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Abstract Biomaterials and wettability have played a
crucial role in the biocompatibility with a host matrix of
body fluid and cells. We discuss designing super-
hydrophobic biomaterials for novel applications such as
temporally implant, contact lenses, controlled drug release
coatings, coating on medical instruments, etc. Such Super-
hydrophobic coating surfaces were created with the simple
dip coating method by single step base catalyst sol-gel
method. Methyltriethoxysilane/trimethoxymethylsilane-
based deposition at different dip periods introduces inter-
esting properties in the region, including super-
hydrophobicity, biocompatibility and transparency. This
works reveal the impact of interaction bone marrow
mesenchymal stem cells and surface free energy on the
biocompatibility of superhydrophobic biomaterial.

Graphical Abstract
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1 Introduction

Superhydrophobic surfaces (contact angle ≥ 150°, and
sliding angle ≤ 10°) designed so that drops do not stick to
them, but instead jump off have raised significant attention
because of their ability to self-clean, anticorrosion, drag
reduction, stay non wettable, resist icing, improving blood
compatibility and antifouling surfaces [1]. Nowadays, there
has been much research interest in producing biomaterial
with controlled wettability, which have surface free energy
beyond the foul releasing zone (20–30 mJm−2), because of
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their importance in biocompatibility research as well as
practical applications of biometrics such as dental implants,
sutures, and many medical devices [2]. Superhydrophobic
surfaces have successfully designed for non sticky cook-
ware, water repulsive coatings, antifouling surfaces,
microfluidic devices, transparent, antireflective, and self
cleaning smart glasses, anticorrosive surfaces [3–6]. Earlier
research work shown that superhydrophobic surfaces could
be most useful in numerous biomedical-related areas such
as anti-bioadhesion applications to avoid protein adsorption
and cell adhesion on a surface [7–9].

Several artificial materials are being employed as
implants in all fields of medical science. The physico-
chemical properties of the implant surface like surface
topography, surface free energy (SFE) are of ground
importance for the specific adhesion, spreading and growth
of cells [10]. Synthetically designed materials such as
polymethylmethacrylate, cellulose acetate, Dacron, polye-
ster-urethanes, polyethylene glycol have also been used as
most prominent biomaterials. Generally, large number of
efforts have been focused on organic based super-
hydrophobic surfaces, but typically chlorine and fluorine-
based material do not exhibit biocompatibility due to cyto-
toxicity [11, 12]. Realization of such artificial biocompatible
surfaces with superhydrophobicity is a challenging issue as
recent studies demonstrated. For instance, Gu et al. fabri-
cated inverse opal films with superhydrophobic nature (CA
= 155°) [13]. However, the fabrication process of the opal
structure is long and requires precise high temperature
conditions (450 °C). In 2006, Jiang et.al described poly-
styrene based biocompatible coatings, but they show a poor
repellency nature [14]. Sun et al. proved that the bio-
compatibility could be mostly enhanced by introducing
particular nanostructure to make the poly (carbonate ure-
thane) based superhydrophobic coatings [15]. Khorasani and
Mirzadeh indicated the modified polydimethylsiloxane
(PDMS) surface endowed with superhydrophilic or super-
hydrophobic nature exhibited better biocompatibility com-
pared with pure PDMS [16]. Unfortunately, this type of
surfaces shows poor wettability properties, requites costly
materials and relatively complex synthesis process. In
addition, only few reports are found on the growth or
interaction of cells with artificial ultrahydrophobic surfaces
[17–21]. The method of coating by sol-gel dip is advanta-
geous as it offers simple synthesis process at room tem-
perature without the use of any complicated instruments
[22]. It is also claimed as eco-friendly, easy to scale up with
tailored surface chemistries for arranging expected proper-
ties and applicability as a biomaterial.

In this work, we demonstrate the sol–gel dip coating
method as a simple approach to enhance hydrophobicity by
introducing nanostructured surface chemistry composed of
silica networks on a glass substrate. In this scheme, the

surface free energy of silica coating surface has been
successfully reduced by increasing dipping periods.
Furthermore, the effects of the dipping periods on topo-
graphy, SFE with polar components, work of adhesion and
biocompatibility of the coating material have been
investigated.

2 Experimental section

2.1 Materials

Ordinary glass substrates with sizes of 75 mm × 25 mm ×
1.45 mm were obtained from the blue star Mumbai. All
chemicals, reagents and solvents were used further synth-
esis without any purification process. Methyltriethoxysilane
(MTES (99 %, Sigma-Aldrich Chemie, Germany), and tri-
methoxymethylsilane (TMMS) (99 %, Sigma-Aldrich Che-
mie, Germany) were used as silica precursor. Ammonia
(NH3, Sp.Gr.0.91 Qualigens Fine Chemicals, Mumbai) was
used as base catalyst and methanol (S. D. Fine-Chem Ltd.,
Mumbai) as solvent for sol–gel reaction. The bone marrow
cell named as mesenchymal stem cells (MMSCs) were
obtained from the local meat market for the conducting
adhesion experiments in the laboratory. The streptomycin
sulfate salt (100 µg/ml, Sigma Aldrich Chemie, Germany)
and Penicillin G potassium salt (100 U/L, Sigma Aldrich
Chemie, Germany) were used as bioreagent for cell
culture.

2.2 Synthesis and characterization of coatings

The superhydrophobic coating was synthesized by dipping
deposition via sol–gel route at room temperature. The
hydrophobic coating alcosol was prepared at an optimized
molar ratio of MTES: TMMS:CH3OH: H2O at
1:0.15:12.71:3.58, respectively, with 13M NH4OH as a
base catalyst at room temperature (27 °C). A single step-
base catalyzed sol-gel process was followed to prepare the
coating sol solution. The detail synthesis procedure for
superhydrophobic dip coating was described in our previous
work [10].

A Fourier-transformed infrared spectrometer (Perkin-
Elmer, Model no. 783, USA) and Fourier-transformed
Raman spectrometer (Bruker, Multi RAM Stand-Alone FT-
Raman, Germany) were used for the study of the chemical
structure of the dip coated silica materials. The surface
topography of the dip coated surfaces was observed using a
Nanoscope E (Digital Instruments, USA) atomic force
microscopy. The coating samples were annealed in furnaces
at 100 °C temperature (Neytech. VULCAN Benchtop
Model 3-550 USA). Contact angle measurements were
carried out by the sessile drop method using advanced
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contact angle meter (Rame hart, model 501F1, USA)
apparatus and double distilled water droplets (5 μL). A
sliding angle measurement performed by tilting plate
method with drop volume about 5 μL. To measure the
contact angle hysteresis (CAH), we also precise the reced-
ing contact angle (RCA) of water by sucking the liquid from
the left drop at a size rate of 0.2 µls−1. An experimental data
were represented as mean± standard deviation (SD) for n=
5. Optical transmission was measured over the range of
350–1000 nm using a UV-Vis spectrophotometer (Shi-
madzu, model: UV-1800, Japan).

3 Result and discussions

3.1 Surface topography

Fig. 1 displays the 3D surface morphologies of MTES/
TMMS based coatings, which were deposited at different
dip periods ranging from 5 to 20 h. Facet spikes were shown
in the coating deposited for 5 h, however, the coating
deposited at 10, 15, and 20 h consisted of sharp spikes. The
increase of dipping time simultaneously enhances the
roughness of surface and the hydrophobicity properties of
the coating surface.

As hypothesized, all the coatings are rough: surface
roughness progressively ranges between 217± 4 and 717±
8 nm with an increasing dipping period. Also, the contact
angle and roughness for all coatings happened to be sig-
nificant, as shown in Table 1. The hierarchical morphology
enables the surface to repel liquid. As a result, the surface
roughness could be increased with the increase of dipping
periods. From topography of analysis, it is clear that
increased dipping periods responsible for development of
hierarchical morphology, which is beneficial for anti-
wetting protein surface [23].

3.2 Surface energy measurements superhydrophobic of
surfaces

We also analyzed the wetting behavior of a coating surface
by finding out contact angles of three liquids probe (water,
ethylene glycol, diiodomethane) and quantifying the surface
free energy, polar components, and work of adhesion at the
solid liquid interface using the van Oss–Good–Chaudhury
method [24]. As assumed, all dip coated surfaces showed
progressively higher water contact angles range from 98°,
115°, 135°, 142°, and 168° with increasing dipping periods
from 5,10,15, and 20 h as shown in Table 1. Also, the
surface free energy and work of adhesion of the silica
coating for different dipping time was found to be sig-
nificant, as shown in Fig. 2. Also, there is minor variation in
the polar component of the surface free energy (or improved

hydrophobicity) over the entire dipping period, which is
consistent with the formerly reported works, but the
mechanism behind its improved wettability behavior has
not been deply discovered in term of polarity nature of
surface [25, 26]. We also systematically measured CAH on
a surface of coatings and found it to range between 39± 2°
and 4± 1°. We attribute this drastically low value of CAH
to the homogeneous nature arising from higher RMS sur-
face roughness that cannot allow the droplet to pin on the
hierarchical textures. From above observation it is clear
that, as the works of adhesion of the coatings were dropped
progressively with dipping periods because of evolution of
hierarchical texture with hydrophobic nature.

3.3 FT-Raman analysis

The chemical analysis of coating material was supported by
FT-Raman spectra as shown in Fig. 3, as a functional group
evolution at 20 h dipping period. The Broad peaks at 473
and 801 cm−1 arose from the asymmetric stretching vibra-
tions of Si–O–Si bonds [27, 28]. This vibration is assigned
to the Si–O–Si symmetrical stretching of the cluster, a
cluster-breathing mode. It is shown here; there is a con-
densation of asymmetric stretching modes of the Si–CH3 at
744 and 1413 cm−1. The more intense vibration peaks
assigned to the C–H from –CH3 bounds of the ORMOSIL
network. There are the symmetric and asymmetric stretch-
ing vibration modes of the C–H bonds corresponding to
2913 and 2974 cm−1, respectively [29–31]. It thus appears
that condensation of Si–CH3 can be responsible for the
superhydrophobicity.

3.4 Optical transmittance

Optical transmittances of coatings with hierarchical textured
surfaces changed with thickness and roughness. The
roughness of the coatings increased from 217± 4 nm to
717± 8 nm by varying the dipping time while achieving
superhydrophobicity order and transparency (Fig. 4). Up-
scaling the structure sizes have a strong effect on the visible
light intensity. Fig. 4 compares UV-Vis-NIR transmission
of a coating deposited on both major surfaces at various
dipping periods at normal incidence (colored lines), and to
uncoated glass substrates (black line). The rough textures
(717 ± 8 nm) at 20 h show a low transmittance arising from
Mie scatterings effect due to hierarchical surface morphol-
ogy and absorptive coupled resonances of the ordered
thickness with increasing dipping time [11], optical light
transparency is significantly influenced by their roughness
and thickness variation are clearly depicted in Table 1.

The increase in thickness results in rougher surfaces that
lead to a drastic fall in optical transmittance. However, thick
hierarchical textures develop optical opacity because of

J Sol-Gel Sci Technol (2017) 81:791–796 793



their structural features, which absorb light energy. From a
coating surface roughness of 217± 4 and 331± 6 nm, no
loss of transmitted light is noticed and the coatings surfaces
appear as antireflective and transparent as regular glass after
5 and 10 h of immersion, respectively. For surface rough-
ness of 411± 4, 541± 5, and 717±8 nm, the coating lost
optical transmission of up to 25%. Transmission can be
reduced because of the large gradient of the refractive index
in the hierarchical textures. Because of reducing the trans-
mission from the silica coating surface, the thickness and
roughness of the hierarchical silica coatings were increased.
We assign the balanced transmission to the enhanced
hydrophobicity contrast of the coated sample compared
with the bare glass substrate.

3.5 In vitro biocompatibility test

To evaluate the in vitro biocompatibility of coating material
(MTMS /TMMS) carried out the method according to

Fig. 1 Surface topography
evolution at different deposition
times a 5 h, b 10 h, c 10 h, and d
20 h

Table 1 Measured
transparency, thickness,
roughness, contact angles with
three liquids and CAH on silica
coatings deposited at different
dipping periods

Dipping
hours

Visibility
at 537 nm

Thickness
(nm)

Roughness
(nm)

Advancing contact angle CAH
θAdv−θRes(°)

Water Ethylene
glycol

Diiodomethane

5 98.68 258± 10 217± 4 98± 4° 63± 3° 13± 1° 39± 2°

10 90.88 414± 26 331± 6 115± 3° 71± 4° 28± 1° 27± 2°

15 81.70 637± 18 411± 4 135± 3° 77.5± 4° 36± 2° 16± 1°

20 68.38 980± 21 717± 8 168± 1° 96± 6° 60± 4° 4± 1°
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Fig. 2 Surface wetting properties of silica coatings at different
deposition period; Advancing water contact angle (left y axis) and the
surface free energy, work of adhesion, and polar component of the
surface free energy (right y axis) of coating surface
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earlier reports [32]. The optical inspection is performed
using Atomic force microscopy and optical microscopy
provides useful information about cell morphology, growth
of cells and adhesion quality of bone marrow mesenchymal
stem cell (BMMSC) on superhydrophobic material. The 3D
surface topography and optical results reported in Fig. 5
(a–b) clearly show that superhydrophobic coating material
as a base for BMMSC cell culture examined after incuba-
tion for 7 days. It can be seen that BMMSC cells are
adhered to the material and flattened growth morphology
with minor filopodia. In addition, it is obvious from the
Fig. 5(a–b) show the cells homogeneously grow on the
material and partially contact with the superhydrophobic
coating material. It is established the (MMSCs) cell adhe-
sion and activation play a crucial role in biocompatibility
through superhydrophobicity and surface roughness of
coating material. Such low surface free energy (10.78
mJm−2) and minimum work adhesion (1.69 mJm−2) mate-
rial is often used for temporary medical implants, as the low
adhesion makes them easier to remove later like coating on
contact lens, metal rod and various medical instruments etc.
[33, 34]. It is consistent with the earlier reported critical
surface free energy limit (γc= 22 mJm−2) for spreading
liquid substrate for water interface. All above observations
in this work suggest the superhydrophobic materials holds a
minimum adhesion to BMMSC and a capability to inhibit
the introduction and growth of the attached platelets, which
is whispered to be capable to effectively prevent thrombo-
sis. From the results discussed above, it could be concluded
that such superhydrophobic coating material is safe and
effective materials for BMMSC cell contact applications
can now be consistently preferred based on in vitro bio-
compatible test.

4 Conclusions

This work has successfully substantiated that biomaterial
surfaces exhibiting superhydrophobicity crucial role in
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Fig. 5 The topographical sudy
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material after 7 days a 3D
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Fig. 4 Optical transmittance for silica coatings at different dipping
times
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biocompatibility. The temporary metal implant, contact
lenses and medical instrument surfaces need an appropriate
surface low energy and superhydrophobic surface entities,
because excessively lower hydrophobic surfaces enhance
cell affinity and becomes very difficult to remove. Although
observation from in vitro evaluations of superhydrophobic
biomaterials may aid in predicting some of their behavior
in vivo, it would be helpful in many applications, where a
need for biocompatible with minimum cell interaction is
highly desirable.
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