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Abstract
The paper deals with the cholesterol–cyclosporine A (Chol–CsA) monolayers at the air/water interface investigated using 
the Langmuir trough coupled with the Brewster’s angle microscopy. The compressed films were transferred onto the PEEK 
polymer support by means of the Langmuir–Blodgett technique. To improve molecules adhesion and organization the 
PEEK surface was treated with air plasma before thin films deposition. The obtained surfaces were characterized by means 
of atomic force microscope (AFM). Then, the wettability of the supported monolayers was determined by the contact angle 
measurements. Finally, the surface free energy and its components were evaluated from the theoretical approach proposed 
by van Oss et al. The obtained results reveal correlation between properties of the Langmuir monolayers at the air/water 
interface and those of the Langmuir–Blodgett films on PEEK. This was found to be helpful for understanding the wettability 
of organized molecular films on the polymer support as far as biocompatibility improve is concerned. The preparation of films 
with defined polarity and various compositions is an important step in the development of polymer surfaces with increased 
biofunctionality. It is believed that the results presented in this paper can be exploited in the in vivo studies.

Keywords  Langmuir monolayer · Cyclosporine A · Cholesterol · Polyetheretherketone · Atomic force microscopy · 
Wettability · Surface free energy

1  Introduction

Both natural and synthetic polymers are common in our envi-
ronment. Owing to their properties they find many applica-
tions in various areas of life, e.g. they can be used in textile, 
building and food industry as well as in medicine (Hubbell 
1994). The group of polymers with phenomenal mechani-
cal and dielectric properties such as great mechanical and 
chemical resistance, thermal and radiation stability and bio-
compatibility to living tissues includes polyaryletherketones 

(PAEKs). The main representative polymer of this group is 
polyetheretherketone (PEEK). PEEK is a semi-crystalline 
linear polycyclic aromatic thermoplastic (Fig. 1). It has 
an aromatic molecular backbone with functional groups 
between the aryl rings (Kurtz 2012; Ma and Tang 2014; 
Wiącek et al. 2016a, b).

Polymers, such as PEEK used in medicine for making 
prostheses or implants (orthopedic, traumatic or spinal) must 
have some important attributes, such as biocompatibility and 
non-toxicity. Biocompatibility means ability to induce an 
acceptable response of the body. Biocompatible polymers 
are those that themselves and products of their degradation 
do not cause allergies (Rui et al. 2014; Frederik et al. 2015; 
Najeeb et al. 2016; Lvhua et al. 2017; Ryan and Getgood 
2017). To improve biocompatibility scientists modify the 
polymer surface by biological, physical, chemical or mixed 
methods. In the first method the biologically active sub-
stances are immobilized on the polymer surface. Owing to 
this operation biocompatibility is much better. The physical 
methods include: flame modification, laser, electron or ion 
beam as well as hot or cold plasma treatment. Plasma is an 
electric inert ionized gas with a large amount of particles. 
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It consists mainly of atoms, metastable molecules, positive 
and negative ions, electrons, photons and radicals. Chemi-
cal methods deal with chemical reactions between atoms 
or molecules of polymer and other substances. Chemical 
reactions or creation of an additional outer layer on the sup-
port surface are a result of surface etching and/or deposition 
of thin films of biologically active substances, for example 
using a Langmuir–Blodgett trough. During polymer surface 
modification for medical use, there is a risk of introduc-
ing additional impurities. To avoid them, especially in the 
aspect of potential biomedical applications, activities that 
can prevent such phenomena should be applied (Garbassi 
et al. 1994; Favia and d’Agostino 1998; Gan et al. 2016). 
The use of low-temperature plasma, which thoroughly cleans 
the polymer surface can minimize this process (Dannes and 
Schwartz 2009; Novotna et al. 2015; Ma and Tang 2014; 
Botel et al. 2018). Due to the high chemical and biologi-
cal inertness of the PEEK surface, the process of osteoin-
tegration is inadequate and slow. In order to improve this 
limitation, the use of physical (cold plasma) and chemical 
(biocoating) modifications seems to be the proper trend of 
modification and testing this type of surface. The similarly 
targeted studies were recently published by Mahjoubi et al. 
(2017) and Fukuda et al. (2019).

Additionally, there is possibility to immobilize biologi-
cally active substances onto the PEEK surface, such as 
immunosuppressants, antibiotics or even growth factors 
(Kantlehner et al. 2000). This process can improve prevent-
ing from implant rejection by the human body and accelerate 

convalescence. One of these substances is cyclosporine A 
(CsA) (Fig. 2a), cyclic polypeptide. CsA has been known 
for a long time. It was discovered in 1971 as a substance 
produced by fungus Tolypocladium inflatum. CsA is used to 
prevent the transplant of the organ such as heart, kidneys, 
liver, pancreas or lungs from rejection and to treat psoria-
sis, rheumatoid arthritis or dry eye disease. Owing to its 
profound hydrophobicity and cyclic structure it can interact 
with many molecules, especially with those building cell 
membranes in human cells (brain, nerve cells) (Bundgaard 
and Friis 1992). Some studies indicate that CsA can change 
membrane organization. It abolishes the pretransition for 
saturated phospholipids which leads to decrease in their 
main transition temperature and enthalpy (O’Learyl et al. 
1986; Wiedman et al. 1990). The other studies suggest that 
CsA can increase or decrease the lamellar-to-hexagonal 
phase transition temperature of phospholipids depending 
on its molar ratio, or even inhibit fusion of the biological 
membranes (Epand et al. 1987). Investigations of the interac-
tions of CsA with the biological membranes can be specified 
by examining its interactions with individual components 
such as cholesterol (Fig. 2b). This lipid plays a very impor-
tant role in maintaining the stiffness of the membrane and 
determines its permeability to other substances (Loosli et al. 
1985; Ohvo-Rekilä et al. 2002; Costa et al. 2012). It should 
be taken into account that Chol is also a main component 
of the rafts which are currently hot-topic in science (Leslie 
2011). CsA has preference for energetically favorable fluid/
gel domain bonds (Weis and McConell 1985). Soderlund 
et al. (1999) investigated the influence of CsA on various 
phospholipid-cholesterol thin films by differential scanning 
calorimetry and fluorescence microscopy. They observed 
rapid binding of CsA to the lipid monolayers. Accordingly, 
the simultaneous use of Chol and CsA can improve the 
PEEK surface biocompatibility, enhance coatings stability 
and finally prevent the rejection (Hawskhaw et al. 2018).

Since the polymer support coatings are getting more 
attended nowadays, these studies were aimed at modify-
ing the air plasma activated PEEK surface by deposition of 
the biologically active monolayers. The recently published 

Fig. 1   Structure of polyetheretherketone (PEEK)

Fig. 2   Structure of cyclosporine 
A—CsA (a) and cholesterol—
Chol (b)
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papers on the PEEK air plasma activation prove that such 
a process leads to the formation of new polar functional 
groups on the polymer surface, thus increasing its surface 
free energy and adhesion (Comyn et al. 1996; Zhang et al. 
2011; Bhatnagar et al. 2012; Terpiłowski et al. 2018). This 
facilitates adsorption of the biological molecules onto the 
polymer support to obtain the surface of defined polarity as 
well as the increased biocompatibility.

The main goal of this paper was to characterize properties 
of the Chol–CsA monolayers at the air/water interface in 
terms of their organization and packing as well as possibility 
to transfer the obtained thin films onto the activated polymer 
support. In order to estimate behaviour of the Chol–CsA 
mixed system at the air/water interface the Langmuir trough 
coupled with the Brewster’s angle microscopy has been 
applied. Based on the π-A isotherms, monolayer morphol-
ogy and thickness, properties of the systems with different 
Chol:CsA molar fractions (XCsA = 0.25; 0.5 and 0.75) were 
characterized. Then, the obtained monolayers were trans-
ferred onto polyetheretherketone (PEEK) using the Lang-
muir–Blodgett technique at the surface pressure of 15 mN/m 
or 30 mN/m (only Chol). To enhance molecules adhesion, 
the polymeric surfaces were activated for 1 min with the low 
temperature and low pressure air plasma before thin films 
deposition. The prepared modified PEEK surfaces have been 
subjected to wettability measurements using the system of 
three liquids with different polarity (water, formamide, dii-
odomethane) as well as structure determination by means of 
atomic force microscopy. Moreover, the topography analysis 
by optical profilometry was conducted and presented in our 
other paper (Przykaza et al. 2019). On the basis of contact 
angles measurements the values of apparent surface free 
energy and its components were estimated using the van 
Oss et al. approach (1989; 1990). Some correlations between 
physicochemical properties of the monolayers before and 
after transfer onto the polymer support were found. Moreo-
ver, the studies allowed to estimate polarity of the PEEK sur-
face (unmodified, modified with plasma and/or Chol–CsA 
monolayers) which is very important in the case of proper 
in vivo studies as well as in projecting and planning polymer 
coatings used in many branches of science.

2 � Materials and methods

2.1 � Registration of π‑A isotherms, BAM images 
and relative thickness of layer

Appropriate amounts of cholesterol (Chol) and cyclo-
sporine A (CsA) were dissolved in the chloroform–metha-
nol solution, 4:1 v/v (solvents from Avantor Performance 
Materials Poland S.A) to obtain the final concentration 

of 1 mg/mL, right before spreading onto water subphase. 
Chol was purchased from Sigma-Aldrich and CsA from 
Alfa Aesar, both with the purity above 99%. Mixtures con-
taining different molar ratios of CsA (XCsA = 0.15; 0.25; 
0.5 and 0.75) were prepared by mixing suitable volumes 
of pure solutions. During the tests the first step was pre-
cise preparation of the Langmuir trough (KSV NIMA, 
Finland) – cleaning with methanol, filling with Milli-
Q water (surface tension 72.8 mN/m), thermosetting to 
20 °C and maintaining the surface pressure not to change 
more than 0.3 mN/m during the test-compression. After 
this procedure the proper amounts of previously prepared 
solutions were carefully spread onto the air/water interface 
using a microsyringe and left for 10 min for solvent evapo-
ration. Then a thin layer of solution (applied film) was 
compressed with speed of 20 mm/min and the changes of 
surface pressure were registered by the Wilhelmy platinum 
plate. The computer software simultaneously calculated 
changes of area per molecule in the function of surface 
pressure rise and the π-A isotherm curve was registered.

At the same time the Brewster angle microscopy (BAM) 
was used to estimate the morphology of the obtained mon-
olayers in function of their composition and surface pres-
sure. BAM was also applied to examine the monolayers 
thickness based on the correlation between grey level and 
the relative reflectivity (Rodríguez Patino et al. 1999). 
Measurements of both parameters were performed in vari-
ant of a nanofilm_ultrabam (Accurion GmbH, Germany) 
equipped with a solid-state 50 mW laser emitting p-polar-
ized light at 658 nm wavelength which was reflected off 
the air/water interface at the Brewster’s angle equal to 
53.2°. The size of the BAM images was 207 × 192 µm2.

For the layer thickness measurements, firstly BAM was 
calibrated to clear MilliQ water (if possible without any 
molecules at the interface) and the plot of grey level as a 
function of incidence angle was obtained. The minimum 
of the parabolic fit was the angle of incidence with the 
lowest reflectivity valid under the existing environmental 
conditions. After this step it was possible to convert the 
grey scale information into reflectivity. Then the single-
layer optical model was applied to convert the reflectivity 
R into the film thickness d (Winsel et al. 2003) according 
to Eq. 1:

where: I0 and Ir are the incident and the reflected intensities, 
respectively; n1 and n2 denote the refractive indices of the 
film and the subphase, respectively; λ is the wavelength of 
the incident light.
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2.2 � Purification procedure of PEEK plates surface

PEEK plates (20  mm × 30  mm × 5  mm) were cut 
from the commercial TECAPEEK natural (size 
1000 mm × 500 mm × 5 mm, PROFILEX) and purified to 
eliminate any surface contamination. Firstly, a solution of 
neutral extran (1 mL/100 mL of MilliQ water) was prepared 
and poured into a beaker with the PEEK plates which has 
been placed additionally in the ultrasonic bath. After that the 
plates were cleaned using methanol and finally 2–3 times 
with MilliQ water until its conductivity did not exceed 5 μS/
cm. Each washing step improved by ultrasonic waves took 
15 min. After the purification procedure the dried plates 
were put into a vacuum oven for 24 h.

2.3 � Low‑temperature plasma treatment of PEEK 
surface

Low temperature (20 °C) and low pressure (0.2 mbar) air 
plasma modification of PEEK surfaces procedure was con-
ducted using the Pico plasma system (Diener Electronic, 
Germany). Similarly to our earlier studies (Wiącek et al. 
2016a, b) PEEK plates were activated for 60 s with 460 W 
plasma with continuous air flow of 22 sccm (standard cubic 
centimeters per minute). Compared to the previous papers, 
the improved surface modification procedure was applied. 
In order to guarantee activation of both plate sides, special 
scaffolds were applied to keep the vertical position.

2.4 � Deposition of Chol–CsA monolayers onto PEEK 
using the LB technique

For the precise deposition of organized thin films of Chol, 
CsA and their mixtures onto the plasma activated PEEK 
support the Langmuir trough (KSV 2000) equipped with the 
dip-arm system was applied. The procedure of the Langmuir 
trough cleaning before measurements and monolayer for-
mation was the same as described in point 2.1. Just before 
spreading the bioactive molecules onto the water subphase, 
the plasma activated PEEK plates were attached to the dip 
arm and using the computer software placed deep under the 
sheet of water subphase in a special well of trough. The 
next step of studies included: molecules deposition onto 
the air/water subphase and the process of solvent evapora-
tion (also described in point 2.1). When the surface pres-
sure reached desired value (Table 1), the monolayer was 
stabilizing for 10 min and finally the dip-arm was moved 
up slowly while the transferring process started. During the 
whole process the barriers of Langmuir trough were kept 
at the constant value of transfer surface pressure. Experi-
mental transferring parameters of compression speed and 
surface pressure during the transfer were correlated with the 
plots of π-A isotherms. The third parameter, transfer speed 

was experimentally selected. Using the transfer parameters 
presented in Table 1 the value of transfer ratio was revealed 
as close to one, which means that the obtained coating was 
a monolayer with high probability. After that the solid sup-
ported films were put into the Petri dishes and placed into 
the vacuum oven for 24 h. In case of cholesterol film for both 
transfer pressures of 15 mN/m and 30 mN/m the transfer 
ratio was found to be very close. The value of 15 mN/m 
was chosen based on the matching to the Chol–CsA mixed 
systems, for which it below the collapse pressure of the mon-
olayer and the system is possibly the most packed and stable. 
The value of 30 mN/m corresponds to the lateral pressure 
of the biological membrane. Unfortunately this value is not 
possible to achieve in systems containing cyclosporine. 
Hence for further analysis Chol film deposited at surface 
pressure of 30 mN/m has been also chosen.

2.5 � Measurements using atomic force microscope

Roughness of the deposited layers as well as the PEEKair 
support was examined using an atomic force microscope 
(5600LS AFM, Agilent Technologies) in non-contact mode 
(tip radius < 2 nm, resonance frequency 280 kHz) with a 
resolution of 256 × 256 and scan area of 1 µm × 1 µm. The 
measurements were carried out at least in 12 different points. 
In the first place of sample (1) four points were selected in 
the distance 0.2 mm to each other. After measurements, sam-
ple was moved 2 mm to the second place (2) and four next 
points were selected in the same manner as for the first place. 
The third place on the surface was selected analogically as 
the places (1) and (2). The surface roughness, Sq,—the root 
mean square of arithmetic average of the surface roughness 
absolute values—was calculated using the Scanning Probe 
Image Processor (SPIP) v. 5.1.4 software (Image Metrology 
A/S, Denmark) according to the formula:

where: x and y are the coordinates, z is the perpendicular 
deviation from the ideally smooth surface, M is the number 
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Table 1   Experimental transferring parameters

Substance(s) Compression 
speed [mm/
min]

Surface pressure dur-
ing transfer [mN/m]

Transfer 
speed [mm/
min]

Chol 20 15 and 30 5
CsA 20 15 5
Chol–CsA 20 15 5
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of points in the x direction, and N is the number of points in 
the y direction.

2.6 � Contact angle measurements of water, 
formamide and diiodomethane

The samples modified in accordance with the procedure dis-
cussed above were moved into the chamber of contact angle 
measuring system (DGD ADR model with GBX S.A.R.L) 
with constant flow of a nitrogen gas. For these experiments the 
system of three probe liquids, two polar: MilliQ water and for-
mamide (Acrōs Organics, 99.5%) and one apolar diiodometh-
ane (Aldrich, 99%) was chosen to determine values of advanc-
ing contact angles on the modified PEEK surfaces as well as 
to estimate values of surface free energy and its components. 
Each time the same amount of liquid, 6 μL was released using 
the microsyringe and the advancing contact angle was meas-
ured by the digital camera and the computer equipped with the 
WinDrop ++ software. For each system these measurements 
were conducted twice and minimum 12–16 droplets of each 
liquid were obtained. For the plasma activated PEEK surface 
the measurements were made after 10 min following the acti-
vation process. The values of average advancing contact angles 
of this triple probe liquid system were used for further surface 
free energy calculations.

2.7 � Surface free energy (SFE) determination using 
the LWAB approach

In order to compare the tests carried out with our analogous 
measurements on the PEEK surface with other biological 
layer, SFE was calculated using the Van Oss et al. (1989; 1990) 
method (Lifshitz-van der Waals/acid–base).

This approach is based on the values of advancing con-
tact angles of three liquids. Owing to application of two polar 
(water, formamide) and one apolar (diiodomethane) liquid, 
work of adhesion of every droplet can be divided into indi-
vidual parts of complex interactions between the solid, liquid 
and air interfaces according to Eq. 3:

where: WA is the work of adhesion, �l is the liquid surface 
tension, � is the advancing contact angle, �LW

s∕l
 are the solid 

or liquid apolar Lifshitz–van der Waals interactions, �+
s∕l

 is 
the electron-acceptor parameter for a solid or a liquid, and 
�−
s∕l

 are the electron-donor parameter for a solid or a liquid.

(3)
WA = �l(1 + cos �) = 2
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3 � Results and discussion

3.1 � Registered π‑A isotherms

Figure 3 represents the π-A isotherms of mixed Chol–CsA 
monolayers. Cholesterol molecules form a stable monolayer 
on the water subphase at room temperature (20 °C). The π-A 
isotherm for Chol exhibits a rapidly growing course with a 
specific sharp shaped kink at the surface pressure of about 
46 mN/m (Fig. 3). Cyclosporine A (CsA) also forms a stable 
monolayer at room temperature which collapses at about 24 
mN/m. This is in agreement with the results of Malcolm 
et al. (1973), i.e. 26 mN/m. In this paper the authors also 
described behaviour of polypeptides packed films whose 
collapse pressure corresponded to an area of 17.5 Å2 per 
amino acid residue. In our paper the area per CsA molecule 
at collapse was determined to be about 200 Å2/molecule. As 
it has 11 amino acid residues theoretically the collapse area 
per molecule is 192.5 Å2/molecule which is very close to the 
experimental one in our case.

After mixing those two compounds at the determined 
molar ratio (0.15, 0.25, 0.5 and 0.75) the differently shifted 
π-A isotherms were obtained strictly depending on the pro-
portion of CsA and Chol. Thus the impact of CsA on the 
Chol film is indisputable. Even small addition of CsA to 
the Chol monolayers shifts their isotherms to that of pure 
CsA significantly (Fig. 3). All mixed isotherms exhibit the 
first collapse pressure at about πcoll = 25 mN/m. However, 
only in the proportion of XCsA = 0.15 the second collapse 
πcoll was revealed characteristic of cholesterol at the surface 
pressure of 46 mN/m (Fig. 3). Generally, two collapses occur 
when components of the monolayer are immiscible. They 

Fig. 3   Surface pressure-area (π–A) isotherms of the pure and mixed 
CsA-Chol monolayers registered on the water subphase at 20 °C and 
with 20  mm/min barrier compression. Inset: mean molecular area 
(A12)-XCsA plots
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correspond to the collapse surface pressures for the individ-
ual pure components. However, the component, whose mon-
olayer collapses at lower surface pressure, is being squeezed 
out to the water subphase. Then the system remaining at 
the air–water interface is still the monolayer enriched in the 
second component, that collapses at the higher surface pres-
sure (Gaines 1966; Dynarowicz-Łątka and Kita 1999; Jurak 
and Miñones 2013).

The other mixed monolayers did not expose the second 
collapse probably because of too low amounts of Chol 
molecules and/or limits of the Langmuir trough area (bar-
riers touched the Wilhelmy’s plate or could not compress 
to lesser areas). Moreover, for all mixed monolayers sig-
nificant changes of mean molecular area per molecule are 
observed depending on the monolayer composition. As the 
amount of CsA increases, the mean molecular areas at each 
surface pressure gradually grow. Additionally as the sur-
face pressure increases the mean molecular area values were 
observed to be shifted to higher values. The maximum of 
A12 = 215 Å2/molecule for XCsA = 0.75 was obtained at π = 5 
mN/m and the minimum of A12 = 68 Å2/molecule at π = 20 
mN/m for XCsA = 0.15. Moreover, at each value of surface 
pressure there was observed deviation from the linear course 
of A12 versus composition of the film. This can suggest that 
both components mix partially. The positive deviations from 
straightness can be associated with the occurrence of repul-
sive interactions between the two components of the mixture 
(Inset Fig. 3). The further analysis of miscibility based on 
the excess Gibbs energy is discussed in Sect. 3.3. Our results 
obtained from the π-A curves analysis are in agreement with 
those already published by the other authors (Dynarowicz-
Łątka et al. 2015).

3.2 � Compression modulus analysis

Based on a plot of the π-A curves, presented above it is pos-
sible to conclude about molecular behaviour of monolayer 
during compression. Davies and Rideal (1963) introduced 
the compressibility modulus (Cs−1) (Eq. 4) to describe the 
behaviour of amphiphilic molecules at the air/water inter-
face. Cs−1 allows to have better insight into the physical state 
(phase) and/or packing changes of molecules. In the next 
part of the paper Cs−1 was calculated and discussed.

According to Davies and Rideal the liquid-expanded (LE) 
and liquid-condensed (LC) states are characterized by the Cs−1 
values in the range of 12.5–50 mN/m and 100–250 mN/m, 
respectively. Moreover, the Cs−1 limit values for the solid state 
(LS) are 1000–2000 mN/m. For the pure Chol monolayer the 
Cs−1 parameter (Fig. 4) rapidly grows from 0 to 250 mN/m 
as the surface pressure increases from 0 to 3.3 mN/m. In this 

(4)Cs−1 = −A
(

d�

dA

)

T,n

range Chol reaches the LC state. Then, as the surface pres-
sure grows the Cs−1 achieves high values up to 900 mN/m at 
π = 35.3 mN/m, which can suggest that the Chol molecules 
remain in a tightly condensed state (LC) during compression 
(Cadena-Nava et al. 2006). Moreover, it is clearly visible that 
its film is more condensed at surface pressure of 30 mN/m 
(Cs−1 = 790 mN/m) than at 15 mN/m (Cs−1 = 645 mN/m) 
(Fig. 4).

The compressibility modulus values indicate the LE 
state for CsA. As presented in Fig. 4, Cs−1of CsA con-
stantly grows from the surface pressure of π = 2.7 mN/m 
(322  Å2/molecule) and then reaches the maximum at 
π = 14.9 mN/m (243 Å2/molecule). Moreover, CsA drasti-
cally decreases the Cs−1 values of Chol films, their pack-
ing and ordering (Fig. 4). After the addition of CsA to the 
Chol film, Cs−1drops from about 500 mN/m to about 100 
mN/m for each two-component film. This indicates the liq-
uid-expanded state of the Chol–CsA monolayers. Similar 
observations were described by Wnętrzak et al. (2018) for 
the Chol-sphingomyelin mixed films. Moreover, CsA pro-
vokes formation of domain structure within the membrane 
with the coexisting LE/LC phases (see Sect. 3.4).

3.3 � Excess functions

Directly from the π-A isotherm data, it was possible to esti-
mate the qualitative and quantitative interactions as well as 
the behaviour between the molecules during the film com-
pression (Gaines 1966). To evaluate interactions qualita-
tively the excess molecular area (Aexc) was needed. Then 
based on it, the changes of excess Gibbs energy (∆Gexc) were 
calculated.

For the system, which consists of two components, Aexc 
is defined as:

(5)Aexc = A1−2 − (A1X1 + A2X2)

Fig. 4   Compressibility modulus Cs−1 of pure Chol, CsA monolayers 
and their mixtures with different molar ratios
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where: A1−2 denotes the mean molecular area in the binary 
system, A1 and A2 are the molecular areas of components in 
the pure monolayers at the same surface pressure, X1 and X2 
are the molar fractions of those components in the mixed 
monolayer.

The excess Gibbs energy changes are expressed as 
follows:

where: N is the Avogadro’s number and π means the surface 
pressure.

According to Gaines (1966) positive values of the ΔGexc 
parameter suggest repulsive interactions between molecules 
at the air/water interface while negative ones can be an 
evidence for attractive interactions. Figure 5 presents the 
ΔGexc values calculated for the CsA–Chol monolayers with 
the changing molar ratio of CsA at four different values of 
surface pressure before the collapse pressure (πcoll).

At each surface pressure the positive values of Gexc are 
observed similarly to those obtained by (Dynarowicz-Łątka 
et al. 2015). However, the maximum (1100 J/mol) appears at 
XCsA = 0.5 at 20 mN/m while that reported by Dynarowicz-
Łątka occurs at XCsA = 0.7 (ca. 1750 J/mol) at the same 
surface pressure. The obtained discrepancy can be due to 
using CsA of different origin that can affect the strength of 
interactions. Based on the relationships presented in Fig. 5, 
it can be concluded that in the CsA–Chol mixed monolay-
ers more repulsive interactions than in one-component sys-
tems occur (Fig. 5). CsA interacts strongly with the inter-
molecular H-bonds produced by the NH groups of amino 
acids (Abu-2, Ala-7,Val-5 and D-Ala-8) which determine 

(6)Gexc = N

�

∫
0

Aexcd�

its conformation at the air–water interface. Probably thereby 
CsA is weakly engaged in the interactions with Chol by this 
type of bonding.

3.4 � Morphology and thickness

Using the Brewster angle microscope (BAM) technique the 
morphology of pure cholesterol, CsA and their mixtures 
with the increasing molar ratio of CsA was observed. The 
images obtained at the surface pressure of 15 mN/m, the 
surface pressure of film transfer onto the polymer support, 
are shown in Fig. 6. In the case of monolayers consisting of 
one compound (Chol or CsA) a smooth and bright surface 
was visualized without any domains or aggregates up to the 
collapse. Cholesterol forms a stable and condensed mon-
olayer starting from very low surface pressure values (3.3 
mN/m). In addition morphology of the Chol monolayer at 
surface pressure of 15 mN/m and 30 mN/m is similar. The 
liquid condensed state of Chol proved Cs−1 high values up 
to about 900 mN/m (Fig. 4) and even very small additions 
of CsA cause a dramatic decrease of this parameter (Cs−1= 
~ 100 mN/m at π = 15 mN/m) changing the monolayer to 
liquid expanded/liquid-condensed state (Wnętrzak et al. 
2018). This behaviour was also observed by Söderlund et al. 
(1999). Thus after the addition of CsA to Chol in various 
proportions there appear small irregular domains. This fact 
suggests partial miscibility of both components where the 
condensed Chol-rich domains coexist with the expanded 
CsA-rich domains. Such monolayers behaviour is confirmed 
by the positive values of excess Gibbs energy of mixing 
(Fig. 5) and it is in line with the other studies (Dynarowicz-
Łątka et al. 2015).

Based on the reflectivity measurements obtained using 
the Brewster’s angle microscopy (BAM) the relative thick-
ness of the investigated monolayers was estimated by means 
of the single-layer optical model (Winsel et al. 2003). The 
results are presented in Fig. 7 depending on the stage of 
compression. As mentioned above the Chol and CsA mon-
olayers are homogeneous (Fig. 6) irrespective of the surface 
pressure. The thickness of Chol film is practically constant 
(about 2.5 nm) in the whole range of surface pressure while 
that of CsA monolayer gradually increases with the pres-
sure from 0.8 nm (π = 5 mN/m) to 1.52 nm (πcoll). The pres-
ence of CsA in the Chol monolayer causes the thickness 
decrease; the more the higher amount of CsA is used. At 
the surface pressure of 15 mN/m, that is the pressure of 
transfer onto the solid support, those films reach the thick-
nesses of 2.17; 1.91; 1.78; 1.46 nm at XCsA = 0.15; 0.25; 0.5 
and 0.75, respectively. For pure components at this surface 
pressure, the thickness was estimated to be 2.6 nm for Chol 
and 1.31 nm for CsA. As mentioned above the thickness 
of pure CsA is small during the whole compression, but 
gradually increases with the increasing molar fraction of 

Fig. 5   Excess Gibbs energy of mixing (∆Gexc) versus the mixed film 
composition (XCsA)
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cholesterol. This can be explained by specific cholesterol-
drug interactions reflected in the pressure-induced change 
in the conformation and/or orientation of CsA which can 
be very sensitive to Chol (Söderlund et al.1999). CsA alters 
dramatically the lateral organization in the obtained layers 
on a micrometer scale and, as postulated by the other authors 
(Schroeder et al.1995), the interactions of CsA with the bio-
logical membrane strongly depends on the Chol amount. 
Organization and orientation of Chol in the membranes, as 
proposed by Schroeder et al. (1995), can directly conduct 
their functions. A similar effect of Chol was described by 
Costa et al. (2012) where the Chol molecules deposited at 
the air/water interface allowed or not to incorporate the 

protein molecule into the monolayer depending on the type 
of acyl chain of adjacent phospholipids.

3.5 � Surface topography

It is known from the literature that the Langmuir–Blodgett 
technique of transferring thin films from Langmuir trough 
onto the solid supports is very useful and appropriate for this 
kind of studies (Chen et al. 2007; Jurak et al. 2016; Jurak and 
Wiącek 2017). We believe that transfer of the compressed 
Langmuir monolayers onto the activated PEEK support by 
the LB technique maintains mostly their properties such 
as physical state, packing, ordering or domain structure, 
although the monomolecular coatings are not completely 
continuous due to high roughness of the PEEK. Moreover, 
the mutual interactions within the monolayers at the air/
water interface, quantified by the changes of ∆Gexc can affect 
the deposition process, quality of the films, and finally their 
interactions with the probe liquids, thus wettability. There-
fore the Langmuir monolayers of the Chol–CsA systems 
were transferred onto the plasma activated PEEK surface 
by the LB method at a surface pressure of 15 mN/m, with 
the exception of a cholesterol film for which transfer pres-
sure was also 30 mN/m. This was confirmed, on the basis 
of the previously obtained isotherm curves, Cs−1 modulus 
and BAM images, that at the surface pressure of (15 mN/m) 
both components were present in the Chol–CsA monolayers, 
even though domains regularly distributed can be formed as 
a result of the repulsion forces. In the next stage, Chol–CsA 
monolayers of various composition were compressed to the 
given values of surface pressure and transferred onto the 

Fig. 6   BAM images registered at 15 mN/m on the water subphase for pure Chol, CsA and their mixtures with the molar fraction of CsA = 0.15; 
0.25; 0.5 and 0.75. The presented area: 207 × 192 µm2

Fig. 7   Relative thickness of pure Chol, CsA and mixed Chol–CsA 
monolayers versus the surface pressure during compression
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activated PEEK surface. Its topography and surface rough-
ness were studied using atomic force microscopy.

Distributions of the surface roughness defined by Sq 
parameter for seven samples: PEEKair, Chol15mN/m, 
Chol30mN/m, XCsA = 0.25; 0.5; 0.75 and CsA are shown in 
Fig. 8a–f. As it is clearly seen the surface roughness is 
highly deviated from a few nm (measured for all sam-
ples) up to 140 nm, only for Chol30mN/m. The high values 
detected for Chol30mN/m is caused probably due to scanning 
within area that demonstrates high slope value. Taking into 
account that the standard deviation of surface roughness 
even for PEEKair is high, statistical description of the sur-
face morphology in nanoscale is very uncertain and does 
not make sense. Due to this reason the most representa-
tive AFM micrographs for all studied samples that exhib-
ited the lowest roughness were selected and are shown 
in Fig. 9. Based on them we tried to find morphological 
differences between samples to obtain their more qualita-
tive description. The PEEKair surface as a support for 
Chol and CsA monolayers demonstrates characteristic of 
parallel ribbed structures with randomly distributed forms 
resembling crystallites. Surface roughness is rather moder-
ate usually below 10 nm. The representative morphologi-
cal features and the Sq value equal to 3.97 nm presented 
in Fig. 9a are typical for about 30% measured places on 
the PEEKair surface. This surface covered by Chol15mN/m 
is similar morphologically to PEEKair (Fig. 9a, b). After 
deposition of the Chol30mN/m monolayer (Fig.  9c) the 

ribbed structure disappears and surface morphology dem-
onstrates domain-like shape. Due to relatively high rough-
ness of PEEKair surface the obtained roughness value 
equal to Sq = 5.48 nm for Chol30mN/m only slightly higher 
than that of PEEKair can suggest similar properties of the 
surface which is not always consistent. Considering also 
morphological features provides more reliable description 
which facilitates comparison of the samples. In both cases 
the ribbed structures are clearly seen. On the other hand 
the forms resembling crystallites characteristic for the sup-
port are less visible if the Chol layer is present.

Deposition of the mixed Chol–CsA (XCsA = 0.25) layer 
leads to disappearance of ribbed structure of PEEKair as a 
result of filling the depressions by molecules, and the surface 
smoothing ( Sq = 3.20 nm, Fig. 9d). It is worth mentioning 
the domain structure visible on the BAM images (Fig. 6) is 
preserved after transferring onto PEEKair even in the case 
of the layer discontinuity. The most interesting structure 
is observed for the XCsA = 0.5 layer. Only in this case the 
big amorphic domains with circular shape are characteris-
tic for each measured place of the sample (Fig. 9e). The 
existence of bigger domains in the floating Chol–CsA 0.5 
monolayer than in the other films were observed also on 
the BAM images (Fig. 6). On the other hand, the increased 
CsA amount (XCsA = 0.75) results in the formation of ribbed 
surface similarly to PEEKair but without visible pseudo-
crystallities. Situation is different after deposition of CsA 
which gives amorphic morphology of layer, similarly 

Fig. 8   Distribution of the surface roughness, Sq [nm], of: a PEEKair, b Chol15mN/m, Chol30mN/m, c XCsA = 0.25, d XCsA = 0.5, e XCsA = 0.75, f CsA
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like Chol30mN/m but with substantially elongated domains 
(Fig. 9g).

We can claim that the AFM measurements provide inter-
esting information about morphological changes between 
samples after the Chol–CsA deposition in different ratios. 
However quantitative description of roughness changes bas-
ing only on the Sq values is very uncertain. Due to high 
support roughness the formation of continuous monolayer 
coatings is hardly possible although some essential prop-
erties of the original monolayers on water subphase seem 
to be preserved. Moreover introduction of nanometer-sized 
fragmentary/imperfect monolayers on the micrometer-sized 
PEEKair allows forming hierarchically organized structures. 
They determine substantially the surface wettability that is 
particularly important in view of artificial bone adaptation.

3.6 � Wettability of the LB films

For better characterization of the supported monolayers after 
the transferring process they were tested for changes in the 
wettability parameters and surface free energy (and its com-
ponents) by the procedures described in Sect. 2.6 and 2.7, 
respectively.

3.6.1 � Contact angles

Hydrophobic and non-polar character of the PEEK sur-
face was predictable as for all polyarylketones (Kurtz 
2012). However, the high values of contact angles obtained 
for polar liquids (87.5° for water and 70° for formamide) 

confirmed it (Fig. 10). The lowest value of advancing contact 
angle was obtained for non-polar diiodomethane, which was 
equal to 23.7°.

Low temperature and low pressure plasma activation 
of PEEK strongly polarizes its surface by introducing the 
oxygen-rich polar groups to the polymer surface (Wiącek 
et al. 2016a, b; Terpiłowski et al. 2018). Whereby the contact 
angles of polar liquids on the modified PEEK surface change 
significantly. Water drops revealed the average advancing 
contact angle of 36.4° but surprisingly formamide droplets 
spread onto the surface completely so the contact angle of 

Fig. 9   AFM micrographs (1x1  µm2) for: a PEEKair, Sq = 3.97  nm, b Chol15mN/m, Sq = 6.16  nm, c Chol30mN/m, Sq = 5.48  nm, d XCsA = 0.25, 
Sq = 3.20 nm; e XCsA = 0.5, Sq = 2.62 nm, f XCsA = 0.75, Sq = 2.00 nm, g CsA, Sq = 5.25 nm

Fig. 10   Values of advancing contact angles of three test liquids on the 
modified PEEK surfaces
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this probe liquid was assumed to be 0°. On the other hand, 
non-polar diiodomethane droplets were irresponsive to the 
PEEK surface activation and no change of contact angle 
was observed.

After the thin film modification the PEEK plates showed 
significant changes of the surface wettability compared to 
the PEEKair reference sample. This fact can prove the pres-
ence of monolayers embeded to the activated PEEK surface. 
The highest values of water contact angle are observed on 
the PEEKair/Chol surface (64.3°), when the Chol mon-
olayer was transferred at 30 mN/m (Fig. 10). The influence 
of the amount of CsA in the Chol monolayer on the surface 
hydrophobicity is also manifested. The larger molar fraction 
of this polypeptide is used, the greater decrease of contact 
angle of water occurs and the PEEK surface becomes more 
hydrophilic. The contact angle of water drops gradually from 
87.5° (for unmodified PEEK) to 64.3° (Chol), 57.9°, 41.3°, 
39° for XCsA = 0.25; 0.5; 0.75 and finally to the value 35.3° 
for the pure CsA. In the case of polar formamide the pres-
ence of Chol film causes a drastic increase of the advancing 
contact angle from 0° (PEEKair) to 51.3°. This observation 
can suggest that the Chol layer placed on the solid surface is 
condensed and does not allow the formamide molecules con-
tact with the activated PEEK surface. For the PEEKair/Chol 
surface obtained at the surface pressure of 15 mN/m the 
average contact angle of water, formamide and diiodometh-
ane was estimated as 48.9° ± 1.3°, 0° (total spreading) and 
33.4° ± 2.1°, respectively. Those results suggest that test 
liquids have greater access to the activated surface than in 
the case of the cholesterol layer applied at higher pressure 
(30 mN/m). This assumption is also supported by the higher 
value of the cholesterol compressibility modulus observed 
at the surface pressure of 30 mN/m. Although as the amount 
of CsA in the Chol film increases, the formamide contact 
angles change similar to those of water (with increasing the 
CsA in the monolayer) and gradually decrease from 33.2° 
(XCsA = 0.25) to 28°, 17.3° (XCsA = 0.5 and XCsA = 0.75) and 
finally reach a value 6.8° for pure CsA. Due to the com-
plex structure of CsA and possible conformational changes 
depending on the surrounding environment it can be sug-
gested that CsA molecule can bind with its polar moieties 
directly to the PEEK surface and apolar fragments up to the 
air. Nevertheless, it can not excluded that the other polar 
groups are exposed to the air being responsible for the grow-
ing surface polarity with the increasing CsA amount. On the 
other hand, as it was mentioned previously CsA decreases 
the values of Cs−1 parameter distinctly making the binary 
film loosely packed and consequently it becomes more per-
meable for the investigated liquids.

For the third test liquid which was non-polar diiodometh-
ane for all deposited monolayers the increase of measured 
contact angles is observed compared to that on the PEEKair 
surface (23.1°). This increase in value is similar in all cases 

and is evaluated to be about 15° (Fig. 10). Similar changes 
can be explained based on diiodomethane interactions with 
other molecules which are nearly 100% dispersive and fur-
thermore this kind of interaction does not change depending 
on the monolayer composition. Similar results were obtained 
in our previous studies (Jurak et al. 2016; Jurak and Wiącek 
2017).

3.6.2 � Surface free energy and its components

Much better insight into the physicochemical characteristics 
of the modified PEEK surface-liquid gives estimation of the 
surface free energy (SFE) and its components. The SFE val-
ues were calculated using the van Oss et al. approach (1989, 
1990) and are presented in Fig. 11.

As it could be assumed on the basis of the previously 
described results of contact angles (Jurak et al. 2016; Wiącek 
et al. 2016a, b), PEEK air plasma activation provides the 
increase of � tot

S
 (by 12.3 mJ/m2) compared to the unmodi-

fied PEEK surface. For unmodified PEEK the surface value 
of � tot

S
 is equal to the Lifshitz-van der Waals component 

(�LW
s

) because �AB
S

 = 0. Furthermore for the PEEKair surface 
� tot
S

 (58.9 mJ/m2) is much higher than its �LW
s

 component 
(46.8 mJ/m2) due to the contribution of acid–base interac-
tions ( �AB

s
 = 12.1 mJ/m2). PEEKair reveals �+

s
 = 1.2 mJ/m2 

and a particularly significant increase of the electron-donor 
parameter �−

s
 = 31.4 mJ/m2 is found which undoubtedly is, 

caused by the presence of polar groups. On the other hand, 
the application of the Chol monolayer on the PEEKair sur-
face causes the decrease of �−

s
 to value 18.6 mJ/m2. However, 

the presence of CsA in the Chol film results in the changes 
of this value. For the composition at XCsA = 0.25 it drops to 
value �−

s
= 15.4 mJ/m2, then as a function of CsA amount 

Fig. 11   Total surface free energy and its components calculated from 
the van Oss et  al. approach for the unmodified and modified PEEK 
surfaces
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grows rapidly up to �−
s

 = 33 and 31 mJ/m2 for XCsA = 0.5 and 
0.75, respectively.

It should be taken into account that the presence of CsA 
in the binary Chol–CsA film leads to the appearance of small 
values of electron-acceptor (�+

s
) as well as significant rise 

of the acid–base (�AB
s
) component, from �AB

s
 = 0.2 mJ/m2 to 

12.2; 12.8; 15.4 and 19.7 mJ/m2 for XCsA = 0.25; 0.5; 0.75 
and 1, respectively. In the case of � tot

s
 parameter a slight 

increase of its value is observed as the amount of polypep-
tide is higher and � tot

s
 reaches the maximum ( � tot

s
 = 57.3 mJ/

m2) for the pure CsA film. Only for the Chol monolayer the 
value of Lifshitz-van der Waals component ( �LW

s
 ) is nearly 

the same as its total value �LW
s

 = 42 mJ/m2 and � tot
s

 = 42.2 mJ/
m2, similarly to the case of unmodified PEEK.

Some correlations between the changes of �−
s

 and ΔGexc 
can be found. The �−

s
 parameter reflects the interactions 

mostly by hydrogen bonding between PEEK and/or sup-
ported monolayer and test liquid molecules. Considering the 
mixed films one can claim that the strongest repulsive inter-
actions between Chol and CsA appear at XCsA = 0.5 (maxi-
mal ΔGexc ) (Fig. 5). At the same composition �−

s
 reaches 

the highest value (Fig. 11). Stronger repulsion between the 
Chol and CsA molecules in the monolayer can facilitate 
an access of water and formamide to the polar groups of 
the film compounds. In other words, the polar groups of 
Chol and CsA, weakly engaged in mutual interactions, are 
more readily available for polar liquids, interacting through 
hydrogen bridges. With the increasing amount of CsA in the 
monolayer the �+

s
 interactions are getting stronger owing to 

probable exposition of groups capable of acidic (electron-
acceptor) interactions. Finally, an increase in the acid–base 
interactions �AB

s
 is observed which proves the increased 

surface polarity. The BAM images (Fig. 6) at the transfer 
surface pressure of 15 mN/m show that monolayer morphol-
ogy and structure is strongly affected by the CsA molecules 
even at small molar fractions. As the amount of CsA in the 
monolayer increases small globular domains seem to disap-
pear and expanded areas grow. After transfer onto PEEKair 
the looser packed layer is more easily permeated by liquids, 
thus affecting the �AB

s
 increase. Hence one can conclude that 

a better insight into the interactions can be obtained by con-
sidering the components of surface free energy than its total 
value. Moreover, our findings prove that the LB films on 
PEEK preserve mostly the properties of the corresponding 
Langmuir monolayers in spite of using rough support.

4 � Conclusions

This paper provided characteristics of the low tempera-
ture and low pressure air plasma activated PEEK surfaces 
coated with the cholesterol - cyclosporine A thin films as 
regards its roughness, wettability and changes of surface 

free energy. The obtained results and observations have 
shown a significant effect of only small amounts of cyclo-
sporine A in the cholesterol film evidently changing the 
course of the π-A isotherms as well as the morphology 
and film thickness. After the formation of bi-component 
PEEK polymer coatings using the Langmuir–Blodgett 
technique, a substantial effect of cyclosporine A on the 
topography and the hydrophilic-hydrophobic nature of the 
modified surface was observed, and its total surface energy 
explicitly increased with the increasing amount of CsA 
in the coating. In the case of biomedical application it is 
important to design coatings of controlled polarity. It is 
difficult to determine which of the presented covers would 
be the best for biomedical applications due to the fact that, 
depending on the specific application, the hydrophobic-
hydrophilic character of the surface could be very differ-
ent. However, based on our results, it is known that by 
maneuvering the proportions of components with different 
polarity, a coating of a specific hydrophobic-hydrophilic 
character can be obtained. Therefore, cold plasma modi-
fication not only sterilizes the polymer but also allows to 
bind chemically or physically different substances to its 
surface. Although the experiments were conducted at room 
temperature the presented paper refers to the behaviour 
of molecules assuming the in vivo conditions. In sum-
mary, taking into account the theoretical properties of the 
obtained PEEK polymer coatings, such modifications can 
increase surface biocompatibility, cells adhesion or act as 
therapeutic substances. However, to validate the above 
assumptions, more experiments should be carried out.
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