a hospital stay and at the same time ensure high efficiency of therapy, including
high bioavailability in the target lung tissues. Such a dosage form can be an inhaled
liposomal form of pirfenidone, including one based on dipalmitoylphosphatidylcholine
(DPPC), a major phospholipid of human lung surfactant [8]. Inhaled forms of PF prevent
the development of phototoxicity [9,10].
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Liposomes represent promising delivery systems for a variety of drugs, and many
liposomal forms are available on the market and have proven themselves in medical prac-
tice, e.g., Doxil. Inhaled liposomal drugs are successful: Arikace® (liposomal amikacin) [11]
and Pulmaquin® (liposomal ciprofloxacin). Liposomal inhaled forms of pirfenidone with
variable data have been already described in the literature [12]. Liposomal forms of pir-
fenidone provide more beneficial biodistribution cause fewer side effects; however, there is
currently a lack of data on the physicochemical process of interaction of pirfenidone with
the bilayer.

However, despite the high clinical potential, the liposomal PF mechanism of interaction
between PF and the lipid matrix is still unclear. The composition of the lipid matrix has a key
effect on the nature of the interaction of the bilayer with the drug, as demonstrated in classic
papers with doxorubicin [13] and amphotericin B [14]. The authors of the review [15] found
that the composition of liposomes affects incorporation efficiency, stability, the surface
charge of the liposomal formulation of the drug, pharmacokinetics, pharmacodynamics
and biodistribution of the active substance.

On the other hand, it’s well-known that alveolar epithelial Type-II cells synthesize
saturated phosphatidylcholine, which, together with cholesterol, exist in lamellar bod-
ies [16]. Thus, the composition of liposomes affects not only the nature of the interaction
of the bilayer with the drug but also affects the affinity of the drug delivery system for
target tissues. The presence of cholesterol in the composition of the liposomal form of
pirfenidone has the potential to increase the effectiveness of therapy. Thus, for the further
development of effective pharmaceutical formulations of pirfenidone based on liposomes,
it is necessary to comprehensively study the nature of its interaction with liposomes of
various lipid compositions [17]. The inclusion of 10% cholesterol in the DPPC matrix is a
classic approach to producing a liposomal drug formulation [18]; at such a concentration, it
is possible to detect interesting effects of the influence of the composition of liposomes on
the interaction with various ligands; however, the proportion of cholesterol is not yet so
high as to dramatically change the properties of the bilayer.

Among all methods for studying the mechanisms of drug interaction with liposomes,
ATR-FTIR spectroscopy attracts special attention. This method provides unique information
about the microenvironment of the functional groups of biomolecules [19], which allows
one to study in detail the nature of the interaction of drugs with the bilayer.

In our work, we set the goal of studying the effect of the composition of the lipid
matrix on the nature of the interaction of liposomes with pirfenidone using sophisticated
spectral methods, primarily ATR-FTIR spectroscopy.

2. Materials and Methods
2.1. Materials

Pirfenidone was obtained from Sigma Aldrich, St. Louis, MO, USA; DPPC, cholesterol
Avanti Polar Lipids, Alabaster, AL, USA. Sodium phosphate buffer tablets for solution
preparation Pan-Eco, Russia

2.2. Liposome Preparation

A solution of lipids in chloroform was taken in the desired ratio (DPPC or DPPC:
Cholesterol 90:10). CHCl3 solvent was carefully removed on a vacuum rotary evaporator
at a temperature not exceeding 55 ◦C. The resulting thin film of lipids was dispersed in
0.02 M sodium phosphate buffer, pH 7.4.

The suspension was exposed to an ultrasonic bath (37 Hz) for 5 min. Next, the
suspension was sonicated (22 kHz) for 600 s (2 × 300 s) in a continuous mode with constant
cooling on a 4710 “Cole-Parmer Instrument” disperser.

2.3. Liposomal Form of Pirfenidone Preparation

To obtain pirfenidone-loaded liposomes by passive loading, the previously described
method was used [20]. The lipid film was dispersed with 0.01 M sodium phosphate-
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buffered solution, pH 7.4, containing pirfenidone (2 mg/mL). The resulting suspension was
exposed to an ultrasonic bath (37 Hz) for 5 min; then it was treated with ultrasound (22 kHz)
for 600 s (2 × 300 s) in continuous mode with constant cooling on a 4710 “Cole-Parmer
Instrument” disperser (Vernon Hills, IL, USA). Free PF was separated by dialysis against
sodium phosphate-buffered saline (Serva, Heidelberg, Germany; MW cut-off 3500) for 2 h,
followed by determination of the degree of PF incorporation into the vesicles.

2.4. DLS Measurements

Determination of the size and zeta-potential of vesicles was carried out using a Zeta-
sizer Nano S Malvern (Malvern Panalytical Ltd, Malvern, UK) (4 mW He–Ne laser, 633 nm)
in a thermostated cell at 22 ◦C. Malvern software was used.

2.5. UV-Vis Spectroscopy

UV spectra of PF were recorded on a UV-visible spectrometer AmerSharm Biosciences
UltraSpec 2100 pro (Holliston, MA, USA) in the range from 200 to 400 nm in a 1 mL quartz
cuvette Hellma Analytics (Müllheim, Germany). The main characteristic peak of PF was
observed at 310 nm.

2.6. ATR-FTIR Spectroscopy

The spectra were recorded using a Tensor 27 IR Fourier spectrometer (Bruker, Ger-
many) equipped with an MCT detector cooled with liquid nitrogen and a thermostat (Huber,
Raleigh, NC, USA). The measurements were carried out in a BioATR II thermostated cell
(Bruker, Germany) using a single reflection ZnSe element at 22 ◦C and continuous purging
of the system with dry air using a compressor (Redditch, UK). An aliquot (50 µL) of the
corresponding solution was applied to the internal reflection element. The spectrum was
recorded three times in the range from 4000 to 950 cm−1 with a resolution of 1 cm−1;
performed 70-fold, scanning and averaging. The background was registered in the same
way and was automatically subtracted by the program. The spectra were analyzed using
the Opus 7.0 software, Bruker. When recording the ATR-FTIR spectra of liposomes loaded
with PF, a solution of PF in equal concentration was used as a background solution. When
recording the ATR-FTIR spectra of PF in liposomes, spectra of the corresponding unloaded
liposomes were subtracted as a background solution.

Carbonyl groups spectral region deconvolution was conducted as described [21,22].
Curve-fitting was performed using the Bruker Opus 7.5 software. The center positions of
the band components were found by the second-derivative production. Bands were fitted
by components of Gauss shape, with a correlation of at least 0.995. For DPPC liposomes,
two components were observed: 1730 cm−1 and 1742 cm−1. For empty DPPC:Cholesterol
liposomes model included components 1718 cm−1, 1729 cm−1, 1741 cm−1 and for PF-loaded
liposomes model included components 1718 cm−1, 1729 cm−1, 1736 cm−1, 1741 cm−1 and
1751 cm−1.

3. Results
3.1. Pirfenidone Characterization

To study the interaction of pirfenidone with liposomes, we checked preliminary
experiments on PF characterization. In the UV spectrum of PF, there is a characteristic
absorption peak of 310 nm, which is well suited for determining the PF content in a solution
in the range of concentrations up to 45 microgram/mL (Figure 1a).

While UV spectroscopy is well suited for analyzing pirfenidone content and deter-
mining liposome loading efficiency, the ATR-FTIR spectrum of PF appears to be useful for
deeper analysis of the microenvironment of its functional groups (Table 1, Figures 1b and S1).
Figure 1b shows the spectrum of pirfenidone, and its main absorption bands correspond
to the following bond vibrations according to [23–26]. Absorption band 1663 cm−1 cor-
responds to C=O stretch vibration, while two sharp and narrow bands, 1557 cm−1 and
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1536 cm−1, correspond to aromatic oscillations. A less intensive but clear and sharp band
at 1495 cm−1 corresponds to βHCH aromatic bond vibrations.
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Figure 1. (a). Calibration curve for pirfenidone in sodium-phosphate-buffered solution based on UV-
Vis spectra. (b). ATR-FTIR spectra of pirfenidone (4 mg/mL) in 0.02 M sodium-phosphate-buffered
solution pH 7,4. In insertion: pirfenidone structure. c. UV-spectrum of pirfenidone.

Table 1. Main peak positions in ATR-FTIR spectra of pirfenidone solution and DPPC and DPPC:Chol
90:10 liposomes.

Functional Group PF, cm−1 PF DPPC, cm−1 PF DPPC:Chol 90:10, cm−1

C=O stretch [25] 1663 1665 1665

C=C aromatic [23,24,26]
1557 1557 1555
1536 1536 1535

βHCH [24] 1495 1492 1490

3.2. Physico-Chemical Characterization of Liposomal Form of Pirfenidone

We set the task to study the effect of the composition of the lipid matrix on the interac-
tion of the bilayer with pirfenidone. DPPC, a major phospholipid of human pulmonary
surfactant, was selected as the main component of liposomes. It is known that the addition
of cholesterol can significantly affect the properties of liposomes; therefore, in this work,
liposomes based on DPPC containing 10% of mass cholesterol were studied.

Encapsulation efficiency (EE) of pirfenidone was determined by analyzing the wash-
ings after dialysis. As a control of the physicochemical properties of liposomes, the zeta
potential and hydrodynamic radius were determined by the method of dynamic light
scattering (Table 2).

Table 2. Encapsulation efficacy, ζ-potential and hydrodynamic diameter of liposomal form of pir-
fenidone. 0.02 M Na-phosphate-buffered solution, pH 7.4, 22 ◦C.

Sample Encapsulation Efficacy, % ζ-Potential, mV Dh, nm

DPPC control −10.1 ± 0.5 103 ± 2
DPPC PF 32 ± 4 −13.1 ± 0.6 107 ± 6

DPPC:Chol 90:10 −12.5 ± 0.7 100 ± 3
DPPC:Chol 90:10 PF 20 ± 3 −10.9 ± 0.5 98 ± 2

Comparing the values of zeta potentials and sizes of control liposomes and liposomal
forms of PF, it should be noted that there is no reliable and significant change in these
parameters when loading active molecules. The same effects we have observed for mox-
ifloxacin, loaded into liposomes [20]. The degree of inclusion of pirfenidone in DPPC
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liposomes is typical for small organic molecules: without additional measures, it does not
exceed 35%. The addition of 10% cholesterol to the DPPC matrix leads to a noticeable
decrease in the encapsulation efficiency, which is apparently associated with a greater
membrane rigidity; however, to reveal the molecular mechanisms of drug interaction with
liposomes of various compositions, a more in-depth study is required.

3.3. Mechanism of Interaction of Pirfenidone with Liposomes as Revealed by ATR-FTIR Spectroscopy

To study the molecular mechanism of the interaction of PF with the bilayer and iden-
tify the main binding sites, the main method of ATR-FTIR spectroscopy was used. This
method is a highly informative spectral method suitable for studying complex colloidal
systems, including liposomes [27]. This method allows a detailed study of the interaction
of pirfenidone with various functional groups of lipids. The ATR-FTIR spectra of liposomes
(Figure S2) contain a number of main absorption bands (Table 3), which are informative
in the analysis of the interaction of liposomes with various molecules. Figure 2 show
the ATR-FTIR spectrum of DPPC 100% liposomes. Symmetric and asymmetric stretching
vibrations of the CH2 group correspond to bands in the region of 2850 ± 1 cm−1 and
2919 ± 1 cm−1. These absorption bands are sensitive to changes in liposome acyl chain
packing [28]. The absorption band of the carbonyl group is located in the region of
1715–1750 cm−1 is sensitive to changes in the microenvironment on the lipid-water surface.
The phosphate group of phospholipids is characterized by two stretching vibration bands:
νPO2

− s 1088 cm−1 and νPO2
− as 1250–1230 cm−1. The analytically significant νPO2

− as
band is of greatest interest as it is sensitive to the interaction of cationic ligands with the
polar head of liposomes. A change in the position of absorption bands and their shape
indicates a change in the microenvironment of the corresponding functional groups; thus,
the analysis of ATR-FTIR spectra makes it possible to identify the main binding sites of
ligands including small organic molecules [29].

Table 3. Position of the main absorption bands in the ATR-FTIR spectra of liposomes of various lipid
compositions. 0.02 M sodium phosphate-buffered solution, pH 7.4, 22 ◦C. Error in determining the
maximum of the absorption band–1 cm−1.

Sample νCH2 as, cm−1 νCH2 as, cm−1 νCO, cm−1 νPO2− as, cm−1

DPPC control 2918 2850 1737 1223
DPPC PF 2918 2850 1736 1223, 1243 shoulder

DPPC:Chol 90:10 2918 2850 1738 1224
DPPC:Chol 90:10 PF 2918 2850 1740 1223, 1243 shoulder

When the liposomal membrane interacts with pirfenidone, the following regularities
are observed. The absorption bands of CH2 groups do not undergo significant changes,
which indicates that the packing density of hydrophobic chains in the bilayer remains
unchanged when pirfenidone is included in liposomes.

For the liposomal form of PF DPPC 100% and DPPC:Cholesterol 90:10, uniform
changes are characteristic only in the region of absorption of the phosphate group. The
appearance of a peak at 1243 cm−1 (Figure S3) is characteristic of a decrease in the de-
gree of hydration of some of the phosphate groups of DPPC [28], apparently due to the
formation of hydrogen bonds with pirfenidone. The uniformity of changes in the area of
absorption of phosphate groups is expected because cholesterol in the bilayer is located
in the hydrophobic part [30], partially interacting with the lipid–water interface. Thus,
pirfenidone binds to the phosphate group of DPPC both in monocomponent liposomes
and in cholesterol-containing ones.

It is important to study the state of lipid carbonyl groups when interacting with
active molecules because they are located at the lipid-water interface [31]. Analysis of
changes in the absorption range of carbonyl groups will lead to a conclusion about the
interaction of drugs with the bilayer [22]. It is known that the absorption band of the
carbonyl group consists of several components [31], usually associated with high, medium
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and low hydrated carbonyl groups [22]. The higher the degree of hydration of the carbonyl
group, the lower is the characteristic wavenumber of the corresponding component. The
position and number of components depend on the composition of the liposomes [31,32].
The ratio of the integral fractions of the components is associated with the redistribution of
carbonyl groups according to the degrees of hydration.
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Figure 2. ATR-FTIR spectra of liposomes and liposomal forms of pirfenidone: carbonyl group
area. Deconvolution was conducted with Gaussians. The blue line is the initial spectrum, green—
component of low hydrated carbonyl groups, red—component of medium hydrated carbonyl groups,
orange—component of high hydrated carbonyl groups. (a) DPPC liposomes. (b) DPPC liposomes,
loaded with pirfenidone. (c) DPPC:Chol 90:10 liposomes. (d) DPPC:Chol 90:10 liposomes, loaded
with pirfenidone. 0.02 M sodium-phosphate-buffered solution pH 7.4.

Figure 2 show the results of deconvolution of the spectra of liposomes and liposomal
forms of pirfenidone. Quantitative data on the redistribution of carbonyl groups by degrees
of hydration are presented in Table 4. For monocomponent DPPC liposomes, the absorption
band of the carbonyl group consists of two components corresponding to the medium
(1730 cm−1) and low hydrated groups (1742 cm−1). Moreover, the dominant form is
moderately hydrated carbonyl groups [33] (1730 cm−1), which corresponds to the gel-like
state of the DPPC membrane [34].

Table 4. Integral share of carbonyl groups components. 0.02 M sodium phosphate-buffered solution,
pH 7.4, 22 ◦C. SD (n = 3) 5%.

Sample Low Hydrated, % Medium Hydrated, % High Hydrated

DPPC control 27 73 -
DPPC PF 48 52 -

DPPC:Chol 90:10 61 32 7
DPPC:Chol 90:10 PF 51 41 8
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The inclusion of pirfenidone leads to a redistribution of carbonyl groups according
to the degrees of hydration: the proportion of low-hydrated groups doubles. This phe-
nomenon corresponds to the destruction of hydrogen bonds between carbonyl groups and
water molecules due to the formation of new bonds with pirfenidone molecules. A signifi-
cant increase in the integral share of low-hydrated carbonyl groups (Figure 2b) indicates a
possible interaction of pirfenidone with the circumpolar region of the bilayer.

Thus, the interaction of DPPC liposomes with pirfenidone has the following character-
istics. The main binding site is the carbonyl group: the interaction with PF significantly
increases the ratio of low-hydrated carbonyl groups. The phosphate group acts as an addi-
tional binding site; however, due to shielding by the choline group, this interaction is weak.
The hydrophobic part of the bilayer is not involved in PF binding at room temperature.

In the case of two-component liposomes containing 10% cholesterol, the absorption
band of the carbonyl group contains at least three components (Figure 2c). The compli-
cation of the spectral pattern is expected since the introduction of even a small amount
of cholesterol significantly affects the physicochemical properties of the bilayer and is
reflected in the fine structure of the ATR-FTIR spectrum. It is known that cholesterol in
mixtures with saturated lipids increases membrane permeability lowers the gel-liquid
crystal phase transition temperature and determines the physicochemical properties of the
liposome [30,35,36]. Unlike DPPC liposomes, vesicles containing cholesterol are more rigid,
and this explains the predominance of low-hydrated carbonyl groups.

The incorporation of pirfenidone into liposomes containing cholesterol leads to a
dramatic redistribution of carbonyl groups onto the degrees of hydration (Figure 2d).
The proportion of moderately hydrated carbonyl groups increases, apparently due to the
deepening of pirfenidone into the circumpolar region of the bilayer.

Thus, membrane rigidity plays a significant role in the nature of the interaction of
liposomes with pirfenidone, and the carbonyl group of lipids is an important binding site
for an active molecule.

3.4. Changes in the Microenvironment of Pirfenidone upon Loading into Liposomes as Revealed by
ATR-FTIR Spectroscopy

As mentioned in Section 3.1, a number of informative absorption bands are present in
the ATR-FTIR spectrum of pirfenidone. When an active molecule is loaded into liposomes,
some absorption bands are displaced, which indicates a change in the microenvironment
of some functional groups of pirfenidone (Table 1, Figure S1).

Absorption band 1663 cm−1 corresponding to γOC in heterocycle + γCC aromatic
bonds shifts to 1665 cm−1, indicating an interaction of aromatic moiety of PF with the
bilayer. This result is expected since the aromatic moiety contains both a carbonyl group
and a nitrogen atom in the heterocycle.

Analyzing the displacements of the remaining absorption bands, uniform changes
should be noted, while for cholesterol-containing liposomes, they are more pronounced.
This is clearly manifested for the band at 1495 cm−1, which shifts up to 1490 cm−1 in the
case of cholesterol-containing liposomes. Probably, when pirfenidone is anchored into
the bilayer, the vibrations βHCH become more difficult; however, this requires a separate
study in the future.

4. Conclusions

In this work, we studied the effect of cholesterol on the interaction of membrane
DPPC with the key antifibrotic drug pirfenidone. Liposomal forms of pirfenidone were
obtained via passive loading, and the loading efficiency depends on the membrane rigidity:
the addition of cholesterol reduces the loading efficiency. The main binding sites were
established: the carbonyl and phosphate groups of DPPC. At the same time, for the
first time, using the deconvolution of bands in the ATR-FTIR spectrum of liposomes, the
redistribution of carbonyl groups according to the degrees of hydration was demonstrated
when interacting with pirfenidone.
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Cholesterol significantly affects the interaction of PF with the membrane. Since pir-
fenidone is unable to penetrate into the bilayer at room temperature, the main interaction
occurs at the lipid-water interface. In the case of monocomponent liposomes, interaction
with an active molecule leads to a decrease in the degree of hydration of carbonyl groups,
apparently due to the formation of hydrogen bonds with PF. A more rigid cholesterol-
containing membrane is characterized by a more complex pattern of distribution of carbonyl
groups by degrees of hydration. This is probably due to the existence of at least two popu-
lations of DPPC molecules: “sandwiched” between cholesterol molecules and free ones,
as was established by the method of computer simulation [30]. These two subpopulations
appear to interact differently with pirfenidone.

It was found that the anchoring of pirfenidone in the bilayer is accompanied by a
shift of the main bands in the spectrum of the active molecule, which indicates a change in
the microenvironment of both the heterocycle and the benzene ring. The structure of the
most active molecule plays a decisive role in the nature of the interaction with the bilayer.
Previously, we have found [20] that moxifloxacin is capable of anchoring in the bilayer
and actively interacts primarily with the phosphate groups of lipids due to the sterically
free nitrogen atom in the heterocyclic fragment, then pirfenidone preferentially binds to
carbonyl groups, significantly increasing the proportion of low-hydrated groups in the
DPPC membrane.

Obtained data serve as the basis for discovering the mechanism of interaction between
pirfenidone and biomembranes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biophysica2010008/s1, Figure S1: Normalized ATR-FTIR spectra of pirfenidone (blue) and
liposomal forms of pirfenidone. Main bands of pirfenidone are presented. 0.02 M sodium-phosphate
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