1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
J Mater Chem B. Author manuscript; available in PMC 2021 August 21.

Published in final edited form as:
J Mater Chem B. 2020 August 21; 8(31): 6588-6609. doi:10.1039/d0tb00681e.

Vapor-Deposited Functional Polymer Thin Films in Biological

Applications
Alexandra Khlyustova, Yifan Cheng®, Rong Yang”
Robert F. Smith School of Chemical & Biomolecular EngineeringCornell University, Ithaca, New

York, 14850, USA

Abstract

Functional polymer coatings have become ubiquitous in biological applications, ranging from
biomaterials and drug delivery to manufacturing-scale separation of biomolecules using functional
membranes. Recent advances in the technology of chemical vapor deposition (CVD) have enabled
precise control of the polymer chemistry, coating thickness, and conformality. That comprehensive
control of surface properties has been used to elicit desirable interactions at the interface between
synthetic materials and living organisms, making vapor-deposited functional polymers uniquely
suitable for biological applications. This review captures the recent technological development in
vapor-deposited functional polymer coatings, highlighting their biological applications, including
membrane-based bio-separations, biosensing and bio-MEMS, drug delivery, and tissue
engineering. The conformal nature of vapor-deposited coatings ensures uniform coverage over
micro- and nano-structured surfaces, allowing the independent optimization of surface and bulk
properties. The substrate-independence of CVD techniques enables facile transfer of surface
characteristics among different applications. The vapor-deposited functional polymer thin films
tend to be biocompatible because they are free of remnant toxic solvents and precursor molecules,
potentially lowering the barrier to clinical success.
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Emg [100 the Next Generation of
Biological Applications.

vapor-deposited polymer thin films empower the next-generation biological applications including
bio-separations, biosensors & bio-mems, drug delivery and tissue engineering.
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1. Introduction

Polymers have touched almost every aspect of modern life because of their unique
physicochemical properties such as light weight, selective permeability, and resistance to
degradation, many of which stem from the versatile polymer chemistry. To take advantage of
the rich organic functionalities afforded by polymers without sacrificing desirable bulk
properties (such as mechanical strength), functional polymers have been made into thin film
coatings, usually less than 800-nm thick, to decouple the surface and bulk characteristics.2
Functional polymer coatings have been used broadly to define the surface properties of
various devices, transforming the fields ranging from energy and sustainability3-5 to
healthcare” 8.

Biological applications challenge the design of functional materials in unprecedented
aspects — biocompatibility and fouling resistance are often a must, in addition to the
properties required by specific applications (e.g. regulating permeability). Multifunctional
polymer coatings are uniquely suitable for addressing that challenge, especially the ones that
can be applied in a substrate-independent manner to allow the individual optimization of
surface and bulk properties.? Indeed, functional polymer thin films have demonstrated
unprecedented capability of reducing the undesirable tissue reactions® (such as the foreign-
body reaction that occurs on virtually any bioimplantst®) and of resisting the nonspecific
attachment of biomolecules and microorganisms,1 while preserving/improving device
performance. Furthermore, the breadth of available chemistry for polymer synthesis and
derivatization, joined with the evolving technologies for coating processing, have ushered in
a new era of innovation in biomedical solutions, revolutionizing our ways of bio-separations,
medical diagnosis,12 disease monitoring and delivery of therapeutics,3 and tissue
engineering.14
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Although solution-based techniques, such as layer-by-layer (LbL) assembly,15-19 inkjet
printing,2° and spin/dip coating,21-24 remain the common approaches to form polymer
coatings in biological applications, vapor-deposited coatings have emerged as an attractive
alternative. Chemical vapor deposition (CVD) is the mainstay approach for solvent-free
synthesis of polymer thin films.25 During a CVD process, reactive precursors (e.g.
monomer) are metered into a vacuum reactor where polymerization and film formation
occur simultaneously.28 CVD methods eliminate the need for solvents, and thus avoid the
undesirable surface tension effects,2> a major source of coating defects like dewetting from
the substrates, formation of aggregates?’ and other types of non-uniformity.28:29 The
solvent-free nature also makes CVD techniques benign, enabling the non-destructive coating
of flexible, fragile, and/or non-wetting substrates (which is often the case in biomedical
applications),2>30-32 and avoiding toxicity of remnant solvents toward tissues and
mammalian cells.33 Moreover, unlike solution-based processing, vapor deposition
techniques can be scaled up without extensive process re-design,32 thanks to the well-
established fundamentals of heat and mass transport, fluid dynamics, and reaction kinetics.
Manufacturing-scale CVD processes have already been implemented in many fields such as
membrane technology,34 photovoltaics,3° and lithography36.

Over the last few decades, CVD polymer coatings have been successfully implemented in
many biological applications, creating the need for a systematic review. It is our intention to
provide a biology-centric sampling of CVD techniques in this review, instead of an
exhaustive list of new CVD techniques. For the latter, readers are referred to the recent
reviews on the topic of CVD polymers,11:28,37-39

We will first introduce and compare different CVD processes and their synthetic capabilities,
and then review the various biological applications enabled by the CVD technologies,
spanning bio-separation membranes, biosensors and microfluidic systems, drug delivery
systems, and tissue engineering platforms.

2. Functional Polymer Thin Films via CVD

CVD systems typically consist of 3 parts (Figure 1): 1) a gas inlet, through which the
vaporized precursors (e.g. monomer) are delivered into the deposition chamber; 2)
deposition chamber, where the precursors are chemically activated to enable subsequent
polymerization reactions on or near the substrate surface; and 3) gas exhaust, which removes
the reactive species and maintains low- to medium- vacuum for various deposition
mechanisms.*? CVD processes are commonly named after the energy sources (e.g. plasma-
enhanced CVD) or reaction mechanisms (e.g. initiated CVD, photo-initiated CVD).26

Using the CVD techniques, functional polymer thin films can be deposited via the chain-
growth or the step-growth polymerization mechanisms. Techniques like initiated CVD
(ICVD)*142 and plasma-enhanced CVD (PECVD)*3 employ the chain-growth mechanism,
where monomers are added to a growing chain end; whereas in the step-growth mechanism,
reaction could happen between any two adjacent molecules bearing appropriate moieties.
The latter is commonly seen in oxidative CVD (0CVD)**45 and poly(p-xylylene) (i.e.
parylene) CVD.#® The aforementioned techniques — iCVD, parylene CVD, PECVD, and
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0oCVD - are among the most commonly used ones to form functional polymer thin films in
biological applications, and will thus be the focus of discussion.

Other CVD techniques, such as atomic layer deposition (ALD), molecular layer deposition
[MLD, also been called alternating vapor deposition polymerization (AVDP) or vapor
deposition polymerization (VDP)], are often used to deposit inorganic or organic/inorganic
composite coatings, with biological applications largely limited to antifouling/antimicrobial
surfaces. We refer the readers to existing reviews on those CVD approaches.1147

2.1 Initiated Chemical Vapor Deposition (iCVD) and Photoinitiated CVD (piCVD)

In iCVD, a volatile initiator (e.g. fert-butyl peroxide) is introduced in the vapor phase along
with the monomer(s). While monomers physiosorb onto the substrate to be coated, the
initiator is activated thermally, by passing through a heating zone (created by resistively
heating an array of metal filaments to 200 to 400 °C, depending on the initiator used).*
Polymerization occurs when the radicals in the vapor phase collide with the monomers
adsorbed on the substrate. Temperature of the substrate is kept at around 20-40 °C to
promote monomer physisorption and to preserve potentially heat-sensitive substrates.#8:49
Therefore, iCVD polymerization mimics the radical chain-growth mechanism in solution
synthesis, which entails the reaction steps of initiation, propagation, and termination.
Furthermore, the Kinetic rate constants of propagation and termination in iCVD closely
match those of solution-based radical polymerization,> enabling estimation of deposition
kinetics by capitalizing on the existing knowledgebase of solution polymerization.

Compared to other vapor deposition techniques, iCVD affords a richer library of functional
groups and more precise control of the polymer chemistry. A variety of chemically labile
functional moieties, such as the glycidyl group®! and the pentafluoropheny! group,52 have
been deposited using iCVD with high surface density of those moieties, owing to the low
process temperature. In fact, iCVD polymers typically achieve 100% retention rate of the
functional moieties borne by monomers (except the vinyl groups).>3 Copolymer thin films
can be achieved by co-flowing two monomers into the vacuum chamber, and the copolymer
composition can be readily adjusted by changing the feed ratio of the monomers. Hence
cross-linked polymers, which are typically insoluble and unlikely to be made into coatings
using conventional methods, can be achieved with tunable cross-linking density, simply by
including a feed stream of cross-linker [e.g. ethylene glycol diacrylate (EGDA)>* and
divinylbenzene (DVB)®°°]. The ability to control cross-linking density is important in
biological applications because greater cross-linking generally leads to lower swelling
ratio®* and greater stiffness,>® both of which are known to affect /n vitro cell growth in tissue
engineering.5® The high retention rate of functional moieties and the ability to control
copolymer composition offered facile tuning of surface energy®* and stimuli-responsive
behavior,>” unlocking new possibilities for smart biomaterials (e.g. triggerable drug release
and implantable actuators). The primary constraint on the polymer chemistry that is
compatible with the iCVVD process comes from the monomer volatility, because monomers
need to be vaporized for delivery into the vacuum chamber.25 Nevertheless, that constraint
has been overcome by using bubblers and carrier gas.>8
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In addition to surface chemistry, other properties of the iCVD films (e.g. coating thickness,
molecular weight, conformality over micro->559-61 and nanostructures®2:63) could also be
controlled precisely, based on the well-established transport and reaction kinetic theories.
41,5064 The precise and simultaneous control over polymer chemistry and thin film
architecture is vital to meeting the multifaceted demands of biological applications, ranging
from membrane separations to tissue engineering (see Section 3).

Similar chain-growth polymerization reactions can be initiated by ultraviolet (UV) radiation
(instead of thermal activation of initiators), giving rise to a variation of iCVD called
photoinitiated CVD (piCVD).%° Unlike iCVD, where thermally labile initiators are
indispensable, piCVD allows the direct activation of certain methacrylate monomers [e.g. 2-
hydroxyethyl methacrylate (HEMA)] via UV-decomposition of carbonyl species,6 and thus
polymerization in the absence of an initiator. piCVD is also compatible with known gas-
phase photoinitiators [e.g. 2,2’-azobis(2-methylpropane)],%” where the reaction mechanism
is almost identical to that of iCVD. Comparatively, the main advantage of piCVD originates
from its photoactivation mechanism, which eliminates high-temperature sources (e.g. heated
filament arrays or plasma).2> As such, it is possible to achieve more precise temperature
control of the reactor and the substrate to be coated, thereby enabling depositions on
biomaterials with extreme temperature sensitivity. In addition, with Type Il photoinitiators
(e.g. benzophenone), piCVD can activate surface moieties on the substrate and turn them
into highly reactive radical species, thereby allowing the synthesis and grafting of a polymer
thin films in a single step.%8 Nevertheless, piCVD suffers from a lack of a photointiator that
provides high photolytic efficiency at UV intensities and wavelengths that are benign
enough to preserve delicate substrates.2> More importantly, only a handful of monomers
species have been demonstrated to photo-polymerize, possibly due to rapid decarboxylation
of the radicalized monomers.59 Resolution of these two technical challenges of piCVD will
considerably promote its applications in biotechnology and biomedicine.

2.2 Chemical Vapor Deposition of Poly(p-xylylene)

CVD of poly(p-xylylenes), also called parylene CVD or chemical vapor polymerization
(CVP), is one of the most common techniques used in the interface engineering for
biological applications.

The deposition process typically entails the free-radical ring-opening copolymerization
using [2.2]paracyclophanes.”®-74 During a deposition, [2.2]paracyclophanes are sublimated
and delivered into a furnace, where [2.2]paracyclophanes are pyrolyzed to form a radical
species, para-xylylene. P-xylylene is subsequently delivered into a reaction chamber,
typically maintained at ambient temperature and medium vacuum (<1 Torr), where it
undergoes step-growth polymerization to form a polymer thin film.

Parylene C [poly(p-xylylene) with one chlorine group per repeat unit] has demonstrated
many desirable properties (e.g. anticorrosive, biocompatible, antibacterial, and barrier
properties) and thus been widely used as an encapsulation coating in biological applications.
It has been tested /77 vivo on various implants (stents, knee and hip implants, and heart
valves’>~"7) and /n vitro during the fabrication of biological microelectromechanical
systems (BioMEMS).78.79
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The library of functional moieties that are compatible with the CVP approach has been
enriched in recent years by decorating the precursors, [2.2]paracyclophanes,’* or post-
deposition derivatization.8? Those approaches allow the surface chemistry to be further
tailored to specific applications, opening up new possibilities for applying multifunctional
poly(p-xylylene) coatings in biological settings.

2.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

PECVD is a relatively well-known mechanism for polymer thin film formation. It has been
widely used to fabricate anti-reflective (AR) coatings for devices like solar cells and infrared
reflectors.81 During PECVD, organic precursors (e.g. tetrafluoroethylene) are fragmented by
high-energy plasma [created using radio frequency (RF) or direct current (DC) discharge] to
form free radicals in a vacuumed chamber.82:83 The radical species subsequently undergo
polymerization on the substrate surface, giving rise to a functional polymer thin film.

Due to the high-energy plasma, PECVD can deposit inorganic-organic composite films in a
single chamber with rapid growth kinetics, which has been used to promote osteoblast
adhesion on titanium-based implants.84 During a deposition, plasma etching and film
deposition occur simultaneously, leading to /7 situ formation of surface nanostructures.85
That distinct surface morphology has been shown to influence cell growth on a PECVD-
treated surface,®6 and thus could be used as a control mechanism to tune cell adhesion.
Nevertheless, the presence of high-energy plasma could limit PECVD in several aspects.
Retention of organic functional moieties during PECVD could be lower than other CVD
processes due to the chemical degradation by plasma. The simultaneous etching and film
deposition could render PECVD coatings less conformal (i.e. how uniform the coating is
over micro- and nanostructures) than other CVD techniques. Perhaps most importantly, the
high-energy plasma could limit application of PECVD treatment on fragile substrates such
as soft tissue scaffolds.8”

To curb the damaging effects of plasma while still utilizing its reactive power, pulsed plasma
enhanced CVVD (PPECVD) has been developed, which offers more benign reaction
conditions to preserve fragile substrates and improve retention of functional moieties.2> In
PPECVD, plasma is supplied in short pulses in place of the continuous exposure used in
PECVD, where the intervals allow excited molecules to return to their ground state, reducing
undesirable molecule dissociation and other side reactions. Greater retention of functional
moieties has been achieved using the PPECVD approach.88 Alternatively, by introducing a
plasma-labile initiator (e.g. TBPO) to supplement the initiation mechanism of conventional
PECVD, initiated PECVD (iPECVD) permits formation of radical species at lower plasma
power density, thus improving the retention of functional moieties as well as deposition
rates.89.90 Although PPECVD and iPECVD have not been used much in biological
applications so far, it has great potential in areas of composite materials for bone implants
and tissue engineering and drug delivery in general.

2.4 Chemical Vapor Deposition of Conductive Polymers

The two CVD techniques reviewed in this section, oxidative CVD (0CVD) and an approach
named vapor phase polymerization [VPP, also called vapor deposition polymerization
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(VDP)], are distinct from the aforementioned methods because they could produce
conjugated and thus conductive polymers, such as poly(3,4-ethylenedioxythiophene)
(PEDOT).% In fact, oCVD and VPP are most commonly used for device fabrication in
energy applications (e.g. photovoltaics, batteries and other energy storage devices).%2
Nevertheless, those flexible yet conductive coatings could enable novel designs of
bioelectronics.

Monomers used in oCVD typically contain aromatic heterocyclic rings, where electrons of
the heteroatom could participate in the conjugated system in the resulting polymers, giving
rise to the electron conductivity. During oCVD, monomer(s) is vaporized and activated by an
oxidant species (e.g. iron (I11) chloride, iron (111) tosylate), which is commonly non-volatile
and thus often sputtered onto the substrate. The oxidation reactions create radical cations,
which then promote polymerization via the step-growth mechanism. The substrate is
commonly maintained at ambient temperature during depositions, but that substrate
temperature could be tuned to control the conductivity of an oCVD thin film.%3 Due to the
benign conditions of the oCVD process, the resulting polymer thin films often have high
retention of monomer functional moieties.2® That high functional retention combined with
their conductive nature make oCVD polymer coatings an attractive component for the next-
generation biochemical and biological sensors, miniaturized pseudo capacitor-based power
supplies, and other bioelectronics.?4

VPP relies on pre-application of a layer of oxidant onto the substrate surface using solution-
coating methods like spin-coating or inkjet-printing. The layer of oxidant then initiates
polymerization when the coated substrate is exposed to monomer vapors inside a vacuum
chamber.95:9 Using this methods, pEDOT coatings with the conductivity of ~60 S/cm to
2000 S/cm have been synthesized,%>:96 and conductive pEDOT coatings have been applied
onto cotton fabrics and nanofibers during device fabrication for photovoltaics, capacitors,
and light-emitting apparatus.®’~99 Notwithstanding the potential toxicity of the oxidants, a
similar approach could be adopted in biological applications to fabricate sensing devices or
to monitor electron transfer between biological systems.100

2.5 CVD Techniques: Powerful Toolbox for Biological Applications

At the interface between material surfaces and biological environments, seemingly small
changes can sometimes trigger a cascade of biological responses, eventually resulting in
notable impacts on the biological systems. Therefore, in order to push for deeper
understanding of such responses, eliciting desirable interaction, and achieving rational
design of devices for bioapplications, highly precise control of polymer thin film properties
is essential. By enabling facile engineering of versatile polymer properties with high
precision, CVD techniques provide a powerful toolbox for addressing fundamental questions
and advancing various applications pertaining to bio-interfaces.

Among the polymer properties, functional moiety composition and arrangement (e.g.
random or block copolymer), hydrophobicity/hydrophilicity, mechanical strength,
morphology, electrical properties, biocompatibility, spatiotemporal display of bioactive
compounds have shown remarkable impact on biological responses spanning multiples
length scales.10:44.54,56,101-104 Those responses range from adhesion of biomolecules and
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cells on that interface, to regulation of cellular responses and functions, to orchestrating
multicellular behavior such as biofilm formation and tissue differentiation. Equally
important is stability of the polymer physicochemical properties over time, including stable
adhesion to substrates and suppression of aging, even after extended exposure to biological
environments — without these the long-term efficacy of coated devices may be compromised.

In Table 1 we systematically evaluated the main CVD techniques for synthesizing polymer
thin films with respect to important features for bioapplications. As indicated in Table 1,
each of the CVD techniques affords a set of advantages, making some more suited for
specific bioapplications than their counterparts; nevertheless, to date none of the CVD
techniques alone can provide all the desired features for bioapplications (Table 1). Thus,
selecting an appropriate CVD technique based on the specific requirements of the intended
bioapplications is crucial for obtaining successful outcomes. Table 1 provides a framework
based on existing knowledge to facilitate such an informed selection. In addition, as readers
proceed in Section 3, Table 1 may help reveal the rationale behind the selection of particular
CVD techniques for various bioapplications.

3. Biological Applications Enabled by CVD Polymer Thin Films

The CVD functional polymer thin films have been applied to engineer the properties of bio-
interfaces, where the living organisms and synthetic materials meet, interact, and exchange
materials and information.11 Below, we review the bio-interfaces created by CVD polymers
and their applications in bio-separations, biosensing and bio-MEMS, drug delivery, and
tissue engineering.

3.1 Functional Coatings for Membrane-based Bio-separation Processes

In biological application, separation of molecules (e.g. proteins, DNA, polysaccharides) is
commonly achieved using membranes, as a result of the sensitivity of biomolecules to heat
and organic solvents. Membrane separation is ubiquitous in the manufacturing of
biomolecules (e.g. pharmaceuticalsi%) because it is efficient, versatile, and performed at
ambient temperature. Effective separation of molecules is achieved by differentiating their
rates of diffusion through a membrane (in fact, selectivity of a membrane is defined as the
permeability ratio of the two molecules to be separated).108 That difference in the rate of
diffusion could be achieved via a porous membrane (e.g. based on the size-exclusion
mechanism) or a non-porous membrane (e.g. based on the solution-diffusion mechanism).107

Functional polymer coatings could introduce major improvements to the membrane
performance. In bio-separation processes, that improvement is often to render the
membranes fouling resistant (Sections 3.1.1, 3.1.2, and 3.1.3), because proteins and
polysaccharides have a strong tendency to attach to the surface of an unmodified membrane
and reduce its throughput and/or selectivity. Recent advances in functional polymer coatings
have also enabled the fabrication of ‘smart membranes’ — ones that could change their
selectivity and/or permeability based on environmental cues — via surface modification
(Section 3.1.4). The substrate-independent nature of the CVD techniques allows the
antifouling or stimuli-responsive surface chemistry to be broadly applied to virtually any
membranes. Table 2 provides a summary of the functional CVD polymers used for
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membrane-based bio-separation processes discussed in this review, along with their
properties, the resulting functions/performance, and the CVD techniques employed.

For porous membranes, the conformal nature of the CVD techniques is key to achieving
complete and uniform coverage of the membrane pores. Those pores usually have large
aspect ratios and thus uniform surface modification without pore blockage could be
challenging using solution-based methods.8” For non-porous membranes, the selective layer,
i.e. the layer responsible for membrane selectivity, is usually made thin [e.g. ~100 nm in
some reverse osmosis (RO) membranes'97] to maximize membrane throughput. That thin
selective layer is thus commonly fragile, sensitive to heat and solvent, and the surface
modification of which necessitates benign and solvent-free methods like CVD.108

Although this section focuses on the functional polymer coatings that have been applied to
bio-separation processes, the capability of CVD techniques to improve membrane
performance goes beyond that scope. For example, hydrophobic coatings, which are
challenging to fabricate using solution-based methods due to their poor solubility, have been
applied conformally to porous membranes using iCVD and improved the performance of
membrane distillation.31:109.110 Readers are referred to other comprehensive reviews on this
topic.3’

3.1.1. Hydrophilic Polymer Coatings—Many hydrophilic coatings can resist non-
specific protein or cell adhesion, and thus have been deposited on RO and nanofiltration
(NF) membranes to reduce fouling. Among the CVD methods employed, iCVD is the most
common technique, likely due to its high retention of functional moieties, which ensures
strong hydrophilicity and thus fouling resistance. Furthermore, its benign reaction conditions
allow the fragile membrane substrates to be surface modified in a non-destructive manner.

The iCVD technique has produced poly(2-hydroxyethyl methacrylate) (pBHEMA) and
poly(1-vinyl-2-pyrrolidone) (pVP) coatings with water contact angles (WCA) of 17° and 11°
respectively, although their fouling resistance was not quantified.*2 Also using iCVD,
coatings of poly(hydroxypropyl methacrylate) (p0HPMA) have been deposited onto
poly(vinylidene fluoride) (PVVDF) hollow fiber membranes for the purification of aerobically
digested effluent from palm oil mills. With the WCA of 23.6° and reduced membrane
surface roughness, the coated membranes exhibited as much as 80% improvement in flux
and selectivity compared to the uncoated membranes. The tests were performed with
synthetic aerobic digestates that are rich in organic foulants like lignin, tannic acid, and
bovine serum albumin (BSA).111 Compared to the hydrophilic homopolymers discussed
above, hydrophilic copolymers can be advantageous as they allow for further tuning of
coating structures by adjusting the degree of cross-linking. For instance, hydrophilic poly(1-
vinyl-2-pyrrolidone-co-ethylene glycol diacrylate) (pVP-co-EGDA) coatings have been
synthesized as antifouling coatings for PVDF membranes via iCVD.12 Lowering the degree
of cross-linking (by reducing the proportion of EGDA) in the copolymer resulted in a
monotonic increase in surface hydrophilicity, with the least cross-linked copolymer
achieving WCA = 33°; nonetheless, a higher degree of cross-linking favors more robust
coatings. To resolve this dilemma, the authors introduced to graded copolymer architecture—
with a hydrophilic pVP-co-EGDA topcoat directly grafted from a highly-cross-linked
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pPEGDA basal layer — via a sequential iCVD deposition scheme. The resultant thin film
composite has proved to be both robust and hydrophilic, capable of warding off both BSA
(92% reduction) and £. coli cells. Further research into optimizing both compositional and
architectural design of CVD copolymer thin films will likely bring about coatings with more
well-rounded performance.

Zwitterionic polymers, with covalently linked cationic and anionic groups but neutral charge
overall, are commonly employed in antifouling studies.113 Their fouling resistance is rooted
in the strongly bound hydration layer around the zwitterionic moieties, imposing a large
enthalpic penalty for the potential replacement of this layer by biofoulants.1! Ultrathin (~30
nm) zwitterionic polymer coatings have been synthesized in iCVD using a two-step
procedure [Figure 2 (A), (C) and (E)]. In the first step, poly(2-dimethylamino ethyl
methacrylate-co-ethylene glycol dimethacrylate) (\DMAEMA-co-EGDMA) was deposited
and grafted onto commercially available RO membranes. In the second step, zwitterionic
sulfobetaine structures were obtained by treating the pPDMAEMA-co-EGDMA coating with
a vapor of 1,3-propanesultone.114 The iCVD zwitterionic coatings prevented the attachment
by Escherichia coli from a concentration bacteria culture and under static conditions,
without impairing the membrane selectivity or permeability.}14 The zwitterionic polymers
were later re-designed to bear pyridine-based sulfobetaine side groups to improve the
chemical stability of the antifouling coating.1%8 The pyridine-based zwitterionic polymer
chemistry remained unchanged after soaking in a concentration chlorine solution. The
zwitterionic coating mitigated biofouling by a marine bacterium, Vibrio cyclotrophicus, and
the fouling resistance can be further boosted by chlorine at low concentration (5 ppm).108

3.1.2. Amphiphilic Polymer Coatings—Amphiphilic copolymers are comprised of
both hydrophilic and hydrophobic repeat units. They have demonstrated great potential as an
antibiofouling chemistry, because their characteristic molecular-scale heterogeneity in
surface energy is believed to create an entropic barrier for protein and cell adhesion.65115

The CVD techniques have unique advantages for the synthesis of amphiphilic copolymers
because of their solvent-free nature. Solution-based synthesis of amphiphilic chemistry
usually involves lengthy processes of frequent solvent switches, in order to obtain the
covalently linked hydrophilic and hydrophobic domains; whereas in all-dry synthesis
processes like CVD, the monomers with no common solvents could be simply vaporized and
co-delivered into a vacuum chamber and polymerize into a random copolymer on a substrate
surface. In an attempt to render RO membranes antifouling, perfluorodecylacrylate (PFDA)
and HEMA were copolymerized using iCVD to form an amphiphilic coating, which reduced
the surface adhesion of BSA and £. coli cells [Figure 2 (B), (D) and (F)].116

3.1.3. Conductive Polymer Coatings—Conductive polymer coatings could be
applied to membranes as a means of monitoring membrane integrity, and/or improving
separation of charged particles, and/or boosting membrane fouling resistance.11” The
aforementioned approaches (see Section 2.4), namely oCVD and VDP, have both been used
to deposit pEDOT and its derivatives on membranes.
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Using VDP, pEDOT coatings with the conductivity of 2000 S/cm have been deposited on
anodic aluminum oxide (AAQO) membranes conformally, giving rise to high-aspect-ratio
pEDOT nanotubes after dissolution of the AAO membrane template.%8 The conductive
coatings could be used to as electrodes in bioelectronics or to control the transport of
charged biomolecules for membrane separations. However, the conductive coatings also
must resist the non-specific adhesion of biomolecules, i.e. fouling resistance, to remain
effective in the long term. To achieve that goal, pEDOT coatings have been further
derivatized to form zwitterionic moieties.}18 pEDOT thin films deposited using oCVD have
been exposed to 1,3-propanesultone to render pEDOT zwitterionic. Interestingly, that
chemical modification of the pEDOT structure did not reduce the conductivity of the
material — in fact, it increased slightly from 538 to 668 S/cm.118 Nonetheless, the
zwitterionic pEDOT moieties did not outperform conventional pEDOT in a fouling
propensity assessment performed using molecular force probe, and both had slightly greater
interactions with various model foulants than the pyridine-based zwitterionic thin films
synthesized using iCVvD.108.118

3.1.4. Stimuli-responsive Polymer Coatings—Stimuli-responsive polymers can
change material properties (e.g. charge, molecular assembly, hydrophilicity, etc.) in response
to environmental cues (e.g. temperature, pH, electromagnetic field, chemical potential, etc.).
119 Capitalizing on that stimuli-responsiveness, ‘smart membranes’ have been fabricated
using the CVD techniques, which could adjust selectivity and/or permeability in response to
changes in pH or temperature.

Using iCVD, thin films of poly(methylacrylic acid-co-ethylene glycol dimethacrylate)
(PMAA-co-EGDMA) have been deposited onto AAO membranes.120 The iCVD technique
provided conformal coating coverage of the pore walls, rendering the membrane
permeability responsive to changes in the pH of the feed as shown in Figure 3(A) and (C).
The coatings swell at pH levels above the pKa of pMAA (~ 4.8), due to the electrostatic
repulsion among the deprotonated carboxylic acid groups, shrinking the pore sizes and thus
reducing the membrane permeability; whereas at pH levels below the pKa, the carboxylic
aid groups become neutral and the coatings thus collapse to allow greater permeability. That
pH responsiveness was verified by demonstrating a greater permeability of water, or
polystyrene nanoparticles, or dissolved polyacrylic acid (with molecular weight of ~100
kDa) at the pH of 3 than that at the pH of 9.120 Also using iCVD, a pH-responsive
membrane that separates small molecule (glucose) and protein (BSA) has been fabricated,
121 where thin films of poly(maleic anhydride-co-dimethylacrylamide-co-diethylene glycol
divinyl ether) (pMaDD) were deposited onto AAO membranes. In aqueous environments,
the maleic anhydride repeat-units readily hydrolyze to produce two carboxylic acid groups,
giving rise to pH-dependent swelling of the coating and thus regulation of membrane
permeability.

Temperature-responsiveness has been achieved with functional polymer coatings containing
poly(AN-isopropylacrylamide) (pNIPAAm) and/or poly(/N, N-dimethyl aminoethyl
methacrylate) ()DMAEMA) films [Figure 3(B)].>7:122.123 A membrane, whose permeability
can be regulated by temperature, has been fabricated by depositing poly(/N, N-dimethyl
aminoethyl methacrylate-co-ethylene glycol diacrylate) (\DMAEMA-co-EGDA) coatings
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(with thicknesses of 50 nm) onto nanoporous polycarbonate membranes using iCVD.%7 In
Figure 3(D), as temperature increases into the range of 32-50 °C [i.e. above the lower critical
solution temperature (LCST) of pPDMAEMA-co-EGDA], the hydrophilic side chains on the
DMAEMA repeat-units start to dehydrate, transitioning from hydrogen-bonding-dominated
state to intramolecular bonding-dominated state and leading to collapsed and thus thinner
coatings and larger pores. At 60 °C, flux of BSA through the porous membranes was proven
to be 10 times that at 25 °C.

In summary, stimuli-responsive polymer thin films have enabled countless design of smart
membranes, which could regulate their performance in response to environmental cues.
Furthermore, some of those polymer coatings have been applied in biosensors (Section 3.2),
drug delivery (Section 3.3), and tissue engineering (Section 3.4).

3.2 Biosensing and Bio-MEMS

Interface engineering is critical to biosensing and bio-MEMS, as surface properties (e.g.
wetting properties, binding to biomolecules, etc.) are often the key for such devices to
execute their functions. As a result, the fabrication and/or performance enhancement of
biosensing apparatus and microfluidic devices commonly require the surface modification
by functional polymer coatings.

The CVD techniques are often the preferred coating approach because of their conformality.
To enable sensitive detection and accurate manipulation at the bio-interface, biosensors and
bio-MEMS devices are often fabricated with surface micro- and nanostructures, boosting
their surface-to-volume ratio. The CVD techniques allow conformal coverage of those
surface structures by functional polymer thin films, enabling the modification of surface
chemistry without altering the underlying structures.124:125 Table 3 summarizes the
functional CVVD polymers used for the biosensors and bio-MEMSs applications highlighted in
this review.

3.2.1. Biosensors—Thin films of pHEMA are commonly deposited on biosensing
devices because of their fouling resistance and biocompatibility.126 pHEMA has been shown
to cause less inflammation and thrombosis than other polymers.86:127 |n bioelectric sensing,
poly(trivinyl trimethyl cyclotrisiloxane—hexavinyl disiloxane) (pV3D3-HVDS) has been
used for its insulating nature and long-term stability.128 Poly(p-xylylene) (pPX) coatings
have been used to boost the sensitivity of fluorescent imaging29 and to fabricate sensor
arrays used in label-free molecular detection.130 Furthermore, the CVD techniques have
been used to fabricate stand-alone polymer-based biosensors, which have been proven
effective and long-lasting in vivo,131

A sodium-sensing optode has been coated with lightly cross-linked pHEMA films using
piCVD.%6 To ensure that the response time and sensitivity of the sensors remain unchanged,
thickness of the coating was controlled to be ~100 nm and mesh size of the cross-linked
network to be over 2 nm. The pHEMA coating effectively reduced the non-specific protein
binding to the detection surface; X-ray photoelectron spectroscopy (XPS) indicated that the
level of which was one eighth that on a pristine sensor. The piCVD technique has also been
extended to coat particles without agglomeration, for potential application in particle-based
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sensors.%8 The coated sensor with prolonged lifetime could be used in patients susceptible to
hypernatremia.132 Thin films of pHEMA has also been deposited using iCVD onto the
microelectrodes used in impedance sensors, improving contact at the electrode-electrolyte
interface in biosensors while resisting biofouling.133 The pHEMA coatings improved the
signal reproducibility and device stability, enhancing the performance of electrochemical
impedance spectroscopy that is frequently used in biosensing.

To fabricate a probe to detect neural activities, a silicone-based polymer pV3D3—-HVDS has
been deposited using iCVD as an insulating coating.128 The coating improved
biocompatibility of the coated probe compared to the uncoated stainless-steel probes, as
demonstrated /n vitro by the reduced surface adsorption of fibronectin and presence
microglia cells in the vicinity of the probe. Astrocyte reactivity near the pV3D3-HVDS-
coated probes was also lower than that on the other surfaces, indicating lower propensity to
glial scar formation near the neural implants.

Biosensing frequently resorts to fluorescent imaging for the visualization of cells or other
living organisms /n situ at high spatial resolution. The inadequate signal-to-noise ratio,
which is inherent to some biological systems, has been overcome using poly(p-xylylene)
coatings.12? Leveraging fluorescence interference, the coating thickness was precisely
controlled using the CVD technique, so that the test area was made with the thickness that
enhanced fluorescence signals and the reference area with the thickness that diminishes
them. Furthermore, the versatile functional moieties offered by CVD polymer thin films
promised facile biofunctionalization for specific binding with target molecules (Figure 4).
These CVD-modified imaging substrates demonstrated ultrasensitive detection of target
biomolecules /n situ.

Stand-alone polymer biosensors, which do not rely on pre-fabricated sensing devices have
been enabled by the CVD techniques, and proven effective /n vivo for the detection of
physiological changes in test subjects in real time.13! To fabricate the polymer biosensors
suitable for subcutaneous application and prolonged local retention time, pHEMA thin films
were deposited conformally onto AAO-membrane templates using the iCVD technique,
giving rise to pHEMA polymer nanotubes (Figure 5). The polymer nanotubes were
subsequently filled with liquid optode, and their ends sealed with another layer of iCVD
pHEMA (~50-nm thick). The tubular shape gave rise to a large hydrodynamic radius and
thus prolonged retention time at the site of interest, which was demonstrated with
subcutaneous injection in a mice model. The polymer biosensors achieved a reduction of
60% of the diffusion away from the injection site, while providing rapid response to sodium
level changes in the surrounding tissue. The response dynamics of those polymer biosensors
could be tuned by adjusting the cross-linking density of the pHEMA coating, which has
been achieved by simply tuning the feed composition during iCVD.134

3.2.2. Bio-MEMS—Bio-MEMS, i.e. biomedical microelectromechanical systems, have
become a staple technology used in the fundamental investigation of cell biology and in
applied sciences like organs-on-a chip. The ability control surface chemistry, which plays a
pivotal role in both device fabrication and application (e.g. modulating the interactions at the
bio-interface), could be realized using the CVD techniques. The high coating conformality
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and consistency offered by CVD techniques render them uniquely suitable for the surface

modification of microfluidic channels, which typically have high aspect ratios and

sometimes surface microstructures.

Coupling reactions enabled by CVD polymer thin films allowed robust bonding of bio-
MEMS device components under benign reaction conditions, preventing liquid leakage

while avoiding the harsh reaction conditions commonly used during bonding that could

impair device performance. For example, the reaction between amine and glycidyl groups
have been achieved by depositing poly(glycidyl methacrylate) ()GMA) on one part of the
device and poly(allylamine) (pAAmM) or poly(amino styrene) (pAS) on the other, and then
pressing the two parts together to form strong covalent bonding.135:136 That approach has
led to a device burst pressure of over 150 psi. Remarkably, that strong bonding remained
unchanged after 3 months of storage. The burst pressure has been further improved to over
300 psi, by coupling two pGMA-coated surface using ethylenediamine (Figure 6).137

Bio-MEMS devices are often fabricated with polydimethylsiloxane (PDMS), and surface
functionalization of the microfluidic channels is thus required to control cell-surface
interactions or the adhesion strength of biomolecules. The main CVD approach for that
purpose has been the CVD of poly(p-xylylene) coatings. Poly(p-xylylene carboxylic acid
pentafluorophenol ester-co-p-xylylene) has been deposited onto the luminal surface of
microfluidic channels.138 The pentafluorophenol groups borne by the coating were rapidly
substituted by biotin ligands (within seconds) in a second step, providing specific
interactions with biomolecules and/or cell receptors. Using that device, the effect of
echistatin and disintegrin on cell adhesion was illustrated. Building upon that proven
fabrication procedure, thin films of poly(4-benzoyl-p-xylylene-co-p-xylylene) were
deposited onto the luminal surface of a microfluidic device. The benzoyl groups were
activated to form free radicals at the wavelengths of ~340 nm, allowing the subsequent
surface patterning and immobilization of biomolecules.139

3.3 Drug Delivery

The development of functional and biocompatible polymers has been the foundation of drug
delivery research, enabling targeted delivery of therapeutics to specific organs, programmed
release upon external triggers, and sustained dosing over the course of treatment.
Notwithstanding the ubiquitous application of solution-synthesized polymers in drug
delivery, CVD techniques have started to demonstrate advantages that could improve the
design of delivery vehicles. Unlike solution-based formulation approaches, where
therapeutics are continuously dispersed throughout the polymer matrix, CVD polymer
coatings could form a distinct encapsulation layer (i.e. without dispersed therapeutics).
Moreover, CVD techniques commonly offer control of the coating thickness to the precision
of tens of nanometers, allowing accurate tuning of the release kinetics (Section 3.3.1).
Furthermore, stimuli-responsive CVD polymer coatings could be used as the encapsulation
layer, enabling precise control of the response rate and magnitude (Section 3.3.2). Table 4
summarizes the functional CVVD polymers that have played a key role in the drug delivery
applications discussed in this section.
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3.3.1. Engineering Release Kinetics—CVD polymer coatings have been applied as
an encapsulation layer to prevent burst release, 140 to accelerate the controlled release of
poorly soluble drugs,14! or to tune the kinetics of sustained release in general.142 Most
applications employ the iCVD technique because it is free of high-energy plasma or high
temperature, preventing degradation of the therapeutics during the coating process.

Using iCVD, polymer chemistry has been engineered to control drug release kinetics. To
accelerate the release of clotrimazole, a drug commonly used to treat fungal infections,
pHEMA, pMAA, and pPFDA have been deposited to provide sustained release while
preventing the formation of slow-dissolving clotrimazole crystals.241 Although pPFDA was
proven ineffective, pHEMA and pMAA encapsulation layers both reduced the crystallization
of clotrimazole during storage. The release kinetics of clotrimazole, before and after
encapsulation by 500-nm pHEMA or pMAA, were compared in a subsequent study, where
clotrimazole was first loaded onto fabrics prior to the encapsulation via iCVD.140 The
pHEMA and pMAA coatings did not meaningfully change the release profile of
clotrimazole loaded onto cotton fibers. With the polycaprolactone fabric and poly(ethylene
terephthalate) fabric, the release profile was close to zeroth-order release for the ones coated
with pMAA, and between zeroth-order and burst release for the ones coated with pHEMA,
although the molecular origin was unclear. The coated and clotrimazole-containing fabrics
could be used as wound dressing.

Coating thickness and cross-linking density could also be controlled precisely to achieve the
desired release kinetics. Using iCVD, the aforementioned poly(/N, N-dimethyl aminoethyl
methacrylate -co-ethylene glycol diacrylate) ((DMAEMA-co-EGDA) coating (see Section
3.1.1) has been applied on top of a layer of sirolimus (an antiproliferative drug) and
atorvastatin (a cholesterol-lowering drug) that were drop-casted onto stainless steel
substrates.142 At the cross-linker composition of 56% and coating thickness of 300 nm,
atorvastatin followed zeroth-order release over the course of 30 days, whereas lower cross-
linking densities led to varying degrees of burst release and release plateau, so did reducing
coating thickness to 100 nm. The substrate-independent nature of the iCVD technique makes
it possible to apply the encapsulation approach to fabricate drug-eluting coronary stents.

The drug release kinetics of nano-carriers could be controlled by depositing a stimuli-
responsive coating. Electrospun poly(vinyl alcohol) (pVVA) nanofibers loaded with
chemotherapeutic agent Rose Bengal (RB) were coated with a pH-sensitive polymer poly(4-
vinylpyridine-co-ethylene glycol dimethacrylate) (p4VP-co-EGDMA) by iCVD for brain
cancer treatment.143 In this study, RB release from the coated nanofibers was investigated at
different pH values to evaluate their stability and anti-cancer activity in /n vitro cell culture
experiments. The stability tests showed that uncoated nanofibers dissolved completely in <2
h at all pH values tested (4 to 9), while coated pVVA-RB nanofibers showed high stability at
neutral and basic pH values over an incubation period of 72 h. The drug release experiment
demonstrated 80% release in 1 h for uncoated nanofibers at all pH, while coated pVA-RB
nanofibers showed slower release kinetics at lower pH values and less than 60% release in
the first hour for all nanofibers tested. The coating was proved to be biocompatible using
glioblastoma multiforme cancer cells (U87MG). In summary, the iCVD coatings could
render drug delivery vehicles responsive to the pH of the biological environment.
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Nevertheless, its applicability in cancer treatment needs to be further validated using
appropriate animal models.

3.3.2. Enabling Triggerable Drug Release—Using stimuli-responsive polymers as
drug delivery vehicles could enable the triggerable release of therapeutics upon external
signals (e.g. light, pH, temperature, etc.). Tissue pH and temperature are the two most
commonly used triggers.

Polymers containing carboxylic acid groups are often used to fabricate delivery systems that
are triggerable by changes in pH. The iCVD technique has been used to make a pH-
responsive delivery vehicle by depositing copolymers of MAA and ethylene dimethacrylate
(EDMA) onto ibuprofen microcrystals (<100 pm in size).144 The pMAA-co-EDMA thin
films remained collapsed at pH values lower than the pKa of pMAA of ~4.8 (see Section
3.1.4), minimizing drug release in the stomach; whereas the copolymer thin films swell at
pH values greater than 4.8, triggering enteric drug release. The system could thus be used to
deliver enteric therapeutics that may cause irritation to the stomach.14%.146 The pMAA-co-
EDMA coatings have also been used to functionalize biodegradable porous silicon, giving
rise to a pH-responsive drug-delivery nano-composite.14” Camptothecin (CPT), an
anticancer natural product, was loaded into porous silicon nanodevices via adsorption from a
drug solution, and the nanodevice was subsequently encapsulated with 350-nm pMAA-co-
EDMA using iCVD. At the pH values of 1.8 and 7.4, the released drug amount from the
coated devices was ~10.7% and ~44.5% that from uncoated devices, respectively.
Furthermore, by replacing EDMA with a hydrolyzable cross-linker, methacrylic anhydride
(MAH), onset of the pH-triggered release could be controlled.1#8 The triggerable release of
rifampicin (an antibiotic) was realized by loading the drug into polylactide membranes,
followed by encapsulation with pMAH-co-MAA. The onset of release was 8, 2, and 0.5
hours respectively, when the membranes were soaked in solutions with the pH values of 1,
7.4, and 10, demonstrating faster release under alkaline conditions.

As a proof-of-principle for using temperature as a trigger for drug release, fluorescein was
loaded into the pHEMA inner layer at elevated temperature (80°C), which swelled and
induced stress on the shape-memory outer layer. Cooling of the polymer nanotubes to room
temperature froze the swollen temporary shape and preserved the fluorescein; whereas
bringing the fluorescein-loaded nanotubes back to 80°C led to burse release. The high
temperature required to trigger drug release might be reduced by further molecular design of
the shape-memory polymer. Similar temperature-triggered release behavior has been
achieved with CVD pNIPAAm, also in a coaxial polymer nanotube device using
phloroglucinol dye as a proof-of-principle.14? pNIPAAm is a material commonly used in
drug delivery because its LCST is around body temperature, enabling effective triggerable
drug release upon /n vivo application.150.151

Engineering
Tissue engineering, where chemicals and materials are employed to enhance mammalian

cell growth and to direct cell differentiation and/or functions, relies on the precisely
controlled and well-defined surface structures and chemistry.1®2 Solution-based coating
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methods often fall short in coating structurally complex substrates, whereas the CVD
techniques offer an alternative that provides conformal coverage over nano- and micro-
structures. They have been used to create non-toxic bio-interfaces on micro-structured 3D
scaffolds, which were proven beneficial for cell growth and harvest.25

A wide selection of functional moieties is compatible with the CVD techniques, some of
which allow further surface conjugation with bioactive molecules. The mechanisms for bio-
functionalization and types of biomaterials discussed in this section are summarized in
Figure 7. The recent progress in tissue engineering fueled by CVD polymer thin films is
reviewed under two categories: controlling cell adhesion and proliferation (3.4.1) and
directing cell differentiation and cellular functions (3.4.2). Table 5 summarizes the CVD
polymers discussed in this section, which have been applied to tissue engineering
applications.

3.4.1. Controlling Cell Adhesion and Proliferation—Conventionally, plasma-
deposited polymer thin films have been widely applied to control the adhesion of cells on
surfaces of implantable devices ranging from vascular prosthesis, intraocular lens, to
implantable electrode and catheters.123 Acrylic acid (AA) and isopropyl alcohol are often
used as precursors in the PECVD process, which could promote the controlled adhesion of
human fibroblast cells while reducing non-specific protein binding and thrombosis.1>* CVD-
deposited pHEMA has also been commonly used to improve the controlled cell adhesion
and surface proliferation because of its known biocompatibility.155:156 More recently, further
development of the library of CVD polymers has led to new functional moieties, allowing
the immobilization of bioactive molecules for specific ligand-receptor interactions (e.g.
peptides that promote cell adhesion, proteins that induce cellular functions etc.) and stimuli-
responsive tissue scaffolds and implants.157

Thin films of pAAm synthesized using PECVD promoted the adhesion of 3T3 fibroblasts /n
vitro (compared to a plasma-polymerized hexane surface), an effect believed to be a result of
the greater surface affinity of pAAm for fibronectin than that for albumin.158 In comparison,
vapor-deposited pHEMA has been a much more common choice of surface coating in tissue
engineering.>155 Thin films of iCVD pHEMA was shown to be free of remnant small-
molecule chemicals, and thus supported the surface adhesion and proliferation of human
dermal fibroblasts over the course of a week.1% Using Caco-2 cells (a heterogeneous human
epithelia colorectal adenocarcinoma cell line), cross-linked pHEMA films (~3-pm thick)
synthesized using piCVD demonstrated comparable cell adhesion and viability to that
obtained on standard polystyrene tissue-culture apparatus.1>°

The surface adhesion and proliferation of cells could be further controlled, both spatially and
temporally, via surface-grafting of bioactive molecules and stimuli-responsive coatings
enabled by the growing library of CVD polymer chemistries. Hydrogel thin films, with
surface-conjugated Arg-Gly-Asp (RGD) peptides to control cell adhesion, have been
synthesized by copolymerizing HEMA, EGDA, and pentafluorophenyl methacrylate (PFM)
via iCVD and subsequent bio-functionalization.>2 The immobilization of RGD peptides
occurred via nucleophilic substitution of the pentafluorophenyl group,169 which promoted
the adhesion and growth of Human Umbilical Vein Endothelial Cells (HUVEC).52
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The surface grafted RGD peptides were later used to improve biocompatibility of intraocular
lenses. By depositing poly(vinyl-p-xylylene) on droplets of non-volatile liquids (e.g. silicone
oil, ionic liquids), intraocular lenses have been fabricated.161 The vinyl functional groups
afforded by the polymer coatings allowed subsequent grafting of (i) poly(ethylene glycol)
(PEG) over the lens optic, to retain clarity by preventing cell adhesion; (ii) RGD peptides
(Arg-Glu-Asp-Try-Try-Cys) over the lens haptic, to improve comfort by enhancing cell
adhesion. Photo-activated thiol-ene click reactions were used for the surface grafting. The
intraocular lenses successfully controlled cell adhesion spatially, as demonstrated using
human lens epithelial cells, human corneal epithelial cells, and mouse embryonic fibroblasts.

The temporal control of cell adhesion and growth was achieved by using stimuli-responsive
CVD polymers. The timed cell retrieval was achieved via microgrooves (a type of template
used to grow longitudinal tissue constructs), conformally coated by iCVD pNIPAAm.157
The coated microgrooves guided the formation of NIH-3T3 fibroblasts tissue constructs at
37 °C, and enabled the detachment of those constructs at room temperature (24 °C) due to
the great degree swelling of pNIPAAm at temperatures below its LCST (~32 °C). The study
provided an approach to form and retrieve tissue constructs with well-defined geometry on
Cue.

3.4.2. Directing Cell Differentiation and Cellular Functions—The ability to
control cell differentiation using biomaterials, such as osteoinductive materials in bone
regeneration, is a critical aspect of tissue engineering. Unlike systemically administered
inductive compounds (e.g. DNA or proteins delivered via viral particles), CVD polymer
coatings offer the precise placement of the inductive signals at the material-cell interface,
avoiding systematic side effects and non-specific targeting.162

To enhance the /n vitro osteoblast differentiation of bone marrow stromal cells, adenovirus
that expresses runt-related transcription factor 2 (Runx2, a master regulator of osteoblast
differentiation) has been conjugated to anti-adenovirus antibody immobilized on a vapor-
deposited polymer thin film.162 The polymer thin film, poly(o-xylylene carboxylic acid
pentafluorophenol ester-co-p-xylylene), was deposited on a frequently used scaffold
material, poly(3-caprolactone), which is known for its biodegradability and biocompatibility.
The bone marrow stromal cells incubated on the functionalized surfaces exhibited
heightened alkaline phosphatase activity and matrix mineralization compared to that on
uncoated surfaces, suggesting successful induction of cell differentiation. Similarly, vapor-
deposited poly(A-hydroxy succinimide ester-p-xylylene-co-p-xylylene) films, which
allowed the immobilization of bone morphogenetic protein 2 (BMP-2), have led to
osteogenesis of porcine adipose stem cells.163 Furthermore, surface arrangement of the
bioactive molecules could be controlled precisely by applying lithography to the CVD
polymer thin films. A poly(maleimide-p-xylylene-co-p-xylylene) film has been patterned
using microcontact imprinting and UV photopatterning to enable the spatially selective
surface conjugation of fibroblast growth factor 2 and BMP-2.164 Osteogenesis activities of
the murine preosteoblast cells were detected only in the regions with BMP-2 coverage,
confirming that the osteogenic differentiation was spatially confined.
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The substrate-independent nature of the CVD techniques allows those bioactive surface
chemistries to be transferred, with high fidelity, to virtually any substrates, thus broadening
the scope of application of tissue engineering. In one example, a paper-based tissue scaffold
was fabricated using iCVD, which promoted /7 vivo bone regeneration in mice with
calvarial bone defects.165 Papers (weighing paper, chromatography paper, and wiping
tissue), serially coated with pPFDA (400 nm) and pGMA (200 nm) films using iCVD, were
used as substrates to promote osteogenic differentiation /n vitro among human adipose-
derived stem cells (hADSCs). Implants made of stacked hADSCs-seeded papers and human-
endothelial-cells-seeded papers repaired bone defects /in vivo, highlighting the potential of
this inexpensive device to treat tissue defects. Furthermore, the CVD techniques have
enabled application of functional polymer thin films onto biotic substrates, such as
decellularized porcine small intestine, creating parylene-C-coated intestinal replica with the
original structures, such as crypts and villi, fully preserved.1%6 The coated intestine replica
supported the adhesion and growth of Caco-2 cells, and led to a 2.3-fold increase in the
alkaline phosphatase activities compared to that on PDMS, which was fabricated with
biomimetic topographical features.

The substrate-independence also facilitated fundamental investigations on the decoupled
effect of surface chemistry and surface topography on directed cell differentiation. In one
study, polyurethane acrylate (PUA) substrates with nanoscale corrugated or dot-shaped
topography were conformally coated with pGMA film (~50 nm) using iCVD, followed by
immobilization of BMP-2 via the ring-opening coupling.167 The study revealed that surface
nano-topography and biochemical signaling both took part in directing the osteogenic
differentiation of human mesenchymal stem cells; and that osteogenic differentiation could
be achieved in the absence of dissolved inducing factors by combining the effect of surface
topography and BMP-2.

An emergent application of CVD polymer thin films in tissue engineering is to modulate the
function of individual cells or to orchestrate the behavior of a community of cells. Many
important cellular behavior, such as cell migration68 and structure formation®® are guided
by the spatiotemporal distribution of signaling molecules (e.g. DNA or proteins), which
could be controlled using vapor-deposited functional polymer coatings. A proof-of-concept
has been demonstrated using vapor-deposited poly(p-xylylene) films.170 Through a counter-
flow step up, gradients of aldehyde and amine moieties were simultaneously established on a
surface, which were later functionalized orthogonally with adenovirus via a virus-biotin-
avidin-biotin-material immobilization scheme. When cultured on the adenovirus gradients,
the human gingival fibroblasts exhibited asymmetric transduction, confluent with the
concentration gradient of viral particles.

4. Conclusions and Outlook

Vapor-deposited functional polymer thin films have experienced rapid growth in the last
decade, with more deposition techniques developed every year and a rapidly expanding
library of functional moieties. Some CVD techniques have been adopted at the
manufacturing scale, where batch operations allow the surface modification of large
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apparatus (e.g. automotive tires) and the semi-continuous roll-to-roll operations enable the
efficient manufacturing of flexible functional materials like membranes and fabrics.

Application of the vapor-deposited polymer thin films has penetrated virtually every area of
research and development — consumer products, energy generation and storage,
sustainability, and healthcare. With the advancement of nanofabrication techniques and
single-cell characterization platforms, CVD polymers have garnered much attention in
biological applications. That increasing ubiquity is a result of the distinct characteristics of
CVD techniques — they are solvent-free and thus not limited by adverse surface tension
effects, operated under vacuum, and in some cases under ambient temperature. As a result,
CVD polymer coatings tend to have high conformality over structured surfaces. That
uniform coverage results from the arrival of reactants to the surface by non-line-of-sight
vapor phase diffusion (i.e. Knudsen diffusion) under modest vacuum conditions and limited
sticking probability during a single surface collision. The high conformality enables
engineering of surface chemistry without changing the underlying surface structure.
Preservation of the latter has been proven important in tissue engineering (e.g. implants with
hierarchical micro- and nanostructures to mimic human bones and intestines).1’ That
simultaneous yet independent control of surface chemistry and surface structure —with
micro- to nanoscale resolution — will also provide a powerful platform for seeking answers
to the fundamental questions regarding bio-interfaces: for instance, the decoupledroles of
surface chemistry and surface structure in biological processes, ranging from modulating
protein adsorption and conditioning film formation, chemotaxis and mechanosensing,
cellular signal transduction and gene regulation, cell adhesion and differentiation, all the
way to the development of community-level behaviors within tissues and biofilms.

Most CVD techniques have implemented /i situ real-time monitoring of the growth of
functional polymer films, through interferometer or quartz crystal microbalance. That
precise control of coating thickness is particularly important for applications where the rate
of heat and mass transfer needs to be tuned (such as for antifouling coatings applied in bio-
separation membranes). In particular, future research may push toward a deeper
understanding of the CVVD deposition kinetics under nano-confinement (characteristic length
~102 nm or smaller), on ultrahigh-aspect-ratio structures (e.g. pores with aspect ratio
>102)31.62126 jnside complex 3D geometric shapes (e.g. hourglass-shaped pores)172 and/or
on novel templates (e.g. liquid crystals)’* — all of which are playing an increasingly
important role in creating the state-of-the-art bio-interfaces, such as the ones covered in
Section 3. Thickness could also affect the mechanical properties of a polymer coating, which
in turn could affect cellular phenotypes (e.g. biofilm formation) 101.173-175 _ 3 relatively
unexplored area that could potentially offer an additional dimension for modulating cell-
substrate interactions.

Although this review has focused predominantly on thin films, it is noteworthy that CVD
methods are also capable of generating thicker films (up to ~102 pm). Free standing pHEMA
films of thickness up to ~350 um have been synthesized using iCVD.17® The mechanical
stability afforded by the thick pHEMA films, coupled with their resistance to non-specific
protein binding, makes thick pHEMA films intriguing candidates for synthetic scaffolds.
Free-standing porous membranes with thickness up to 2 mm have been synthesized using
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iCVD by polymerizing the structured solid-state condensate of monomers, which were
formed via a gas-to-solid phase transition on a substrate cooled below 0 °C.177 That
innovative deposition regime of iCVD has enabled synthesis of robust porous materials for a
variety of novel applications including asymmetric membranes, microfluidic sensing
devices, and formation of giant lipid vesicles as a model system for cell membranes.177-179
Moreover, thicker films, upon swelling, can trigger more significant actuation both in terms
of magnitude of the resulting force and degree of expansion. Such properties are useful in
applications where drastic substrate transformation is desirable (e.g. dynamic topography for
repeated foul release8%). Nevertheless, the marginal gain of vapor-deposition beyond certain
thickness may diminish quickly as the required deposition time can get excessively long,
especially if there exists a solution-based approach that could achieve the same thickness
much faster. On the contrary, vapor-based approach could be the only viable option, despite
the long deposition time, if the substrate has low surface energy, which often leads to
dewetting upon solution-based coating application.4® Therefore, it is important to conduct a
comprehensive comparison of the synthetic approaches to choose the more appropriate
methods.

Needless to say, the surface chemistry is controlled precisely, in some cases to the
molecular-level precision, in CVD processes. The benign reaction conditions employed by
most CVD processes and the absence of solvents allow the synthesis and processing of
polymers that are insoluble or thermosetting (e.g. from heavy cross-linking) into a thin film
in a single step. Monomers that do not share common solvents could be copolymerized
without phase separation, thus making CVD processes versatile tools for creating novel
amphiphilic copolymer films, ones made of comonomers with contrasting surface energy.
Future research in CVD copolymer compositional optimization may be further accelerated
with machine learning algorithms (e.g. Bayesian optimization181), which have proven useful
in assisting the choice of experiments, such that optimization of the target material
performance in biological environments (e.g. antifouling) can be achieved with as few
experiments as possible.

Development of novel CVD polymerization mechanisms will significantly bolster the
synthesis toolbox for developing novel polymer thin films for bioapplications. Most CVD
techniques rely on free-radical polymerization or step polymerization, which gives rise to a
broad polydispersity that might lead to heterogeneities in, for instance, the rate of
biodegradation upon /7 vivo application. Recent realization of cationic polymerization using
CVD182-184 hag demonstrated the possibility of mirroring other solution-based
polymerization mechanisms at the vapor-solid interfaces.8” Future research into performing
all-dry living polymerization using CVD could bring major breakthroughs in the
development of vapor-deposited biomaterials.

Most CVD processes are substrate-independent, i.e. the ability to achieve the precise and
simultaneous control of coating chemistry, thickness, and conformality does not depend
upon the characteristics of the substrate. Though this statement holds true in general, recent
research has uncovered intriguing effects of microscopic substrate properties (e.g. molecular
patterns) on the local molecular architecture of vapor-deposited polymer films;185 such
microscopic topography may inspire deeper understanding of how biomolecules (e.g.
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membrane proteins) interact with hierarchical structures spanning multiple length scales.
Recent studies have also broadened the CVD-compatible substrates to include liquids, such
as ionic liquids18® and silicone oils!8’. These innovative modes of operation have shown
potential in synthesizing polymer nanoparticles (e.g. core-shell particles with independently
controlled dimension for each layer)188 and structured polymer films18°, which could find
applications in drug delivery, sensing, and bio-separation. Those features render CVD
processes and the resulting polymers uniquely suitable to address the challenges in bio-
interface engineering, where the comprehensive control of surface characteristics could lead
to regulated biological behaviors at the interface.

Translation of benchtop success to bio-interfaces useful in healthcare and sustainability
requires the thin films to remain both chemically stable and mechanically reliable even
under long-term exposure to complex biological environments. One important indicator of
mechanical reliability is the work of adhesion between CVD polymer thin films and
substrates. Recent advancement in characterizing work of adhesion by using water vapor
condensation blistering has enabled /n situ measurement with micrometer spatial resolution,
190 which could help further the understanding of the physical and chemical properties
critical to robust thin film-substrate adhesion.

This review provides an overview of the recent application of CVD functional polymers in
biological applications ranging from fundamental investigation into the surface cell adhesion
and differentiation to reducing the cost of industrial-scale separation of biomolecules.
Nevertheless, the development of this combination between CVD and living organisms is
still in its early stage. The precise and decoupled control over surface chemistry, structure,
and coating thickness may prove powerful in the development of drug delivery vehicles, for
the facile tuning of therapeutic release kinetics, or in the design of implants, where the tissue
reaction could be modulated via surface interactions to achieve the optimal therapeutic
outcome. The solvent-free nature of all CVD processes could lower the barrier to clinical
success for the vapor-deposited polymer coatings, as remnant solvents and other small
molecules are not a concern.
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Figure 1. Generalized schematic of CVD techniques.
A CVD reactor typically consists of 3 main parts: precursors gas inlet, deposition chamber

and gas exhaust. Blue and purple circles represent precursors in the vapor phase, orange
circles activated/reactive species on the substrate surface, and orange line the as-deposited
polymer thin film.
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Figure 2. Antifouling CVD thin filmsfor separation membranes.
Molecular structures of (A) a zwitterionic polymer, synthesized by vapor-phased

derivatization of an iCVD pDMAEMA-co-EGDMA thin film, and (B) an amphiphilic
polymer, pHEMA-co-PFDA, with the hydrophilic and hydrophobic functional groups
colored in blue and red respectively. Schematic representations of (C) zwitterionic and (D)
amphiphilic antifouling coatings deposited on off-the-shelf reverse osmosis membranes.106
Reprinted with permission from R. Yang, J. Xu, G. Ozaydin-Ince, S. Y. Wong and K. K.
Gleason, Chem. Mater.,, 2011, 23, 1263-1272. Copyright 2011 American Chemical Society.

J Mater Chem B. Author manuscript; available in PMC 2021 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Khlyustova et al.

Page 31

Cross-section SEM images of the membranes coated with (E) zwitterionic and (F)
amphiphilic thin films; white arrows indicate the thickness of the iCVD antifouling coatings.
106,108 Reprinted from Surface modification of reverse osmosis desalination membranes by
thin-film coatings deposited by initiated chemical vapor deposition, 539, Gozde Ozaydin-
Ince, Asif Martin, Zafarullah Khan, S.M. Javaid Zaidi, Karen K. Gleason, 181-187, 2013,
with permission from Elsevier.
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Figure 3. Stimuli-responsive polymer thin filmsfor the design of smart membranes.
Mechanisms of membrane flux regulation in response to (A) pH and (B) temperature

changes, enabled by thin films of pPMAA-co-EGDMA and pDMAEMA-co-EGDA
respectively. (C) pH-responsive flux changes of BSA through filtration membranes coated
with pMAA-co-EGDMA 112 Reprinted from Smart membranes with pH-responsive control
of macromolecule permeability, 537, Ali Tufani, Gozde Ozaydin-Ince, 255-262, 2017, with
permission from Elsevier. (D) Swelling ratios of pPDMAEMA-co-EGDA hydrogels with
different compositions (r indicates the molar ratio of EGDA to DMAEMA) under different
temperatures.59 Reproduced from Ref. 60 with permission from The Royal Society of

Chemistry.
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Figure 4. Multifunctional CVD polymer thin filmsfor biological sensing.
(A) Fabrication (i) and application (ii) of the substrates used to amplify fluorescent signals.

Gold-coated glass was functionalized with poly(p-xylylene) thin films via CVD
polymerization, which allowed the subsequently immobilization of fluorophores via physical
adsorption or covalent bonds. The functionalized substrate enabled real-time monitoring of
FITC-BSA adsorption. (B) Fabrication (i) and application (ii) of the substrates used to
monitor antibody binding kinetics. Functionalized poly(p-xylylene) thin films allowed the
immobilization of Epidermal Growth Factor (EGF) and subsequently a primary antibody
(anti-EGF), enabling the monitor of binding kinetics of a secondary antibody conjugated
with the Alexa 647 (a fluorophore) to the primary antibody.121 Copyright 2016, reproduced
with permission from John Wiley and Sons.
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Figure 5. CVD polymer coatings for in vivo biomedical sensing.
(A) Fabrication (i-iv) and imaging (v-vi) of /n vivo sodium sensors, termed microworms,

enabled by the iCVD technique. Thin layers of pHEMA was deposited conformally onto
AAO membranes, the pores of which were then filled with a sodium-responsive optode
solution (liquid in blue) and sealed via a subsequent pHEMA deposition. Shape of the
fluorophore-encapsulating microworms was confirmed with SEM and confocal microscopy.
(B) Decay of the normalized fluorescent intensity over time at the site of subcutaneously
injection of the /n vivo sensors. The microworms (blue diamonds) exhibited longer local
retention time. (C) IVIS images of animals that received regular nanosensors on the left-side
of their body and the microworms on the right side, showing greater localization and
retention of the microworms after injection.123
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Figure 6. Functional polymer thin filmsfor bio-MEMS.

(A) Binding mechanism (i), imaging (ii), and performance (iii) of MEMS devices enabled
by CVD polymers. The two compartments of the MEMS device were coated with polymer
thin films bearing amine moieties and glycidyl moieties respectively for the facile and strong
binding at the surface of contact. Successful binding was confirmed with cross-sectional
SEM image and burst pressure measurements. Reproduced from Ref. 129 with permission
from The Royal Society of Chemistry. (B) A cross-sectional SEM image of pPGMA coating
deposited conformally on a micro-trench (2 um x 8 um) etched into a silicon wafer.
Reproduced from Ref. 127 with permission from The Royal Society of Chemistry.
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Figure7.
CVD functional polymer thin films that enabled bio-functionalization for tissue engineering.
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Systematic evaluation of the main CVD techniques for synthesizing polymer thin films with respect to features

important for various bioapplications.a

Feature Importance for Bioapplications icvD b ParyleneCVD | PECVD | oCVD
Diverse functional moieties attainable to meet the
p p demands of various biological applications (e.g. Y Y Y
Rich monomer library antifouling, stimuli-responsive, antimicrobial, [37] [t [192]
biocompatible, etc.)
Ensuring high retention of functional groups and v v N € v
Functional group retention avoiding side reactions to achieve chemically 103 27,194
tailored bio-interfaces [44] 1 [24485) | [
. T, Incorporation of bioactive molecules; Enabling more Y Y Y
Biotunctionalizability specific ligand-receptor binding [°2104] Gl [196]
.. . . . . Y Y
Electroconductivity Often required for bioelectronics and biosensors 7 [87.119]
. . Engineering surface chemistry and/or surface
%rfggjg[%gsver micro-/ mechanical properties of the substrates while [62197] [1\9(3] [1\9(9]
preserving their nano- to microscale features
Thickness control with um to Controlling mechanical properties, mass transfer Y Y Y Y
nm precision across coatings, swelling/actuation behavior [41:50] [2%9] [ [2°7]
Graftin Long-term stability of the resulting thin films in Y Y
9 complex biological environments [ [205:206] [?°1 [2%8]
. . " . . - - - ] Y Y Y Y
Benign reactfon conditions Allowing for coating various sensitive (bio)materials [165] [166] [299] 138]

a“Y” in a blue cell denotes that the feature (indicated by the row identity) has been demonstrated in the literature by using the CVD technique
(indicated by column identity); “N” in a red cell denotes that existing literature support the lack of that feature; an empty grey cell denotes that the
feature has not been demonstrated using the corresponding CVD technique. Examples are provided in “[ ]” for the marked cells.

bActivated by heat or photons.

DVariants of PECVD such as pulsed PECVD (PPECVD), initiated PECVD (iPECVD) have allowed higher monomer functionality retention and
lower frequency of side reaction.89 Introducing monomers downstream of the plasma zone can also improve the retention of functional moieties.
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Table 2.

Functional CVD polymers for membrane-based bio-separation processes.
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Polymer Acronym Property / Performance CVD Technique
Poly(2-hydroxyethyl methacrylate) pHEMA Hydrophilic / Antifouling iCvD*
Poly(1-vinyl-2-pyrrolidone) pVP Hydrophilic / Antifouling iCvD#2108
Poly(hydroxypropyl methacrylate) pHPMA Hydrophilic / Antifouling icvD111
Poly(1-vinyl-2-pyrrolidone-co-ethylene glycol pPVP-co-EGDA Hydrophilic / Antifouling iCVD112
iacrylate)
Poly(2-dimethylgall;1cig;) (?itr?elzlt r?;ggﬁlactrey)late—ct}ethylene le\ééEl\’\/IA,z—m Hydrophilic / Antifouling iCVDL4
Poly(2-hydroxyethyl methacrylate-co- pHEMA-co-PFDA Amphiphilic / Antifouling iCvD6

perfluorodecylacrylate)
Poly(3,4-ethylene dioxythiophene)

Poly(methyl acrylic acid-co-ethylene glycol
dimethacrylate)

Poly(maleic anhydride-co-dimethylacrylamide-co-
diethylene glycol divinyl ether]

Poly(N-isopropyl acrylamide-co-ethylene glycol
dimethacrylate)

Poly(N, N-dimethyl aminoethyl methacrylate-co-
ethylene glycol diacrylate)

pEDOT

pPMAA-co-EGDMA

pMaDD

pNIPAAmM-co-EGDMA

pDMAEMA-co-EGDA

Conductive, Hydrophobic /
Antifouling

pH Responsive, Hydrophilic /
Tunable Membrane Permeability

pH Responsive / Antifouling,
Tunable Membrane Permeability

Temperature Responsive,
Hydrophilic / Tunable Membrane
Permeability

Temperature Responsive,
Hydrophilic / Antifouling, Tunable
Membrane Permeability

VDP%, oCVvD?!18

iCVD20

iCvD!

iCvD!%

iCvD%’

aThe performance (or function) directly resulted from the CVD polymer coatings was italicized. Same formatting rules also apply for Table 3-5.
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Table 3.
Functional CVD polymers for biosensing and bio-MEMS.
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Polymer Acronym Property / Performance

CVD Technique

Poly(2-hydroxyethyl methacrylate) pHEMA Hydrophilic, Biocompatible / Antifouling

Poly(trivinyl trimethyl cyclotrisiloxane—

hexavinyl disiloxane) pV3D3z-HVDS  Silicone-based, Hydrophobic / /nsulating, Antifouling

Poly(p-xylylene) pPX Hydrophobic / Biofunctionalizable, Adhesive
Poly(glycidyl methacrylate) pGMA Hydrophobic / Adhesive
Poly(allylamine) pAAmM Hydrophobic / Adhesive
Poly(amino styrene) pAS Hydrophobic / Adhesive

piCVDS8 iCVD13*
iCVD128
CVP129,138,139
iCVD135'137
iCVD135
iCVD13%6
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Table 4.
Functional CVD polymers for drug delivery.
Polymer Acronym Property / Performance CVD Technique
: Hydrophilic, Swelling behavior / Controlled . 140,141,149,210
Poly(2-hydroxyethyl methacrylate) pHEMA drug release iCVD
P pH-responsive, Hydrophilic / Triggerable . 140,141,149
Poly(methacrylic acid) pMAA drug release iCVD
Poly (perfluorodecylacrylate) pPFDA Hydrophobic / Controlled drug release iCvD41
Poly (N, N-dimethyl aminoethyl methacrylate - : - . 142
co-ethylene glycol diacrylate) pDMAEMA-co-EGDA Hydrophilic / Controlled drug release iCVD
Poly(4-vinylpyridine-co-ethylene glycol : pH-responsive, Amphiphilic / Triggerable . 143
dimethacrylate) p4VP-co-EGDMA drug release ICVD
Poly(methacrylic acid-co-ethylene : pH-responsive, Hydrophilic / Triggerable . 144147
dimethacrylate) PMAA-co-EDMA drug release iCvD
Poly(methacrylic anhydride-co-methacrylic ) pH-responsive, Amphiphilic / Triggerable . 148
acid) PMAH-co-MAA drug release iCVD
. . Temperature-responsive, Hydrophilic / . 149
Poly(A-isopropylacrylamide) pNIPAAM iCVD

Triggerable drug release

a . . . . .
Controlled drug release and triggerable drug release are different: the latter requires that the release of drug can be triggered by one or multiple

environmental stimuli (e.g. pH and/or temperature); whereas the former emphasizes the capability to modulate the kinetics of drug release, without

specifying any control over the onset of the release process.
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Table 5.

Functional CVD polymers for tissue engineering.
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Polymer Acronym Property / Performance CVD technique
A Hydrophilic, Biofunctionalizable / Controlling cell 154
Poly(acrylic acid) PAA adhesion and proliferation PECVD
! Hydrophilic / Controlling cell adhesion and iCVD54155
Poly(2-hydroxyethyl methacrylate) pHEMA proliferation PECVDS6 piCVD15®
. Hydrophilic, Biofunctionalizable / Controlling cell 158
Poly(allylamine) PAAM adhesion and proliferation PECVD
Poly(2-hydroxyethyl methacrylate-co- HEMA-co- Hydrophilic with swelling ability,
ethylene glycol diacrylate-co- Eg DA-co-PFM Biofunctionalizable / Controlling cell adhesion iCVD52
pentafluorophenyl methacrylate) and proliferation
Hydrophobic, Biofunctionalizable / Controlling
Poly(p-xylylene) pPX cell adhesion and proliferation, Directing cell CVplbl-164
differentiation
Temperature-responsive, Hydrophilic,
Poly(A~isopropylacrylamide) pNIPAAmM Biofunctionalizable / Controlling cell adhesion iCvD1%7
and proliferation
Poly(perfluorodecylacrylate) pPFDA Hydrophobic / Directing cell differentiation iCVD165
Biocompatible, Mechanically stable,
Poly(glycidyl methacrylate) pGMA Hydrophobic, Biofunctionalizable / Directing cell iCVD165167

differentiation
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