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A B S T R A C T

A multicomponent vapour-deposited porous (MVP) coating with combined physical and biochemical properties
was fabricated based on a chemical vapour sublimation and deposition process. Multiple components are used
based on their natural thermodynamic properties, being volatile and/or nonvolatile, resulting in the sublimation
of water vapour (from an iced template), and a simultaneous deposition process of poly-p-xylylene occurs upon
radical polymerization into a disordered structure, forming porous coatings of MVP on various substrates. In terms
of physical properties, the coating technology exhibits adjustable hydrophobicity by tuning the surface
morphology by timed control of the sublimation of the iced template layer from a substrate. However, by using a
nonvolatile solution during fabrication, an impregnation process of the deposited poly-p-xylylene on such a so-
lution with tuning contact angles produces an MVP coating with a customizable elastic modulus based on
deformation-elasticity theory. Moreover, patterning physical structures with adjustable pore size and/or porosity
of the coatings, as well as modulation and compartmentalization to introduce necessary boundaries of micro-
structures within one MVP coating layer, can be achieved during the proposed fabrication process. Finally, with a
combination of defined solutions comprised of both volatile and nonvolatile multicomponents, including func-
tional biomolecules, growth factor proteins, and living cells, the fabrication of the resultant MVP coating serves
devised purposes exhibiting a variety of biological functions demonstrated with versatility for cell proliferation,
osteogenesis, adipogenesis, odontogenesis, spheroid growth of stem cells, and a complex coculture system to-
wards angiogenesis. Multicomponent porous coating technology is produced based on vapour sublimation and
deposition upon radical polymerization that overturns conventional vapour-deposited coatings, resulting in only
dense thin films, and in addition, the versatility of adjusting coating physical and chemical properties by
exploiting the volatility mechanism of iced solution templates and accommodation of solute substances during the
fabrication process. The MVP coating and the proposed fabrication technique represent a simple approach to
provide a prospective interface coating layer for materials science and are attractive for unlimited applications.
1. Introduction

Surface modification by applying coatings to produce physical or
chemical properties are pursued for materials to offer additional and/or
multiple functions despite the natural properties of the underlying ma-
terial. Physically, specifications such as surface hydrophobicity (surface
energy), surface electrokinetic potential, surface roughness and topology,
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orthogonal, as well as nonspecific, reactivities and to enable additional
chemical functions [3,4]. Distributions and configurations of these sur-
face physical and chemical properties with advanced controls from a
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conventional homogeneous layout into an advanced fashion showing
anisotropic, hierarchical, and gradient configurations are attractive and
are developed to fulfil more complex and prospective materials across
multidisciplinary material science fields [5,6].

The aforementioned surface properties are particularly important and
sophisticated for biomaterials science, with more stringent requirements
due to complexity in the microenvironments of a variety of biointerface
properties encountered [7,8]. For instance, cells can respond to envi-
ronmental cues and result in intercellular and intracellular changes in
cytoskeletal organization, proliferation, cell differentiation, gene
expression, and apoptosis [9,10]. Modifications of physical properties
with generated porous structures include: elasticity [11,12], topology
[13,14], surface roughness [15], 2-D and 3-D surface structures [16], and
geometrical changes [17]. The cascades of these physical sensing pro-
cedures are also fundamental in cell biology, tissue engineering, and
medicine [18]. Chemical coatings have demonstrated modified
long-term performance and efficiency for biodevices and biomaterials by
a wide spectrum of bioorthogonal reactions [19], providing reaction
rapidity and specificity in manipulating proteins [20], glycans [21],
synthetic molecules, e.g., fluorescent dyes [22], polyethylene glycol [23]
and modifications to mimic cell extracellular matrix (ECM) ligands [24]
for the performance and tolerance of biomaterials towards a diversified
array of other functionalities in their native environment or in the
complexity of a living cell [19]. A coating with combined physical and
chemical complexities and properties has been developed but with
limited fabrication approaches and problematic processing conditions
[25]. Existing methods of generating structural coatings by using poro-
genic substances followed by crosslinking the coating network have been
reported [26], or composite coatings can also be created by electro-
chemical and electrophoretic deposition [27], defined structures and
patterns can be produced by interventional processes including tem-
plating [28], photolithography [29], soft lithography [30], and by ad-
ditive approaches including 3D printing [31], laser sintering, projection
stereolithography [32], electrified jetting [33], spray coating [34], the
weaving technique [35], or direct writing [36], which are used to build
up such porous coating materials in a layer-by-layer or stacking manner.
Chemical functionalization of the coatings was, however, introduced
during the process or by postmodification and mostly demanded sub-
stantial knowledge to perform chemical reactions under harsh conditions
[37]. Collectively, existing challenges are limited by the large number of
processing steps required, efforts of removing the template [30], poor
control and low efficiency of the production parameters, and sophisti-
cation of computer programming [31] and/or manual intervention [35]
to perform 3D-printed coatings, and finally, the fact that these methods
are limited in solution-based operation conditions. The well-known
vapour deposition approaches to prepare coatings have thus far been
described to create only dense films and coatings on a substrate [38], and
the formation of surface structures, e.g., porous structures and patterns, is
formulated in a postmodification fashion [39].

In the present study, we show that a multifunctional vapour-
deposited porous (MVP) coating is fabricated on material substrates
rather than a layered dense film based on vapour-phase polymerization
and construction from an iced template in one step. Acknowledging that
a well-established vapour deposition coating material of poly-p-xylylene
is deposited with a conventional adsorption limited mechanism [40]
forming a dense thin coating film, we recently discovered and overturned
the deposition with a diffusion-limited mechanism [41,42], in which the
deposition occurs on a mobile surface of a sublimating template (vapour
sublimation) instead of a stationary substrate. The overall process allows
the deposition and polymerization of poly-p-xylylene in the third depth
dimension and with the formation of pore structures. We additionally
hypothesize that the vapour sublimation and vapour deposition process
is used to prepare a porous coating of MVP on a range of substrate ma-
terials and that the rationale functionalization to exhibit physical and/or
biochemical functions for such an MVP coating is created by the
manipulation and control of mass transport to accommodate additive
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molecules that either participate or are excluded from the proposed
vapour sublimation and vapour deposition mechanism, and decorations
of these additive molecules are performed in multiple cascades and in a
defined composition and spatial configuration (Fig. 1a). The final con-
struction of the MVP coating exhibited the advised multiple functions
with versatility of selecting additive molecules (e.g., biomolecules,
macromolecules, proteins, drug molecules, nano-to submicron particles,
living cells, etc.) for the users. Compared to existing methods of coating
fabrication, the introduced MVP coatings provide advantages: (i) simple
steps and vapour-base fabrication processes are used, avoiding complex
procedures and harsh solutions, potentially offering preservation of
sensitive molecules, (ii) use mass transport control involving vapour
sublimation of volatile additive molecules during fabrication is used to
exhibit adjustability of pore structures and mechanical strengths, (iii)
controlled freezing procedures are used during the same fabrication
process to provide adjustability of the coating morphology and the
resultant surface hydrophobicity, (iv) nonvolatile liquids are used during
the fabrication process with modifications of the liquid/coating compo-
sitions and structures to render customizable surface elasticity, (v) spatial
arrangement and compartmentalization of the iced template are used to
create structured MVP coatings and with compartmentalized biochem-
ical boundaries within the coating structure, and (vi) the same versatile
accommodation procedure used in (ii) and (iv) during fabrication are
used to introduce multiple functional additives including biomolecules,
growth factor proteins, and even living cells to multiply the chemical and
functionalization of the MVP procedure in varying coatings. The pro-
posed coating technology represents a prospective coating layer for the
modification of material surfaces, provides a multiplied combination of
physical and biochemical modification functions that are customizable to
meet the increasing complexity of biological microenvironments and is
fabricated based on a state-of-the-art, vapour-based sublimation and
deposition polymerization process in simple steps, exhibiting break-
throughs in coating technology that are still limited by current
solution-based coating technologies.

2. Results and discussion

In light of the vapour-phased, adsorption-limited polymerization of
poly-p-xylylenes, of which the quinodimethane monomers were depos-
ited on a mobile and sublimating surface, e.g., a sublimating iced, dry ice,
etc. [42], and the quinodimethanes polymerized upon nucleation into a
disordered poly-p-xylylene polymer structure in three dimensions, and
pores were formed during the escaped water vapour and due to the
voidage by the polymer structure [41], a preparation of an ice template
on theoretically any substrate materials was thus exploited with such a
vapour sublimation and deposition process to produce porous coatings of
poly-p-xylenes (MVP coatings). In the experiments, intuitively, ice tem-
plates were prepared as a base and sacrificed coating on sub-
strate/surfaces by first adsorbing water molecules by methods such as
immersion in water solution, spraying of water vapour, water conden-
sation at reduced temperature, etc. [43], and such a base coating of iced
film/template thus formed by a solidification process with gradually
reducing the temperature or instantly under liquid nitrogen conditions
[44]. Subsequently, with the proposed vapour sublimation and vapour
deposition under devised thermodynamic conditions of reduced pressure
at approximately 0.1 bar and 20 �C, a porous coating of poly-p-xylylene
formed by causing the iced template to vanish and creating a porous
poly-p-xylylene layer on the same substrate surface. During the vapour
construction of the MVP coating, an analysis using a real-time mass
spectrometric gas analyser verified a characteristic peak of the subli-
mated water molecules at 18 amu and peaks for the deposited p-quino-
dimethanes and derivatives at 104 amu and 139 amu, revealing evidence
of poly-p-xylylene deposition (Fig. 1b). Structural characterization of the
resultant MVP coating was further performed by using a combination of
laser confocal microscopy and microcomputed tomography (micro-CT).
The laser confocal image showed a homogeneous porous structure for the



Fig. 1. (a) Schematic illustration of the fabrication process of the MVP coating on a substrate based on the vapour sublimation and vapour deposition mechanism and
process. Defined physical and/or biochemical properties of the MVP coating are modified and decorated based on impregnation of additive molecules during the
vapour-phase process. Controlling the composition and spatial configuration of the additive molecules was performed and selected with their volatile and nonvolatile
nature to participate in the vapour sublimation stage. (b) Analysis by real-time mass spectrometry during the fabrication process indicative of the presence of water
molecules (sublimating vapour) at 18 amu and quinodimethane monomers (depositing vapour) at 104 and 139 amu. (c) The SEM images showed the resultant MVP
coatings with cross-sectional viewpoint of selected thickness of approximately 80.9 μm and 241.5 μm were fabricated. (d) The 3-D profile and micro-CT analysis
showed a computed and reconstructed 3-D porous structure image; the calculated pore size distribution was approximately 21 � 1.0 μm, and the degree of porosity
was approximately 50.5 � 3.6%.
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coating with a measured average pore size of approximately 23.9 � 5.6
μm. Images recorded by micro-CT showed three-dimensional structures
of the coating. Interconnected pores were observed with a measured
porosity of approximately 50.5 � 3.6%, and 99.9% connectivity was
estimated by the micro-CT computing software. The calculations from
the micro-CT data indicated an approximately 21 � 1 μm pore size dis-
tribution, which unambiguously supported the consistency of the results
by laser confocal microscopy. With acknowledgement that varied
3

thicknesses of prepared iced templates can be formed with limited
controllability, the final thickness of the MVP coating, on the contrary,
was controlled by a stagewise sublimation and deposition process to
obtain a desired thickness [41,45], in which time-controlled sublimation
was performed by stripping the ice template of shrinkage volume and
perimeter to a desirable thickness and subsequently introducing the
deposition of poly-p-xylylene to finalize the MVP coating thickness. As
indicated in Fig. 1c, a thickness of approximately 241.5 μm of MVP
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Fig. 2. (a) A time-controlled frost/ice template with anisotropic structures was prepared by rapid cooling conditions with respect to time, and replicated structures
with the same anisotropy of the surface structure of an MVP coating were formed during the vapour-phase fabrication process, providing increasing super-
hydrophobicity according to the processing time. (b) Optical micrographs indicated increasing complexity of the anisotropic structure of the prepared frost/ice
template with respect to the cooling processing time, and after the vapour-phase process to construct the MVP coatings, the images showed consistency of increasing
complexity of surface structures. The 3-D profile images also confirmed these anisotropic structures of these time-controlled fabricated MVP coatings in three di-
mensions. (c) A tendency of increasing the surface superhydrophobicity (water contact angle) was analysed proportional to the processing time and due to the
increasing complexity of the constructed surface structures. (d) The superhydrophobic MVP coatings could be prepared by the proposed fabrication process on a
variety of substrate materials, including glass, a polycarbonate polymer, aluminium metal, and cellulose filter paper, as well as on complex substrates of a vascular
stent and a curved surface on an intraocular lens. Water droplets were stained with blue dye to guide vision. (e) An illustration shows the fabrication of an MVP coating
with controllable elasticity based on using tempered and nonsublimated liquids as ice/liquid templates during the vapour-phase process. The optical micrographs and
the 3D profile images showed that the liquids were prepared with varied contact angles to fabricate the MVP coatings. A statistical analysis revealed correlations
between varied contact angles and elasticity. (f) Fabrication of the MVP coating with multiple layers of liquid templates, producing spatially configured elasticity in
two dimensions and in three dimensions. A simulated and calculated elasticity vs. spatial position was shown with an overlapped bright field image to predict the
multiple stages and distributions of elasticity in 2D and 3D. (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web
version of this article.)
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coating was obtained by concurrent sublimation and deposition without
time control, while a devised 80.9 μm thickness of MVP coating was
achieved by 360 s of stagewise control of sublimation and deposition.

For the sake of generating and controlling physical and structural
coatings of MVP, the offering of adjusting surface (super)hydrophobicity
was first demonstrated by a timed control of crystalline and roughened
structure when preparing the iced templates, and the proposed subli-
mation and deposition process rendered an MVP coating with the same
time-controlled surface structures and customized surface hydrophobic-
ity (Fig. 2a). During the experiment, the iced templates were prepared
first by a condensation process forming a layer of ice frost on a chosen
substrate of a glass with instant reduction of temperature to approxi-
mately �50 �C (by a liquid nitrogen bath) on such a substrate. The
condensation enabled a phase transition of ambient water from a vapour
phase to a solid-state ice frost, with skipping the liquid phase due to an
instant temperature difference between the substrate surface and its
ambient environment [46], and anisotropic granules of ice frost crystals
were discovered in the prepared iced template on glass substrates
(Fig. 2b). Compared to a gradual condensation process with an existing
dew point and liquid-phased water, a smoothed water-air interface [47]
forming the same smooth homogeneous surface structure is the result for
the iced templates. These data are included in the Supporting Informa-
tion in Fig. S1a. The surface hydrophobicity was measured with an
average 135.1� � 5.3� water contact angle due to the created anisotropic
structures as well as the hierarchical surface roughness (shown in
Fig. S1c) that is crucial to the surface hydrophobicity based on the
Cassie-Baxter theory [48]. In addition, a timed dependence of controlling
the formation and crystallization indicating an increasing grain size and
structure density was found for fabricating the anisotropic structures on
the iced templates and the same produced MVP coatings. An increase in
superhydrophobicity was also found to be dependent on timed structural
control of the MVP coating, and the water contact angles of the resultant
coating surfaces were measured from 135.1� � 5.3�, 157.3� � 2.1�,
161.9� � 1.9�, to 164.4� � 1.7� according to the controlled crystalline
time frames of 1, 2, 3 and 4 min, respectively, as indicated in Fig. 2c. The
contact angle hysteresis of the resultant coating surfaces were also
measured according to a reported method [49]. For the coating surfaces
of crystalline time of 4 min, the corresponding contact angle hysteresis
was measured with an average of 8.3� � 0.7�, while the results of coating
surfaces of crystalline time below 4 min were found to be unmeasurable
due to the droplets sticking on the coating surfaces, which was believed
to be due to the transition from the Cassie–Baxter state to the Wenzel
state as the surface roughness decreases with decreasing crystalline time
frames [50]. The wide applicability to prepare such structural MVP
coatings with administered superhydrophobicity for a variety of sub-
strate materials was also demonstrated on selected substrates, including
zirconium dioxide ceramic, polycarbonate plastic, aluminium metal, and
cellulose paper; consistent results of averaged water contact angles be-
tween 155� and 164� were found for applying the MVP coatings on these
substrates. Furthermore, the applicability of these MVP coatings on
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curved surfaces and complex devices, e.g., an intraocular lens and a
cardiovascular stent, was also demonstrated in a facility, as shown in
Fig. 2d.

The fabrication of the structural MVP coating was further extended to
enable a coated substrate surface to have controllable elasticity.
Acknowledging that exploiting a nonvolatile solution during the vapour
sublimation and deposition process can result in only the vapour depo-
sition and encapsulation of poly-p-xylylene on the nonsublimated solu-
tion surface, and a promised coating fidelity over topologies can form
conformal coatings on the cultures of the liquids [51], we thus proposed
the fabrication of an MVP coating by using tempered liquids (by engi-
neering surface contact angles of the underlying surfaces and/or the
liquids) [51] for the vapour fabrication of MVP coatings. The encapsu-
lation upon deposition of modified hydrophobicity of droplets with
varied shapes to render coatings exhibiting customizable elastic modulus
based on deformation-elasticity theory [52,53], as well as a layered
display of encapsulating multiple liquids with varied hydrophobicity,
i.e., the resultant coating surfaces contained side-by-side, varied and
controlled elastic properties and provided multiplied access channels to
controlled and varied elasticity properties. During fabrication, the
preparation of the ice template was now a permanent liquid layer rather
than a sacrifice and sublimation template, and the liquid layer was pre-
pared to sustain a satisfactory contact angle based on the concept dis-
cussed in the previous section or other similar liquid/surface energy
balance theories [54]. Intuitively, a selection of a nonvolatile liquid
material, e.g., polyethylene glycol and glycerol oil, and/or a control of
surface hydrophobicity, e.g., plasma and silanization, are commonly used
to control the liquid/surface hydrophobicity behaviours and are well
documented [55]. A solidification process of reducing the substrate
temperature for the preparation of the liquid templates was trivial during
fabrication, and the temperature difference only resulted in the deposi-
tion thickness of the outer coating layers of poly-p-xylylenes [56]. As
indicated in the 3-D profile images in Fig. 2e, liquid layers with varied
surface hydrophobicities were first prepared on hydrophobic-modified
glass substrates and showed administered contact angles (CAs) in a
wide range from 6.5� � 0.8�–93.5� � 2.7�. Subsequently, the vapour
deposition of poly-p-xylylene on such liquid templates resulted in the
fabrication of MVP coatings with the proposed and varied elasticity
properties. Characterization method of elastic modulus of fabricated
MVP coatings were described in Fig. S2, and the corresponding elastic
modulus ranging from 0.288 MPa to 6.66 MPa, with correlation to
varying CA of liquid layer of the MVP coating, are shown in Fig. 2e. An
anticipated tendency of predictability for future design of a coating
elastic property confirmed that a lower elastic modulus for increasing CA
exhibiting consistency to the deformation-elasticity theory was discov-
ered for such fabricated MVP coatings. Furthermore, in addition to the
single layer liquid template, the fabrication of multiple layers of liquid
templates with an arrangement of distinct CAs for these layers of liquids
was performed to create an elastic MVP coating with spatially controlled
elasticity in two dimensions and/or three dimensions. An equilibrium to
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separate the configuration of low CA and high CA liquid layers was
discovered to be homogeneous and side-by-side in two spatial di-
mensions in the fabrication of the multilayered coatings andwas believed
to be due to a favoured thermodynamic surface energy with a small
sliding angle (disfavoured affinity) between the low CA liquid and a
hydrophobic surface [56] (experimental data are also included in the
Supporting Information in Fig. S1b. In contrast, hydrophobic affinity
between a high CA liquid and a hydrophobic surface was found to pro-
duce a piggyback-like configuration of a multilayered MVP coating that
comprised a two-stagewise elasticity in the third dimension (z-direction).
As indicated in Fig. 2f, the 3D topographical profile images revealed the
two configurations of the controlled and multitude elastic MVP coatings,
and a spatial elasticity map was calculated and constructed based on the
mapping of liquid droplet of which size and height determine the CA
value and corresponding elasticity moduli. With respect to the over-
lapped droplets in the piggyback-like configuration, the overall elasticity
was calculated based on the “rule of mixtures” among which the Reuss
isostress assumption was adopted [57]. Designable parameters can
theoretically be engineered to predict a desirable surface elasticity in 2D
and 3D for prospective MVP coating fabrication.

However, the fundamental importance of the MVP coatings to pro-
vide topological and structural controls enabled possibilities for appli-
cations such as analytical/diagnostic devices, DNA, protein, cell arrays,
micro-/nanofluidic systems that require coatings with structural capa-
bility and features. In the demonstration, an intuitive approach using
polydimethylsiloxane (PDMS) moulding and forming arrayed ice tem-
plates with dimensions of 300 μm � 300 μm x 300 μm was used for the
vapour sublimation and deposition process to fabricate the proposed
structural MVP coatings. Theoretically, other methods of creating iced
templates can also be prepared by softlithography [58], sculpturing [59],
directional freezing and crystallinity [60], and direct assembly and
modulation [61].

As indicated in Fig. 3a, the moulded ice templates on the substrate
surfaces were subjected to the proposed vapour sublimation and depo-
sition fabrication process and the described mechanism, forming an MVP
coating with fairly replicated structures of the templates, i.e., a struc-
tured/patterned coating comprised of poly-p-xylylene polymer with an
outlook architecture of 300 μm � 300 μm x 300 μm arrays and porous
interior structures. A rationale for controlling the pore size and the
porosity for these structured MVP coatings was further performed based
on a previously reported mechanism in which the sublimation rate
(sublimated volume) of the ice template is proportional to the control of
the processing temperature and/or the thermodynamic sublimation na-
ture of a selected material to prepare such an iced template, e.g., hexane,
ethanol, acetone [41], and theoretically, defined mixtures with varied
sublimation properties of the materials were used to fabricate controlled
distributions of pore size and porosity in gradient or hierarchical fashion
[62]. A showcase, therefore, in Fig. 3a, indicated fabricated and
patterned MVP coatings with pore sizes controlled from 1.4 � 0.5 μm,
4.7 � 0.7 μm, 16.2 � 2.7 μm, to 70.4 � 12.9 μm based on varying the
sublimation temperatures from �4 �C, 5 �C, 15 �C, to 35 �C, respectively,
while using the agreed water solution as a single component system to
prepare the iced templates and for deposition and fabrication.

Finally, in the fabrication of structural MVP coatings, complex
structures with defined compartments and configurations with a discrete
boundary between different compartments were established in one
patterned structure by the same one-step continuous vapour sublimation
and deposition process regardless of a discontinued assembly of prepared
ice templates, i.e., the volatile water molecules vanished in the subli-
mation stage, and the nonvolatile components (solutes) were preserved
in a preset spatial location and composition in the advised compartments.

Preparation of the ice templates was facilitated analogously to a
multicomponent ice bar made during sequenced moulding and cooling
procedures (two moulding and two cooling procedures were performed
in the current study). In the demonstration in Fig. 3b, combinations of
two solution systems with defined and varied solution composition were
6

prepared for moulding in sequence with varied shapes and cooling pro-
cedures, forming the proposed iced templates/base coats that were
composed of physically complex and separate boundaries and compart-
ments, and chemically, varied compositions were configured in the
devised and separated compartments of the structured ice template/base
coats. Subsequently, these substrate samples with such complex ice base
coats were then used for the same vapour deposition process to result in
the final MVP coatings with decorated interior physical compartments
and modified chemical compositions. As indicated in Fig. 3c, the fabri-
cated MVP coating layers exhibited the same complex multicomponent
and compartments in defined structures and compositions, and examples
showed sharp boundaries separating distinct fluorescent molecules of Oil
Red O (red channel) and fluorescein-5-isothiocyanite (green channel) in
the corresponding compartments that were programmed by the same
configurations of prepared complex ice templates. Furthermore, the
creation of an MVP coating to enable even more complicated biological
microenvironments and boundaries in one structured coating layer was
performed using such a compartmentalization concept, i.e., a more so-
phisticated coating layer to contain a first combination of biomolecules
and living cells in the first structured compartment and a second com-
bination of biomolecules and cells in the second compartment. As shown
in Fig. 3d, cell-laden MVP coatings were constructed and structured to
separate 3T3 fibroblasts with the fibroblast growth factor (FGF-2)
concept in the first compartment (green channel) and human osteoblasts
(MG-63) along with bone morphogenetic proteins (BMP-2) in the second
compartment. The laser confocal images also confirmed these structured
compartments in three dimensions of the fabricated MVP coating.
Notably, an oil-in-water system was exploited for preparing cells in the
iced templates to exclude vapour sublimation and to avoid frostbite
during the cooling procedures [63] and to sustain viable cells [64] in the
final MVP coating constructs. The results collectively showed that the
proposed structuring and patterning of MVP coatings was realized from
conventional top-down surface structuring to the creation of a more so-
phisticated and multicomponent interior structure with compartmen-
talization, and the necessary boundaries were established and
constructed in one coating layer of MVP with versatility to fulfil design
requirements in dimension, shape, porosity, and biochemical
compositions.

Finally, in the fabrication of MVP coatings of biochemical function-
alization, an elegant control of exploiting a multicomponent solution
comprised of volatile solvent (water) and nonvolatile additives (func-
tional biomolecules, cells, etc.) was performed to prepare the ice tem-
plates, and the same vapour sublimation and deposition fabrication
process finally rendered an MVP coating performing desired biological
functions in time and in cascades based on the nonvolatile additives to-
wards its surrounding microenvironments. A schematic image showing
the concept of the biochemical functionalization is shown in Fig. 4a.
During the fabrication process, the nonvolatile additives remain in the
fabrication chamber, while water was sublimated, and a negligible loss of
the nonvolatile additives was observed. With the same concept, various
coatings could be fabricated to perform desired functions based on the
added functional additives, which would adsorb to the fabricated coat-
ings. Examinations of the biocompatibility and cell viability of such
fabricated MVP coatings were analysed. Based on an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, an over-
all >95% and >85% viability (1 or 3 days) was discovered for the 3T3
cells cultured on the MVP coatings and on the samples in which the cells
were accommodated within the MVP coating layers, respectively. The
experiments were also performed in parallel on tissue culture polystyrene
(TCPS) plates as the control group for the comparisons, and the statistical
analysis showed the proliferation ratios of the cultured 3T3 cells
exhibited consistency and high biocompatibility for all the samples
including 3T3 cells on top on MVP and 3T3 cell-laden MVP, and the data
revealed no significant difference in comparison to the TCPS control
group. These data are included in the Supporting Information in Fig. S3.

The important biochemical functionality modification of the



Fig. 3. (a) An illustration showing the fabrication of a structural MVP coating from the moulded ice template. 3-D profile images and SEM micrographs showed the
same 300 μm � 300 μm x 300 μm MVP coating outer dimensions but with varied pore size controllability by the proposed fabrication process. Detailed and enlarged
fields of view and the cross-sectional profiles are shown in the insets. (b) A complex structural MVP coating with defined compartments and configurations with a
discrete boundary between different compartments was established by the fabrication process. (c) Fluorescence and laser confocal micrographs showed structured
compartments comprised of Oil Red O (red channel) and fluorescein-5-isothiocyanite (green channel) for the fabricated MVP coatings with different shapes and
dimensions. (d) Versatility of using the fabrication technology to construct a complex and structural MVP coating with delicate compartments and boundaries to
separate 3T3 fibroblasts with fibroblast growth factors (FGF-2) in the first compartment (green channel) and human osteoblasts (MG-63) along with bone
morphogenetic proteins (BMP-2) in the second compartment was also demonstrated. (For interpretation of the references to colour/colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 4. (a) An illustration showing the biological functionalization of the MVP coating based on impregnation of a multicomponent solution comprised of volatile
solvent (water), nonvolatile additives (functional biomolecules, living cells, etc.) to prepare ice templates, and the proposed vapour sublimation and deposition
mechanism resulted in the final fabrication of biochemically functionalized MVP coatings. (b) A combination of FGF-2 and A2-P impregnation for the MVP coating was
used to demonstrate the maintained stemness and proliferation of hADSCs cultured on the MVP coating compared on Day 1 and Day 5 and was shown to significantly
enhance the cell population and upregulate stemness. A verification showed straightforward and guided adipogenic differentiation with the same expected
enhancement, as shown by staining with Oil Red O and statistical analysis. (c) A second combination of FGF-2 and chitosan impregnation and modification for the
fabrication of the MVP coating enabled the formation of hADSC spheroids. Upregulated expression of the stem cell pluripotent markers Oct4, Sox2, and nanog
statistically confirmed the enhancement of hADSC spheroids by this combination in MVP coating. (d) Versatility of varying the combination of functional substances
including BMP-2 and/or 45S5 Bioglass® during the impregnation and fabrication of MVP coatings for enhancements of bone morphology related differentiations of
osteogenesis from hADSCs and odontogenesis from hDPSCs were demonstrated by showing upregulated cellular morphology and the expression of osteocalcin. (e) A
state-of-the-art combination and modification to fabricate an MVP coating comprised of impregnated living cells of hADSCs and VEGF molecules was demonstrated
with coculture and for the enhancement and promotion of HUVEC growth and maturation activities. (f) SEM and fluorescence micrographs (2D and 3D) showed
accommodation of living hADSCs cells within the MVP coating layer. Overlaying fluorescence channel was performed in the micrographs by showing F-actin cyto-
skeleton in green channel and cell nucleus in blue channel. (g) Luminal tube network formation of cultured HUVECs, indictive of angiogenesis activity on the MVP
coating comprised of accommodated living hADSCs and VEGF at day 10. CD 31 markers of HUVEC were stained in green channel, and the nuclei of hADSCs were
stained in the blue channel. Statistical analysis was performed by measuring the length of tubular network and the data were compared to a pure MVP coating without
modification (control). (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)
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fabricated MVP was further enabled and was first demonstrated by pre-
paring ice templates to include biomolecules of FGF-2 and L-ascorbic acid
2-phosphate (A2-P), which were chosen with acknowledging their
enhanced functionality in proliferation [65,66] and retained stem cell
stemness [66], respectively, and the same fabrication process and
mechanism was performed to produce the proposed MVP coating with
decorated FGF-2 and A2-P functionalization within the coating layer.
Selected human adipose-derived stem cell (hADSC) cell lines to verify the
enhanced proliferation activity of fabricated MVP coatings, an estab-
lished method to compare cellular activity in terms of the cell growth
number from Day 1 to Day 5 (the effectiveness of FGF-2 became
detectable) [67] was used and analysed by LIVE/DEAD staining for the
analysis of cell numbers. The results in Fig. 4b indicate images of
populated hADSC numbers by comparing Day 1 and Day 5, and a sta-
tistically significant difference was confirmed for the enhancement of
hADSC proliferation due to FGF-2 decoration of the MVP coating, where
the number of cells at day 5/day 1 was shown to have increased by 311�
35%. In addition, the synergistic enhancement towards adipogenic ac-
tivity of the cultured hADSCs by the side-by-side accommodation of both
FGF-2 and A2-P in the MVP coating were observed by Oil Red O staining
in Fig. 4b, and significant staining intensity as well as a consistent sta-
tistical analysis showed upregulated adipogenesis of hADSCs on the
synergistic MVP coating compared to the pure MVP coating without any
modification by 234 � 26%. Furthermore, due to enhanced stemness,
anti-inflammatory, and antiapoptotic properties by forming spheroids of
multipotent mesenchymal stem cells [68,69], the formation of hADSC
spheroids of interest was enabled for the fabrication process of MVP, with
a second and versatile combination including FGF-2 and chitosan mole-
cules, which has been shown to influence the formation of spheroids
spontaneously [70]. As seen in Fig. 4c, staining images showed an
increased size and number of hADSC spheroids on the
FGF-2/chitosan-modified MVP coatings, and the upregulated expression
of stem cell pluripotent markers, including Oct4, Sox2, and nanog, also
statistically confirmed the enhancement of hADSC spheroids on the
proposed MVP coatings by 302 � 37%. Detailed data analysis of these
self-renewal markers are included in the Supporting Information in
Fig. S4. However, direct guidance of differentiation towards osteogenesis
was further realized with the same concept by culturing hADSCs on a
BMP-2-decorated MVP coating, and confirmation by immunofluores-
cence assay for OCN (osteocalcin) expression was measured at Day 21 to
quantify the osteogenic differentiation activities of the cultured hADSCs
on such MVP coatings. The recorded staining images and the statistical
results in Fig. 4d unambiguously revealed enhanced osteogenic differ-
entiation of hADSCs towards osteoblasts by BMP-2 functionality for the
proposed modified MVP coatings by 43.3 � 14.7%. The versatility of
exploiting the MVP coating was further extended to a more delicate
differentiation manipulation system for odontogenesis, and a combina-
tion of culturing a sensitive cell line of human dental pulp stem cells
(hDPSCs) and accommodating a functional substance of 45S5 Bioglass®
in the MVP coating layer was performed. Confirmation of guiding
hDPSCs towards odontogenesis by the modified MVP coating was con-
ducted by observing the unique cellular morphology as well as the
expression of osteocalcin in Fig. 4d, and the statistically consistent
upregulation was also verified compared to the control groups, and an
increase of 227 � 30% was observed. In comparison to tissue culture
plates, our previous reports have shown that the porous structures
fabricated through vapour deposition and sublimation process have also
showed better results in terms of cell adhesion and differentiation, thus
increasing its potential applicability as coatings for tissue engineering
[71,72].

In the fabrication of such a cell-laden MVP coating, the accommo-
dation of living hADSCs was enabled by the aforementioned oil-in-water
system in the ice template, where the cells were mixed well with oil and
vascular endothelial growth factor (VEGF) was decorated in the same ice
9

template, before being inserted to the vapour deposition chamber to
prepare a state-of-the-art MVP coating as that comprised living hADSCs
and biofunctional VEGF constructs side-by-side, as depicted in Fig. 4e. As
indicated in Fig. 4f, analysis by using SEM and LIVE/DEAD kit showed
promised accommodations of hADSCs in the MVP coating layers that a
spread cell morphology (SEM images), and a high survival rate of
hADSCs was observed in the 2D and 3D fluorescence micrographs. In
addition, the growth and proliferation activities were confirmed with
increasing cell population from day 1 to day 4, and these analysis data are
also included in the Supporting Information in Fig. S5. Such a sophisti-
cated MVP coating was subsequently used for the culture of human
umbilical vein endothelial cells (HUVECs). Based on acknowledging that
hASDCs interacted as feeder cells with the growth activity of HUVECs
during the maturation of HUVECs [73,74] and VEGF promotes angio-
genesis inducing confluent microvascular endothelial cells forming
capillary-like structures [75], the hypothesis is that the hADSCs/VEGF
modified MVP coating provides an interface platform for the same
enhancement and promotion of HUVEC growth and maturation activity,
with the 3D images included in Supporting Information in Fig. S6. The
coculture results in Fig. 4g at day 10 indicate that the nuclei of hADSCs
were stained in the blue channel, while the CD 31 markers of HUVECs
were stained in the green channel, and the proposed development of
endothelial luminal networks was identified compared to a relatively
supressed development of the HUVECs network for the control samples
(pure MVP coatings without modifications). Quantification analysis of
the measured tubular network length showed significance with aligned
agreement with the staining results with an increase of 253 � 41.7%.

3. Conclusions

Coating technologies rely on mostly solution-based approaches and
suffer limitations in providing simple functions but with complex pro-
cedures. Prospective coatings with multiple physical and chemical
functionalities and simple fabrication methods require development. The
vapour construction of MVP coatings introduced herein provides phys-
ical properties including varying pore size, mechanical strength, surface
hydrophobicity, control elasticity in 2D and 3D, microstructuring, and
compartmentalizing multiple functional additives with defined compo-
sitions and boundaries, i.e., spatial arrangement of distinct properties
within one coating layer. Biochemically, the modified properties of MVP
coatings, including enhanced biocompatibility and upregulation of
stemness for stem cells, enhancement of stem cell proliferation, and
important guidance of stem cells with defined differentiation pathways,
were demonstrated by using the fabricated MVP coating surfaces for cell
culture and coculture for adipogenesis, osteogenesis, odontogenesis, and
angiogenesis. We foresee the applications of using the advanced coating
technique and surface modifications for multiplying functions for pro-
spective biomaterials to overcome upcoming challenges of more complex
biotechnological applications.
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