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Abstract
This work was aimed at the fabrication and characterization of hernia repair mesh coatings as innovative solutions that 
facilitate optimal local integration of implants and prevent the risk of infection. The concept involves the application of a 
laser-based technique, i.e., matrix-assisted pulsed laser evaporation (MAPLE), for the deposition of polymer/carbon nano-
tube blends as thin layers on monofilament, macroporous polypropylene, and polyester meshes. Various polymer/carbon 
nanotube blends are chosen to be deposited as thin layers on the primary blanks (i.e., commercially available meshes). The 
chosen materials are single-walled carbon nanotubes (CNTs) and poly(ethylene oxide) (PEO) polymer. Carrying out mor-
phological investigation of the as-deposited coatings, i.e., by atomic force microscopy and scanning electron microscopy, 
we found that the morphology and topography of the PEO/CNT coatings may be tuned by varying the concentration of 
CNT in the starting material. By increasing the concentration of CNTs in the as-deposited films, they become smoother. In 
addition, by investigating the chemistry of the coatings surface, we found that it is possible to deposit PEO/CNT coatings by 
MAPLE with an unaltered chemical structure. In addition, XPS investigation revealed that the films with the 20% CNT are 
CNT-like, while the films with 2% CNT are PEO-like. The ability to control the morphological and structural properties of 
the PEO/CNTs blends covering the primary hernia repair meshes demonstrates that MAPLE is a suitable technique for the 
manufacture of healthcare-intended systems.

1  Introduction

Nowadays, meshes are the most widespread implant mate-
rials used in general surgery, i.e., over 20 million implants 
being used every year in the world [1]. The use of meshes 
to repair parietal defects is accepted as a general standard, 
both in classical surgical procedures and in the minimally 
invasive procedures (laparoscopy), meshes being applied in 

over 80% of the parietal reconstruction surgeries. Therefore, 
in the biomedical area, the focus is set on developing both 
different surgical techniques as well as new materials which 
allow the integration of the synthetic material in the local 
anatomy. However, even though the usage of meshes in sur-
geries is more and more frequent, their optimum integration 
in the body is still a complex subject, and the risk associated 
with infections remains one of the main unsolved issues [2].

The market for medical implants offers a wide variety 
of materials for meshes, i.e., over 70 types of meshes being 
available today on the market. The most common types of 
meshes are synthetic, based on polypropylene (PP) and poly-
ester (PE), as they fulfill the requirements for mechanical 
resistance, optimum biological tolerance, they are chemi-
cally inert, and they have stable physical characteristics, flex-
ibility, biocompatibility, etc. [3]. In addition to the physical 
and chemical properties of the meshes, an important aspect 
to be considered is bacteria adherence to the meshes and 
the formation of a biofilm, which leads to increased dosage 
of antibiotics and finally mesh removal from the body [4]. 
Therefore, there is a need for new and innovative solutions 
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to block the infections at the mesh, and new coatings which 
may stop the formation of biofilms and act to remove and 
repel bacteria in order to decrease the inflammatory local 
response [5].

Currently, there is a plethora of studies devoted to the 
improvement in the physicochemical properties of the 
meshes. Despite respecting the aseptic measures and using 
antibioprophylaxis, even in the minimally invasive proce-
dures, the postsurgical infections may reach 3% in the lapa-
roscopic approach and 10% in open surgery. Thus, there is 
increased interest for new and improved meshes that allow 
the decrease in postsurgery infections and overcome the need 
for removal of the meshes in additional surgeries, which in 
turn increases the cost and the morbidity associated with the 
procedures [6, 7].

In this work, we are using a laser-based technique to coat 
conventional, commercially available meshes with polymer/
carbon nanotube blends which could eventually be promis-
ing solutions for the treatment of hernia repairs. We study 
the possibility to deposit polymer/carbon nanotube blends on 
non-conventional, non-planar substrates, i.e., hernia repair 
meshes, and evaluate the physical and chemical properties of 
these films. This work is a proof of concept where we show 
for the first time the deposition of polymer/carbon nanotube 
blends onto flexible, non-planar substrates.

Here, we apply matrix-assisted pulsed laser evaporation 
(MAPLE) for the deposition of polyethylene oxide (PEO) 
and a blend of the PEO and carbon nanotubes (CNT) onto 
PE and PP meshes. Polyethylene oxide is an amphiphi-
lic, water-soluble synthetic polyether that is available in a 
range of molecular weights [8, 9]. Commonly, PEOs with 
Mw < 100,000 are called polyethylene glycol (PEG). PEO is 
a nontoxic polymer, and it is used in a wide range of applica-
tions, in particular, in the biomedical field, in drug delivery 
systems, tissue engineering scaffolds, surface functionaliza-
tion, just to name a few [10].

Furthermore, single-walled carbon nanotubes (SWCNT) 
have been demonstrated to have a strong toxic effect on bac-
teria [11, 12]. The physicochemical properties of SWCNT, 
i.e., chemical stability, thermal conductivity, mechanical 
strength and ease of functionalization, etc., make them 
interesting elements to be integrated in biomaterials with 
antimicrobial properties. Due to the high costs associated 
with the synthesis and purification of carbon nanotubes, it is 
unlikely that CNTs alone will be used in healthcare applica-
tions. Therefore, it is of great interest to investigate the pos-
sibility to fabricate biological coatings based on polymers 
combined with CNTs as a minority component.

MAPLE is a technique which has been proven for the 
deposition of polymer films and biomaterials [13, 14], 
including carbon nanotubes and CNT/polymer composite 
films [15–17]. MAPLE is derived from the classical pulsed 
laser deposition (PLD), the difference being the procedure 

to fabricate the target [13]. In PLD, the laser beam interacts 
with a target material, solid or liquid, a plume being formed 
that is transporting the ablated species to a substrate placed 
parallel, thus a thin film being formed. The disadvantage 
of PLD for the deposition of polymers, biopolymers, and 
proteins is that due to the direct interaction of the laser light 
with the target material, photochemical, or thermal decom-
position may occur. Therefore, in MAPLE, the guest mate-
rial is suspended in a solvent which is named matrix, and 
the mixture is then flash-frozen in liquid nitrogen, result-
ing in a solid target. The advantage of MAPLE over PLD 
for the deposition of organic materials is that the matrix 
absorbs the laser radiation, and the guest material is col-
lected, similar to PLD, onto a substrate placed parallel to the 
target. By respecting the two main conditions of MAPLE, 
i.e., a high absorption of the laser light in the matrix, and 
as little absorption as possible by the guest material and (2) 
no photochemical interaction of the matrix with the guest 
material, a broad range of materials have been deposited, 
from polymers [18–20], to active proteins such as lactofer-
rin [21], nanoparticles [22, 23], and polymer/carbon nano-
tube composites [15, 24]. Recent works are focused on the 
deposition by MAPLE of PEO as a model semicrystalline 
polymer with the aim of understanding the differences in the 
resulting film morphology and thermal properties [25–27]. 
Moreover, MAPLE has been successfully used to coat sensor 
devices [28, 29].

2 � Experimental

2.1 � Materials and substrates

The guest materials are polyethylene oxide (PEO) with an 
average molecular weight of 100 kDa and single-walled car-
bon nanotubes (CNT) obtained from Sigma-Aldrich. The 
individual average diameter of the CNTs is ~ 0.78 nm and 
the individual CNT length is ~ 1000 nm. For the preparation 
of the CNT solutions to be used as targets in the matrix-
assisted pulsed laser evaporation experiments, the CNTs 
are dispersed in double-distilled water (which is used as 
matrix) to 4 wt% solutions in a sonicator for 30 min. Simi-
larly, for the preparation of the PEO solutions to be used 
as targets in the MAPLE experiments, the PEO polymer is 
dispersed in double-distilled water (which is used as matrix) 
to 4 wt% solutions in a sonicator for 30 min. In addition, 
4 wt% polymer/carbon nanotube (PEO/CNT) solutions in 
double-distilled water are prepared. CNT is present either at 
2 wt% (hereafter the resulting thin films will be identified as 
PEO98:CNT2) or 20 wt% (hereafter the resulting thin films 
will be identified as PEO80:CNT20) in the PEO/CNT solu-
tion. In order to improve the dispersion of the carbon nano-
tubes in the polymer/carbon nanotube mixtures, 2 mg/ml of 
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sodium dodecyl sulfate has been added to the final solution. 
The polymer, polymer/carbon nanotube, and carbon nano-
tube solutions (different experiments) are then flash-frozen 
in liquid nitrogen resulting in solid targets which are used in 
the MAPLE experiments.

In this work, two types of substrates are used: (1) double-
polished silicon substrates Si(100) cut into 1 cm2 samples, 
which are transparent in the IR further and which are used 
for postcharacterization, and (2) two types of hernia repair 
meshes: monofilament macroporous polypropylene mesh 
with low density of 46 g/m2, and monofilament macropo-
rous polyester low-density mesh (45 g/m2). The Si(100) 
substrates are cleaned prior to the MAPLE depositions, by 
ultrasonication in successive baths of ethanol, followed by 
rinsing them in the ultrasonic bath with ultrapure water, and 
drying in a stream of nitrogen.

2.2 � Coating of the hernia repair meshes 
by matrix‑assisted pulsed laser evaporation 
(MAPLE)

The 266 nm laser beam from a “Surelite II” pulsed Nd:YAG 
laser system (Continuum Company) is imaged on the fro-
zen target (in different experiments, PEO, CNT, and PEO/
CNT targets). When the laser light irradiates this target, the 
solvent evaporates and the guest material is subsequently 
collected on the substrate. The laser fluence applied for the 
deposition of the films is set at 750 mJ/cm2. The substrates 
are placed at a distance of 3.6 cm from the frozen target.

The substrates are kept at ambient temperature during 
the deposition. The number of pulses is varied from 12,000 
pulses to 126,000, resulting in coatings with variable thick-
nesses. The target is rotated during the deposition in order to 
achieve uniform evaporation of the target material.

In order to control the temperature, one thermocou-
ple is placed on a fixed position on the target holder. The 
background pressure, i.e., 1 × 10−5 mbar, is obtained with 
a Pfeiffer-Balzers TPU 170 turbomolecular pump (170/
Ls). During some depositions, the pressure varied slightly 
(between 1 and 2 × 10−5 mbar), most probably due to outgas-
sing of the targets under vacuum.

2.3 � Surface analysis: Fourier transformed infrared 
spectroscopy (FTIR), X‑ray photoelectron 
spectroscopy (XPS), and contact‑angle 
measurements

The FTIR measurements are carried out with a Jasco FT/
IR-6300 type A spectrometer in the range 600–3200/cm. All 
spectra are obtained by absorption measurements, accumu-
lating 128 scans, and CO2/H2O correction.

XPS survey spectra and high-resolution XPS scan spec-
tra are acquired for the PEO, CNT, and PEO/CNT films 

deposited by MAPLE using an ESCALAB Xi+ system, 
Thermo Scientific. The survey scans are acquired using 
Al Kα gun, with spot size 900 µm, pass energy of 50.0 eV, 
energy step size 1.00 eV, and five scans ware accumu-
lated, while for the high-resolution XPS spectra, the pass 
energy is set to 20.0 eV, and energy step size is 0.10 eV 
and 10 scans are accumulated. The high-resolution spec-
tra are fitted using Voigt functions (Gaussian–Lorentzian 
convolutions) and Shirley line-shapes background, using a 
procedure described previously [30]. The component posi-
tions are fixed in accordance with the binding energies 
(BE) of each sub-peak (component) and its width [full 
width at half maximum (FWHM)] are kept the same for 
similar sub-peaks.

Contact-angle measurements are carried out with a KSV 
CAM101 microscope equipped with a video camera. All 
contact-angle measurements are obtained by applying the 
sessile drop method, i.e., a syringe is used which disperses 
double-distilled water droplets with a volume of 2.5 ± 0.5 μl. 
Five different points are measured for every thin film, and the 
contact angle reported is the average of these measurements.

2.4 � Morphological investigation: atomic force 
microscopy (AFM) and scanning electron 
microscopy (SEM)

Atomic force microscopy (AFM) (XE 100 AFM setup from 
Park) measurements are carried out to analyze the films 
thickness as well as surface roughness on several differ-
ent areas and dimensions (5 × 5 µm2). All AFM images are 
obtained at ambient conditions. Scanning electron micros-
copy (SEM) is used as a complementary technique to ana-
lyze the surface of the MAPLE-deposited films. SEM is car-
ried out on a field emission scanning electron microscope 
(Inspect S Electron Scanning Microscope, FEI Company) 
operating at 5 kV.

2.5 � Optical measurements: spectroscopic 
ellipsometry (SE)

The refractive index and extinction coefficient of the poly-
mer and carbon nanotube mixtures deposited as thin films 
are determined by spectroscopic ellipsometry. Optical meas-
urements are carried out with a Woollam variable-angle 
spectroscopic ellipsometer (VASE) system, equipped with a 
high-pressure Xe discharge lamp incorporated in an HS-190 
monochromator. Measurements are carried out in the visible 
and near-UV region of the spectrum, with a step of 2 nm at 
60° angle of beam incidence. The calculation of refractive 
index and extinction coefficients is realized by V-VASE32 
software.
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3 � Results and discussion

3.1 � Surface investigation: FTIR, XPS, 
and contact‑angle measurements

The scope of this study is to demonstrate the fabrication of a 
proof-of-concept system where commercially available her-
nia repair meshes are coated with thin films by laser-based 
techniques. Here we focus on investigating the surface chem-
istry and morphology of the biological coatings fabricated 
by MAPLE, as the surface of the coatings is susceptible to 
contamination by bacterial adhesion and biofilm formation 
[5]. Suppression of biofilm formation is of particular impor-
tance in order to avoid mesh infection requiring explantation.

First, we apply Fourier transform infrared spectroscopy 
(FTIR) to study the characteristic vibrations of the functional 
groups in the MAPLE-deposited films. The FTIR measure-
ments of PEO and PEO/CNT films are shown in Fig. 1. The 
acquired spectra of the PEO film deposited at 750 mJ/cm2 
laser fluence, shown in Fig. 1, are similar to those reported 
for pure PEO in [31]. In the FTIR spectra of MAPLE-depos-
ited PEO, the CH2 rocking mode may be observed at 841/
cm, the CH2 twisting mode at 1279/cm, the CH2 wagging 
mode at 1360 and 1341/cm, the CH2 scissoring mode at 
1466/cm, while the C–H stretching mode can be observed 
at 2876/cm. The –C–O–C triplet peak, i.e., 1059/cm, 1095/
cm, and 1145/cm, with maximum intensity at 1095/cm con-
firms the semicrystalline phase of PEO [28]. No important 
changes in the peak positions have been noticed for the pure 
PEO films deposited by MAPLE, indicating that the polymer 
has not suffered any structural damages/changes during the 
MAPLE deposition process. The IR spectra of the PEO/CNT 
films have no serious modification as compared to the pure 

PEO spectrum, which could be associated with the absence 
of interactions between PEO and CNT. However, CNTs are 
chemically inert materials, and because the van der Waals’ 
attraction causes a significant agglomeration, they do not 
show noteworthy IR signals [32].

Therefore, in order to gain more information on the sur-
face groups of the MAPLE-deposited PEO, CNT, and PEO/
CNT films, XPS analysis is carried out on the same samples. 
In particular, the physicochemical properties of the thin-
film surfaces determine the kinetics of bacteria adhesion. 
In addition, effective anti-fouling surfaces, which limit the 
adhesion of bacteria to a material surface, consist in hydro-
philic, highly hydrated, and non-charged surfaces such as 
those obtained by certain polymer brush coatings and mem-
branes [33].

The survey XPS spectra ranging from 0 to 1200 eV are 
used to define the elements in different PEO/CNT films 
deposited by MAPLE. The XPS survey spectra shown in 
Fig. 2 indicate that carbon and oxygen are the main elements 
on the surface of the samples and few percent of (Na, S, and 
Si) as contaminates, most probably from the surfactant in 
which the CNTs are dispersed. The relative atomic concen-
tration of carbon and oxygen and the ratio of these values 
are presented in Table 1.

For a detailed analysis of the surface chemistry of sam-
ples, high-resolution XPS spectra are recorded in the region 
of C1s and O1s. The high-resolution carbon (C1s) and oxy-
gen (O1s) XPS spectra are shown in Figs. 3 and 4, respec-
tively. The C1s and O1s overlaid spectra of the as-deposited 
thin films by MAPLE are shown in Figs. 3a and 4a, respec-
tively. In addition, the O1s and C1s XPS peaks are decon-
voluted to better reveal the dispersion of CNTs in the PEO 

Fig. 1   FTIR spectra of PEO and PEO/CNT films deposited by 
MAPLE at 750 mJ/cm2 laser fluence

Fig. 2   XPS survey spectra of PEO80:CNT20, PEO100, 
PEO98:CNT2, and CNT100 films deposited by MAPLE
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films. The deconvolution results are shown in Figs. 3b–e and 
4b–e, respectively.

The C1 region is fitted considering five components (C1, 
C2, C3, C4, C5), which are assigned according to the posi-
tion of carbon binding energy in CNT [34] and PEO [35, 
36]. The components are: C=C in sp2 (at 284.6 eV); C–H 
and C–C in sp3 or defect (at 285.5 eV); C–O and C–C–O 
single bond (at approximately 286.6 eV); C=O double bonds 
(at 287.9 eV); and COOH (289.3 eV).

The percentages of each component C1–C5 are plotted 
together (in Fig. 3f) for comparison. Two types of spectra 
can be noticed, i.e., where C1-components are predominant 
and the other two spectra where C3 represent the majority 
for the samples where PEO are in percent of 98% and 100%.

The as-deposited CNT100 films contain a majority of 
carbon bonded with other carbon atom in sp2 (C2 of 61%) 
or carbon single-bonded oxygen (C3 in 26.3%) as shown 
in Fig. 3f). In the PEO (98% and 100%) samples depos-
ited by MAPLE (Fig. 3c, d), we observe the preservation 
of main carbon bonding in PEO as C–O–C (C3-ether-type 
carbon) and the CH2 (polymer backbone-C2) as reported 
elsewhere [32] and an additional small percent (~ 1.5%) of 
ester and carboxylic acid groups that was not present in the 
other samples.

The XPS spectra recorded in C1s region for the 
PEO98:CNT2 films deposited by MAPLE nearly match 
the as-deposited PEO films (see Fig. 3d), while the results 
obtained for the PEO80:CNT20 films deposited by MAPLE 
match the as-deposited CNT films (see Fig. 3e). The results 
obtained indicate that the films with the 20% CNT are CNT-
like, while the films with 2% CNT are PEO-like.

The O1s region was fitted considering the usually bind-
ing energy at 531.0 eV (O1, double bond O in O=C), at 
533 eV (O2 single-bonded O in –O*–C, C–O, HO*–C), 
and 535.0 eV (O3, attributed to O–COH, COOH). Addi-
tional peaks were observed only in the as-deposited CNT 
and PEO80:CNT20 films, i.e., (Ox) at 532 eV, which can be 
attributed to chemisorbed oxygen species in CNT and (Ow) 
at about 536.3 eV (O4 assigned to O in water or O–C–OR). 
The calculated percentages of these groups (oxygen-con-
taining groups) are plotted in Fig. 4f), where we can see 
that in the PEO-like samples the highest percentage (89.3% 
for PEO100 and 92.8%, respectively, for PEO98:CNT2) of 

oxygen atoms are single bonded to carbon (as we expected 
in their C–O–C chain), while in the CNT-like sample the 
majority of oxygen atoms are chemisorbed (60.1% for 
CNT100 and 47.9 for PEO80:CNT20) with additional water 
vapors (3.2% and 10%) in between CNT networks.

Thus, the XPS results demonstrate the successful incor-
poration of CNTs in the PEO polymer thin films via a laser-
based approach.

Contact-angle measurements are widely used for the 
characterization of the hydrophilicity of thin-film surfaces, 
and the results are presented in Fig. 5. Hydrophilicity is one 
of the most important properties of thin films, which could 
influence the anti-fouling ability of the thin films.

The as-deposited PEO100 films have the highest con-
tact angle of 37°, and the contact angle of the CNTs thin 
films is 11.5°. After incorporation of the hydrophilic low-
dimensional carbon nanomaterials, the contact angles of the 
thin-film blends decreased. For the PEO80:CNT20 films, a 
minimum contact angle of approx. 19.25° is observed. The 
reason is that the large amount of hydrophilic groups on 
the thin-film surface plays a favorable role in increasing the 
hydrophilicity of the thin-film blend. We can assume that 
the better hydrophilicity is due to the dispersion of CNTs in 
the hybrid thin films, making the oxygen-containing func-
tional groups on the thin-film blend surface play their role 
effectively. As a result, the increased hydrophilicity will play 
a positive role in promoting thin-film anti-fouling perfor-
mance. These contact-angle results are in good agreement 
with the results observed by XPS.

3.2 � Morphological investigation

In addition to the surface chemistry, the morphology and 
topography of a thin-film surface are also important, as pre-
vious studies have shown that by tuning the morphology and 
topography of a surface it is possible to control the forma-
tion of biofilms [5]. In [37, 38], it has been reported that 
by increasing the surface roughness, the bacterial adhesion 
strength decreases, while other studies have reported the 
opposite behavior, i.e., smooth surfaces decrease bacterial 
adhesion [39].

Therefore, in this section, we will investigate the pos-
sibility to tune the surface morphology and topography of 
the laser deposited PEO/CNT films. The surface topogra-
phy and smoothness of the MAPLE-deposited PEO/CNT 
coatings deposited on Si(100) substrates were investi-
gated by non-contact AFM. The as-deposited pure PEO 
and CNT surfaces appear to be rather rough, with a root-
mean-square (RMS) roughness of approximately 70 nm. 
(See Fig. 6.) The AFM image of the CNT film deposited 
by MAPLE suggests significant aggregation of CNTs on 
the substrate (similar to what has been reported previously 
in [16]). In contrast, the RMS roughness decreased for the 

Table 1   The relative atomic concentration of carbon and oxygen and 
the ratio of these values

Samples C1s (%) O1s (%) O/C

PEO80:CNT20 74.7 25.3 0.34
PEO100 70.6 29.4 0.42
PEO98:CNT2 66.3 33.7 0.51
CNT100 69.7 30.3 0.43
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PEO/CNT blends by increasing the CNT content in the 
sample, i.e., for 2% CNT, the RMS roughness is 24, while 
for 20% CNT the value of the RMS is around 1 nm. The 
surfaces of the PEO/CNT blends appear to be uniform, 
smooth, and featureless, the CNT most probably filling 
the asymmetries on the PEO films, carpeting the surface 

completely. Consequently, the CNTs appear to smoothen 
the surface topography, which is an important finding tak-
ing into account the previous work of Wei et al. [40] where 
it is shown that smooth surfaces inhibit the adhesion of 
Gram-positive and Gram-negative bacteria.

Fig. 3   a XPS of the C1s region for CNT, PEO, and PEO/CNT films deposited by MAPLE, and the corresponding fitted deconvolution of the 
C1s peak for b CNT, c PEO100, d PEO98:CNT2, and e PEO80:CNT20; f atomic percentage of each component in the carbon region C1–C5



Tuning the physicochemical properties of hernia repair meshes by matrix-assisted pulsed laser…

1 3

Page 7 of 13  424

The surface of the PP and PE hernia repair meshes 
coated with PEO polymer, carbon nanotubes, and poly-
mer/carbon nanotubes has been investigated by scanning 
electron microscopy and the images are shown in Fig. 7. 
Similar morphologies have been observed for both types 
of substrates, i.e., the PP and PE meshes. The morpholo-
gies of the as-deposited PEO coatings on the hernia repair 

meshes exhibit uniform surfaces, with small spherical 
shaped droplets on the surface, which is an expected char-
acteristic for semicrystalline polymers such as PEO. In 
addition, the CNT films on the hernia repair meshes cover 
entirely the hernia repair supports and nanotube bundles 
(see Fig. 7e), reaching hundreds of nanometers in size 

Fig. 4   a XPS of the O1s region for CNT, PEO, and PEO/CNT films deposited by MAPLE, and the corresponding fitted deconvolution of the 
O1s peak for the b CNT, c PEO100, d PEO98:CNT2, and e PEO80:CNT20; f atomic percentage of each component in the oxygen region
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which can be noticed (Fig. 7e). These observations are 
consistent with previous reports by Gyorgy et al. [17].

The texture of the polymer/CNT, i.e., PEO98:CNT2 and 
PEO80:CNT20 coating surface is roughly the same. The 
polymer/CNT coatings are continuous, compact, and indi-
vidually distributed CNTs cannot be distinguished on the 
surface of the coatings. However, the XPS results shown 
previously reveal that the CNTs are incorporated in the PEO 
polymer film. Furthermore, previous molecular dynamic 
simulation studies [41] have revealed that polymer film for-
mation is the result of an explosive process in which the 
polymer molecules are ejected as part of matrix–polymer 
droplets [41, 42]. This is consistent with our observations, 
as the dominant features which can be observed are nano- 
and micro-droplets (largest dimension of approximately 
10 µm). Corroborating these observations with the AFM 
results, we may speculate that the low surface roughness of 
the PEO80:CNT20 films could be attributed to the impact of 
the target (polymer and carbon nanotubes) molecules with 
the substrate, i.e., the polymer wets and fills the voids in 
the carbon nanotubes [15]. We are currently verifying this 
hypothesis in various experiments. In addition, the polymer/
CNT films deposited by MAPLE are crack free. It has been 
shown in previous studies that the addition of as little as 1.5 
wt% CNTs improves fracture toughness [43], wear resistance 
[39], fatigue suppression, and crack bridging [44].

3.3 � Optical investigation

In order to gain information on the optical properties of 
the polymer/carbon nanotube (PEO/CNT) and study the 
incorporation and dispersion of the CNTs in the thin-film 
blends deposited by MAPLE, spectroscopic ellipsometry 

analysis is carried out. However, as spectroscopic ellip-
sometry is an indirect technique, based on the change in 
light polarization reflected from a thin film, and it is thus 
dependent on the roughness of the surface. Therefore, the 
experimental data obtained for the pure PEO thin films is 
affected by experimental errors due to the high roughness 
(> 70 nm) of the PEO layers.

In order to extract the values of the optical constants 
and fit the experimental data, an optical model is built. 
The optical model consists in a stack of different materials, 
each material characterized by its own dielectric function 
(optical constants). Due to the fact that the PEO98:CNT2 
layer is deposited on silicon, in the optical model con-
structed, the silicon substrate (with a thickness of 1 mm) 
is considered the first layer, followed by a very thin native 
oxide layer (~ 3 nm). The third layer is the PEO98:CNT2 
mixture, and the last layer is the rough top layer. In case 
of the silicon and native oxide substrates, the values of the 
optical constants are taken from the literature [45]. The 
top rough layer is estimated to 50% air and 50% PEO/CNT 
in the Bruggeman approximation [46]. The PEO98:CNT2 
layer is composed of carbon graphite and PEO polymer in 
the effective medium approximation (EMA). The optical 
constants of the PEO polymer layer are approximated by 
using a single Gauss oscillator, and the optical constants 
of carbon are taken from the ellipsometer database [47].

In our optical model, the unknown parameters are: 
the thickness of the thin films, the thickness of the top 
rough layer, the optical constants of PEO, the optical 
constants of the PEO/CNT mixture, and the percent of 
CNT in this mixture. In order to reduce the number of 
unknown parameters, the fitting procedure is carried out 
in a few successive steps. First, the thicknesses of all the 
layers are approximated by fitting the experimental data 
with a Cauchy dispersion formula with Urbach tail in the 
800–1000 nm wavelength range, where the film is sup-
posed to be optically transparent or to have a small absorp-
tion. Thus, the thickness values of the PEO/CNT layer are 
254 nm and 5.6 nm for the top rough layers.

In the second step, the values of the thickness are 
fixed, and the experimental data are fitted on the entire 
wavelength range (350–1000 nm) by using the mixture 
of materials in EMA approximation. For the PEO layer, a 
single Gauss oscillator is used. The Gauss parameters and 
the percent of CNTs are varied until a minimum value of 
the mean square error (MSE) is obtained, i.e., the smaller 
the values of MSE the better the fit [46]. For the small-
est value of the MSE, voids are introduced in our EMA 
model. The composition of the EMA layers obtained is: 
4.5% CNT, 21.9% voids, and 73.6% PEO. By using a sin-
gle Gauss oscillator, the values of the refractive index are 
n = 1.43–1.45 for the pure PEO layer, i.e., a normal value 

Fig. 5   Water contact angle and the photographs of water drops of 
the PEO100, PEO98:CNT2, PEO80:CNT20, and CNT100 thin films 
deposited by MAPLE
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for soft materials such as polymers. Once the preliminary 
values of the optical constants are obtained, we readjusted 
the thickness values from 254 to 262 nm for PEO98:CNT2 
layer.

For the true values of “n” and “k” for the PEO/CNT, 
void layers are obtained by fitting point by point the exper-
imental data. The results of this procedure are presented 
in Fig. 8. The values of the extinction coefficient or of the 
optical absorption coefficient (α = 4πk/λ) present some 
large peaks on the measured spectra. The first peak occurs 
at λ = 380–400 nm, the second at λ = 580–650 nm and the 

third at λ = 980–1000 nm. Our results are in agreement with 
the results reported in [48] by Chernysheva et al., where the 
peaks in the absorption spectrum of CNT obtained by PLD 
are located 700 nm and 1000 nm.

For comparison, we analyzed the as-deposited CNT thin 
film in a similar manner to the PEO/CNT film deposited on 
silicon substrate. The fitting routine is the same as in the case 
of the blend. First, the thickness of the CNT is approximated 
by Cauchy–Urbach in the 800–1000 nm wavelength range. 
Second, the entire measured spectrum is fitted by point-by-
point procedure. In this way, we obtain the dispersion of 

Fig. 6   AFM images on 5 × 5 µm2 areas of a PEO 100, b CNT 100, c 
PEO 98:CNT 2, and d PEO 80:CNT 20 polymer blends deposited by 
MAPLE onto Si(100) substrates; e) statistical parameters, i.e., root-

mean-square (RMS), Sp (peak height), and Sv (valley height) corre-
sponding to each of the AFM images shown in a–d 
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optical constants for our CNT thin film, and the result is 
presented in Fig. 8.

In terms of the extinction coefficient, there are few large 
peaks: at λ = 650 nm, λ = 770 nm, and λ = 900–970 nm. 
According to [49], those peaks correspond to exfoliated 
CNT. In case of PEO98:CNT2 mixture, the peaks located 
at 770 nm disappears and the other CNT peaks are shifted. 
A similar result has been reported in [50] where a percent-
age of 2–4% of carbon nanotubes in a polymer matrix, i.e., 
poly(3-hexylthiophene-2,5-diyl), leads to an increase in the 
optical absorption in different optical domains (below 2 eV 
or above 620 nm–1.2 eV for 2% carbon).

4 � Conclusions

In this work, matrix-assisted pulsed laser evaporation 
technique was optimized for the fabrication of thin films 
aiming at coating commercial hernia repair meshes. The 
coatings were produced by depositing polyethylene oxide 

(PEO) polymer, carbon nanotubes (CNT), and PEO/CNT 
blends (different experiments) on hernia repair meshes. Our 
approach is simple and flexible due to the fact that PEO, 
CNT, and PEO/CNT blends can be easily deposited by 
MAPLE on various supports, including flat and non-con-
formal plastics. The proposed deposition route is also effi-
cient due to the fact that PEO, CNT, and PEO/CNT blends 
are deposited onto the surface by a direct laser deposition 
method without the need of prior surface functionalization. 
Surface characterization of the resulting films using infra-
red spectroscopy (FTIR), X-ray photoelectron spectroscopy 
(XPS), atomic force microscopy (AFM), and scanning elec-
tron microscopy (SEM) corroborated that PEO and PEO/
CNT was deposited without any chemical alteration on the 
surface of the hernia repair meshes. The PEO films became 
smoother with the addition of CNT. Hence, CNT addition 
modifies the resulting surface topology and chemistry ren-
dering surfaces coated with our protective layers.

Here we could show for the first time the deposition of 
polymer/carbon nanotube blends as thin-film coatings onto 
flexible, non-planar substrates. As the antimicrobial prop-
erties of the CNTs have received great attention in the last 
years, we intend to expand our studies to investigate the 
antimicrobial effect of the polymer/carbon nanotube coat-
ings fabricated by MAPLE. In addition, it will be interesting 
to determine the minimum quantity of carbon nanotubes in 
the polymer/CNT blends which renders the highest antimi-
crobial effect toward different bacteria. We believe that this 
study, i.e., the demonstration of hybrid coatings with con-
trollable morphology and chemistry by laser-based methods 
might represent a solution for potential application in stand-
ard hernia repair.

Fig. 7   SEM images of commercially available a polypropylene 
(PP) and b polyester (PE) monofilament, macroporous hernia repair 
meshes prior to applying the coatings by MAPLE. c The red square 
in b marks the magnified SEM image (image on the right) of a sin-
gle fiber in a polyester hernia repair mesh prior to its deposition by 
MAPLE. SEM images of PP hernia repair meshes coated with: d a 
PEO film by MAPLE (the image in the middle and on the right are 
high-magnification SEM images of the PEO film deposited onto a 
single-mesh fiber); e a CNT film by MAPLE (the image in the middle 
and on the right are high-magnification SEM images of the CNT film 
deposited onto a single-mesh fiber); the arrows indicate CNT bun-
dles; f a PEO98:CNT2 film by MAPLE (the image in the middle and 
on the right are high-magnification SEM images of the PEO98:CNT2 
film deposited onto a single-mesh fiber); and g a PEO80:CNT20 film 
by MAPLE (the image in the middle and on the right are high-mag-
nification SEM images of the PEO80:CNT20 film deposited onto a 
single-mesh fiber)

◂

Fig. 8   The refractive index and extinction coefficient spectra for the PEO98:CNT2 thin film (left) and for the CNT100 thin film (right), obtained 
by point-by-point fit
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