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Abstract: The development of generally applicable protocols for the surface modification of complex
substrates has emerged as one of the key challenges in biotechnology. The use of vapor-deposited polymer
coatings may provide an appealing alternative to the currently employed arsenal of surface modification
methods consisting mainly of wet-chemical approaches. Herein, we demonstrate the usefulness of chemical
vapor deposition polymerization for surface modification in confined microgeometries with both nonfunc-
tionalized and functionalized poly(p-xylylenes). For a diverse group of polymer coatings, homogeneous
surface coverage of different microgeometries featuring aspect ratios as high as 37 has been demonstrated
based on optical microscopy and imaging X-ray photoelectron spectroscopy. In addition, height profiles of
deposited polymer footprints were obtained by atomic force microscopy and imaging ellipsometry indicating
continuous transport and deposition throughout the entire microchannels. Finally, the ability of reactive
coatings to support chemical binding of biological ligands, when deposited in previously assembled
microchannels, is demonstrated, verifying the usefulness of the CVD coatings for applications in micro/
nanofluidics, where surface modifications with stable and designable biointerfaces are essential. The fact
that reactive coatings can be deposited within confined microenvironments exhibits an important step toward
new device architectures with potential relevance to bioanalytical, medical, or “BioMEMS” applications.

Introduction

Defined and stable surface properties along with the capability
to immobilize active biomolecules onto a surface are key
features for the development of miniaturized biodevices, such
as micro total analysis systems (µTAS),1 microfabricated cell
sorters,2 microseparators for DNA3,4 and proteins,5-7 cell-based
assays,8 and embryonic patterning networks.9 In such miniatur-
ized high-tech systems, very large surface-to-volume ratios are
typically encountered creating a situation where slight inhomo-
geneities in the surface chemistry will cause device malfunc-
tion.10 The development of advanced surface modification
protocols that are equally applicable to flat and three-
dimensional surfaces has accordingly emerged as one of the
critical challenges for many biotechnology applications. From

a device design perspective, poly(dimethylsiloxane) (PDMS)
is often discussed as the prime candidate material for micro-
fluidic systems because of its favorable mechanical proper-
ties11,12 and its straightforward manufacturing by rapid proto-
typing.13 However, PDMS is a very hydrophobic polymer, has
undefined surface properties, and promotes nonspecific protein
adhesion.14 In addition, the absence of functional groups at the
PDMS surface prevents covalent immobilization of proteins,
enzymes, or antibodies. To reduce these adverse properties of
PDMS, several methods including graft polymerization,15-17

plasma treatment,18 UV/ozone treatment,19 silanization,20 ad-
sorption of detergents,14 proteins,21 and polyelectrolytes22 have
been used to modify PDMS but often show hydrophobic
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recovery of PDMS and loss of protein resistance with time
hampering their use for long-term applications.23

Deposition of thin polymer films to establish chemically
defined interfaces offers a unique way to overcome these
limitations. Recently, we reported a widely applicable surface
modification approach based on chemical vapor deposition
(CVD) polymerization24,25 to depositreactiVe coatingson the
luminal surface of open PDMS-based microchannels.26 In
addition to being compatible with the requirements of biological
assays, these coatings provide a designable interlayer that is
stable under the conditions of bioassays.26,27 The reactiVe
coatingsare based on polymers known as functionalized poly-
(p-xylylenes), which establish interfaces equipped with chemi-
cally reactive groups that can be selected from a variety of
different chemical species, including amines, alcohols, alde-

hydes, activated carboxylic acids, and anhydrides.25,28ReactiVe
coatings have been useful for immobilization of biomol-
ecules,29,30 planar cell and protein patterning,31,32 and for
patterning of polymer brushes32,33on freely accessible substrates.
However, the appropriate question of whether the concept of
CVD polymerization is expandable to the coating of complex
microgeometries with high aspect ratios or is only applicable
to cases where the individual pieces are modified prior to
assembly remains open.15 If CVD polymerization indeed could
be applied to previously assembled devices, the scope of
practical use could be significantly widened. In this report, we
will demonstratesfor the first timesthat CVD polymerization
can be used to deposit a range of functionalized poly(p-
xylylenes) within confined microgeometries (Figure 1).
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Figure 1. (a) Chemical vapor deposition polymerization within confined geometries of straight and meandering channels. (b) Functionalized poly(p-
xylylenes) prepared via chemical vapor deposition polymerization used in this study.
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Results and Discussions

CVD Polymerization in Enclosed Microchannels.To create
a general understanding of the phenomenon of CVD polymer-
ization within confined microgeometries, seven different poly-
(p-xylylenes) were deposited via CVD polymerization within
both removable and sealed PDMS microchannels.34 A subgroup
of five poly(p-xylylenes), polymers1-5, had reactive side group
(so-called reactive coatings), while two commercially available
poly(p-xylylenes) were included as nonfunctionalized references
(polymers6 and7). The CVD polymerization process used for
coating of the microfluidic channels with both reactive coatings
and nonfunctionalized coatings is an adaptation of the com-
mercially exploited Gorham process,35 routinely practiced for
the deposition of polymer coatings marketed as parylenes. As
shown in Figure 1, functionalized [2.2]paracyclophanes are first
sublimed, and the resulting vapor is transferred into the pyrolysis
zone. Through control of the polymerization parameters, such
as sublimation and pyrolysis temperatures, pressure, and mass
flow, selective cleavage of C-C bonds can be obtained.36 While
quantitative conversion into the correspondingp-quinodimethanes
is critical for CVD polymerization,25 care must be taken to avoid
decomposition of the functional groups under the conditions of
thermal activation. The selection of process parameters must
account for this balance between activation, i.e., the opening
of the aliphatic bridges of the [2.2]paracyclophanes, and the
avoidance of thermally induced side reactions. The PDMS
microchannels used in this study were open at both ends and
had the following dimensions: 75µm high and 100µm wide.
Both straight (1600µm long) and meandering channel (2800
µm long) layouts with high aspect ratios were studied. While
high aspect ratios are often encountered in miniaturized bio-
analytical devices, their homogeneous surface modification can
be challenging. After removal of the PDMS mold, the footprint
of the deposited films remained on the silicon substrates as
confirmed by optical microscopy. In parts a and b of Figure 2,
optical micrographs of a silicon substrate coated with polymer
7 are shown for both straight and meandering microchannels.
While the deposited polymer films were thicker in the inlet and
outlet region of the microchannels than in the center, the
micrographs clearly indicate deposition of polymer7 throughout
the entire microchannel. To verify that the contrast in the

micrographs is indeed due to the vapor-deposited coating, we
examined the footprints of polymer7 on the silicon substrate
using XPS in the imaging mode. This technique enables spatially
resolved mapping of the elemental distribution of reporter atoms
on a surface. Figure 2c shows the elemental composition map
of silicon recorded for a 600× 600µm2 area of a meandering
channel coated with polymer7. Silicon is a characteristic atom
of the substrate used in this study, a silicon wafer, and is not
present in polymer coating7. As anticipated, the composition
map confirms that silicon is only detectable for areas that were
masked during CVD polymerization, while the entire micro-
channel footprint is devoid any detectable amounts of silicon.
Based on this finding we concluded that the entire microchannel
is covered with a homogeneous film of polymer7, which must
be thicker than the information depth of XPS (about 10 nm).37

Correspondingly, a homogeneous distribution of carbon was
detected throughout the entire footprint of the microchannel but
not for the areas masked during CVD polymerization (see the
Supporting Information). Taken together, the data obtained by
optical microscopy and imaging XPS suggest that CVD po-
lymerization can be used to deposit homogeneous polymer films
within confined geometries, such as the straight and meandering
microchannels used in this study.

Deposition of Reactive Coatings in Enclosed Microchan-
nels.Once the fundamental feasibility of CVD polymerization
within previously assembled microdevices was demonstrated
for the nonfunctionalized poly(p-xylylene)7, we extended our
study to reactive CVD coatings1-5. For comparison, CVD
polymerization was again conducted in straight and meandering
microchannel geometries and film thicknesses were quantified
with atomic force microscopy (AFM) and/or ellipsometry. In
all cases, the CVD polymerization of [2.2]paracyclophanes
resulted in transparent and topologically uniform polymer films.
Moreover, the footprints of the reactive coatings deposited
within the microchannels were typically detectable by optical
microscopy. The ability to visualize the footprints of the coatings
enabled us to extract height profiles at the interface between
polymer coating using AFM in the tapping mode (Figure 3).
The AFM study revealed height profiles for polymers1, 2, 3,
6, and7 (Table 1). In case of polymers4 and5 however, the
deposited films were substantially thinner and the boundary
between film and substrate was no longer observable by light
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Figure 2. (a, b) Optical micrographs showing poly(p-xylylene) (7) films deposited within microchannels. (c) XPS mapping (Si2p, 99.0 eV) of poly(p-
xylylene) films deposited within microchannels. All images were taken after CVD coating in confined microgeometries and subsequent removal of the
PDMS molds for imaging purposes.

A R T I C L E S Chen et al.

376 J. AM. CHEM. SOC. 9 VOL. 128, NO. 1, 2006



microscopy making it difficult to use AFM for height profiling.
In these cases, we used imaging ellipsometry to unambiguously
confirm the presence of the polymer films throughout the
microchannel footprint. Figure 4 shows ellipsometric thickness
maps recorded for polymer4 on both straight and meandering
microchannels. A clearly observable contrast between areas
coated with the polymer film and the Si substrate is revealed

by imaging ellipsometry. Quantitative height profiles were
obtained from the ellipsometric data shown in Figure 4
indicating a thickness of 6 nm for the straight microchannel
and 5 nm for the meandering microchannel, respectively. Prior
to this experiment, the usefulness of imaging ellipsometry for
thickness determination of ultrathin polymer films was validated
by comparing the thickness of the same sample of polymer1
measured by AFM and imaging ellipsometry. Within the
margins of error, the thicknesses measured by AFM and imaging
ellipsometry were identical demonstrating the usefulness of
imaging ellipsometry for surface analysis of ultrathin CVD films.
Throughout this series of experiments, film thicknesses mea-
sured at the center of the microchannel footprints were compared
to film thicknesses measured for unconfined substrates, that is,
open surfaces distant to the microchannels. Table 1 summarizes
the complete set of thickness data for polymers1-7. Under
the conditions of CVD polymerization, substantially different
thicknesses were observed ranging from 38 nm measured for
polymer 7 to 524 nm for polymer5. The film thickness was
mainly determined by the amount of a given [2.2]paracyclo-
phane used for CVD polymerization. Based on the thickness
data, we were able to extract the degree of deposition for each
polymer, being defined as the ratio of film thicknesses measured
at the center of the microchannel and at the open substrate. In
essence, this ratio indicates how effective a CVD coating can
be deposited in the confined geometry. The deposition degree

Figure 3. AFM cross section height analysis of (a) straight and (b) meandering channels of a substrate coated with CVD polymer3. The scanning size is
20 µm by 20µm. (c, d) Corresponding height profiles revealing 57 nm film thickness for the straight channel and 33 nm for the meandering channel; (e)
matching photograph taken by a digital camera.

Table 1. Film Thickness Characterization

polymer
film thickness (h0)

outside the channels (nm)a

film thickness (h1)
at straight channels (nm)b

degree of deposition
at straight channels (%)c

film thickness (h2)
at meandering channels (nm)b

degree of deposition
at meandering channels (%)

1 103 16 16 9 9
2 127 113 89 74 58
3 70 57 81 33 47
4 437 6d 1.4 5d 1.1
5 524 5d 1.0 2d 0.4
6 59 46 80 24 41
7 38 33 86 16 42

a Based on ellipsometry.b If indicated, otherwise the reported values are based on AFM.c Degree of deposition (%)) [h1(or h2)/h0] × 100%.d Based on
ellipsometry.

Figure 4. Cross section height analysis by imaging ellipsometry at straight
and meandering channels coated with CVD polymer. CVD polymer4 is
shown as an example.
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will be 100% for a coating that is not limited by the confinement
imposed by the microchannel geometry. Although we intuitively
expected the deposition degree to be independent from the film
thickness, we verified this relationship by depositing films of
polymer 1 with various thicknesses and measured the corre-
sponding degrees of deposition. For both straight and meander-
ing microchannels the degree of deposition was constant and
did not change with increasing film thickness. Assuming the
constant trends observed for reactive coating1 to be similar
for the entire group of poly(p-xylylenes) enables comparison
of polymer coatings with substantially different deposition
degrees (Table 1). Polymers1, 4, and5 showed relative low
deposition degrees, ranging from 1% to 16% for straight
microchannels and from 0.4% to 9% for meandering channels.
In contrast, polymers2, 3, 6, and7 had deposition degrees higher
than 80% for the straight microchannel geometry and above
40% for the meandering microchannel geometry. The substantial
differences in deposition rate between different poly(p-xyl-
ylenes) is not well understood yet but may besat least partiallys
due to (i) the different vapor pressures of the corresponding
quinodimethanes and (ii) the different electronic effects that the
functional groups may exhibit on the conjugated precursors. The
differences between both layouts may be explained with (i) the
curved layout of the microchannels and (ii) the 1.75 times longer
pathway of the meandering microchannels as compared to that
of the straight microchannels (meandering channels have a
aspect ratio of 37 compared to 21 for straight channels). It is
important to note that the actual thickness of the deposited
reactive coatings is less critical to a given surface modification
application, as long as the deposition of the polymer film occurs
homogeneously throughout the microchannel and the resulting
coatings still provide functional groups for further modification.
With the homogeneous deposition of functionalized and non-
functionalized poly(p-xylylenes) in confined geometries con-
firmed, we moved our focus toward the assessment of the ability
of reactive coatings to support subsequent surface reactions,
when deposited in complex microgeometries. In principle, the
polymer coatings can then provide anchoring groups on the
channel walls for the linkage of biomolecules.

Chemical and Biological Activity of Reactive Coatings
Deposited onto the Luminal Surface of Enclosed Micro-
channels.To address the question of whether polymer films
deposited within microchannels still maintain their typical
reactivity toward corresponding binding partners, we conducted
a series of immobilization studies with permanently sealed
PDMS devices34 after CVD polymerization. The microchannels
were coated with polymers1 or 2 prior to immobilization. While
polymer 1 provides primary amino groups for coupling with
activated carboxyl groups (amide formation), polymer2 has keto
groups that can react with hydrazines or hydrazides. To assess
the chemical activity of both reactive coatings, PFP-derived
biotin ligands8 and hydrazide-derived biotin ligands9 were
used.28 These ligands were chosen because they undergo nearly
quantitative conversion with amines or ketones, respectively.
Moreover, the interactions between biotin and streptavidin result
in tight confinement of streptavidin on the biotin-modified
surface, which can be exploited for visualization of ligand
binding. Scheme 1 illustrates the surface modification approach
used in this study based on the example of reactive coating2.
For all ligand immobilization reactions, aqueous solutions of

the corresponding biotin derivative were filled into the sealed
microchannels of either meandering or straight geometry. After
incubation for 60 min (5 min for hydrazide-derived biotin
ligands), nonreacted ligands were washed away.

To examine the immobilization of biotin ligands within the
microchannels (Scheme 2), we allowed rhodamine (TRITC)-
conjugated streptavidin to bind to the biotin-modified surfaces.
After thorough rinsing with buffer, the surfaces were visualized
by fluorescence microscopy. Figure 5 shows microchannels that
were coated with polymer1 and then subjected to the biotin/
strepdavidin protocol. Homogeneous distribution throughout the
entire microchannel was observed, indicating that amino groups
were available throughout the entire coating area. Similarly, the
corresponding biotin ligands bound homogeneously to polymer
2, as shown in Figure 6. Similar to the situation observed for
polymer1, this finding indicates homogeneous reactivity of the
deposited polymer films. This phenomenon appears to be
independent of the observed thickness, because reactive coating
4 had one of the lowest degrees of deposition of all polymers
included in this study (Figure S2 in the Supporting Information).
The ability to deposit polymer coating with a relatively
homogeneous distribution of reactive binding sides throughout
the microchannel will be a critical feature when using reactive
coatings to tailor surface properties of microchannels toward
the needs of specific biological applications. While CVD

Scheme 1. Immobilization Reactions Used for the Chemical
Immobilization of Biotin and Subsequent Binding of Streptavidin
onto Reactive Coating 2
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polymerization of monomers other than [2.2]paracyclophanes
has been used to coated PDMS microchannels,38 the herein
described deposition of poly(p-xylylenes) presents a promising

alternative due to the unusually low sticking coefficients
encountered during CVD polymerization promoting homoge-
neous deposition in confined geometries.39-41

Figure 5. Fluorescence micrographs of sealed devices coated with reactive coating1 after immobilization of PFP-biotin and self-assembly of TRITC-
conjugated streptavidin. Examples are shown in different geometries with 75µm depth and 100-300 µm width or 500µm diameter.

Figure 6. Fluorescence micrographs of sealed devices coated with reactive coating2 after immobilization of hydrazide-biotin and self-assembly of TRITC-
conjugated streptavidin. Examples are shown in different channel geometries of 75µm depth and 100µm width.

Scheme 2. Three-Dimensional Immobilization Protocol Used for the Surface Modification of the Surface Area of the Microchannels, as
Shown for the Example of Reactive Coating 2
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Conclusions

CVD polymerization of functionalized [2.2]paracyclophanes
establishes a simple, but general, protocol for preparation of
ultrathin polymer coatings (smaller than 100 nm). The resulting
reactive coatings provide a designable interface useful for a wide
range of surface modifications: active ester groups allow for
immobilization of proteins; amino or carboxylic acid groups
may control surface charges and electro-osmotic flows; and alkyl
groups may provide hydrophobic interfaces for electrochro-
matographic applications.

In this study, we have used a combination of surface-
analytical methods including optical and fluorescence micros-
copy, imaging elipsometry, atomic force microscopy, and
imaging XPS to unambiguously establish the applicability of
CVD coatings to the coating of confined microgeometries. Based
on this study, we suggest that (1) CVD polymerization can be
applied to microdevices with aspect ratios as high as 37 and
results in homogeneous polymer films, which can be made of
either reactive or nonreactive coatings; (2) a decrease of film

thicknesses occurs toward the center of the microchannels
suggesting the existence of an upper limit in the aspect ratio of
the microdevices that can be coated; (3) polymer deposition is
applicable to both straight and curved microchannels; (4)
reactive coatings deposited within confined microgeometries
provide functional groups that can sustain chemical conversion
yielding homogeneous deposition of biomolecules. The fact that
we havesfor the first timesconfirmed the deposition of reactive
CVD coatings within confined microgeometries bridges a critical
technological gap toward surface-modified microfluidic and
nanofluidic devices with use for biosensor and “BioMEMS”
applications, bioseparation, the design of high-throughput
screening platforms, or the development of novel tissue
constructs for regenerative medicine applications.
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