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Abstract

The majority of patients with hydrocephalus are dependent on ventriculoperitoneal shunts for
diversion of excess cerebrospinal fluid. Unfortunately, these shunts are failure-prone and over half
of all life-threatening pediatric failures are caused by obstruction of the ventricular catheter by the
brain’s resident immune cells, reactive microglia and astrocytes. Poly(2-hydroxyethyl
methacrylate) (PHEMA) hydrogels are widely used for biomedical implants. The extreme
hydrophilicity of PHEMA confers resistance to protein fouling, making it a strong candidate
coating for ventricular catheters. With the advent of initiated chemical vapor deposition (iCVD), a
solvent-free coating technology that creates a polymer in thin film form on a substrate surface by
introducing gaseous reactant species into a vacuum reactor, it is now possible to apply uniform
polymer coatings on complex three-dimensional substrate surfaces. iCVD was utilized to coat
commercially available ventricular catheters with PHEMA. The chemical structure was confirmed
on catheter surfaces using Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS). PHEMA coating morphology was characterized by scanning
electron microscopy (SEM). Testing PHEMA-coated catheters against uncoated clinical-grade
catheters in an in vitro hydrocephalus catheter bioreactor containing co-cultured astrocytes and
microglia revealed significant reductions in cell attachment to PHEMA-coated catheters at both
17-day and 6-week time points.
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Introduction

Hydrocephalus is a medical condition defined by the abnormal primary accumulation of
cerebrospinal fluid (CSF) within the cerebral ventricles, which if untreated, produces
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increased intracranial pressures resulting in neurologic damage and even death.? For most
patients with hydrocephalus the only way to manage their, generally lifelong, condition is to
undergo surgical implantation of a CSF shunt, which diverts excess CSF from the cerebral
ventricles to another body cavity. While CSF shunts have saved many lives since their
advent in the 1950s,2 modern shunt failure rates remain high, particularly in the pediatric
patient population, with more than 40% of devices failing within two years of implantation.
3-7 Over half of these failures are caused by obstruction of the ventricular catheter (portion
entering the cerebral ventricles) with cells and tissue.”- 8 Specifically, studies using animal
models®-12 as well as analysis of catheters explanted from human patients8: 13-16 have
revealed that the resident innate immune cells of the central nervous system, astrocytes and
microglia, appear to serve as the pathophysiologic lynchpin in the process of ventricular
catheter obstruction by directly attaching to implanted catheter surfaces in large numbers,
serving as an interface for the secondary binding of less reactive tissue types including
choroid plexus to the catheter surface, and, presumably, through the recruitment of
additional inflammatory cells to the site of an implanted foreign body via cytokine signaling.

Most modern, commercially available, ventricular catheters are poly(dimethyl)siloxane
(PDMS)- or polyurethane (PU)-based blind-end tubes with CSF intake holes (approximately
500 pum diameter) with little science behind their design.3: 17 Methods to improve shunt
function have included both mechanical® and chemical modifications,1” yet none have
succeeded in reducing non-infectious occlusion rates in clinical practice. Chemically
modified catheters, including antibiotic-impregnated (rifampin with either clindamycin or
minocycline) and silver-coated catheters (combination of metallic silver and an insoluble
silver salt), designed with an eye towards reducing shunt infection complications have
become widely adopted in clinical practice in North America although studies have been
mixed with respect to their efficacy.1® 20 While a recent meta-analysis from Konstantelias et
al. concluded that antibiotic-impregnated and silver-coated catheters appear to reduce the
rates of early post-operative infections, their finding that the infections that do occur with
these modified catheters tend to be associated with more virulent organisms, including
Methicillin-resistant Staphylococcus aureus and gram-negative bacilli, warrants further
study.20 The only hydrogel surface-modified catheter that has been commercialized is the
BioGlide ventricular catheter (Medtronic, Dublin, Ireland), which has a
polyvinylpyrrolidone (PVP) coating that is designed to increase lubricity at time of surgical
insertion. While the BioGlide catheter was not specifically marketed to inhibit cell
attachment or subsequent obstruction, early in vitro studies of the PVVP hydrogel coated
catheters demonstrated reduced bacterial attachment.2! Unfortunately, clinical studies in
humans have failed to demonstrate reduced infection rates with the use of BioGlide
catheters,22 and one study even found statistically significant increases in infection rates.23
The PVP hydrogel surface of BioGlide catheters, which is applied using traditional liquid
phase synthesis techniques, is noted to have dewetting-related defects when imaged by
scanning electron microscopy (SEM) in a dry state, and it is unknown if these cracks in the
coating surface are completely eliminated by expansion of the hydrogel when the catheter is
soaked in aqueous solution prior to surgical insertion.24

Over a half-century since they were first described by Wichterle and Lim,25 poly(2-
hydroxyethyl methacrylate) (PHEMA) hydrogels remain widely used for biomedical
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applications, including drug delivery systems, as ophthalmic materials, and in biomedical
implants given their proven biocompatibility and other desirable properties. Their hydrolytic
stability and tunable porous structure allow various active agents to be carried and
controllably released in relatively low dose.25: 27 The resistance to protein fouling in
addition to its extreme hydrophilicity has made PHEMA popular in contact lenses.28 29 |n
biomedical implants, PHEMA has served as a viable hydrogel scaffold for calcification and
growth of bonelike composites.3%: 31 Furthermore, in PHEMA-coated neural prosthetic
devices, local delivery of neurotrophins by lysine-conjugated PHEMA enhanced neuron
survival and growth rate, potentially improving device performance in vivo.32 PHEMA
hydrogels have also been shown to weaken bacterial adhesion.33 However, to our
knowledge, only one previous publication has investigated the use of PHEMA in the context
of CSF shunting, and this was a clinical study of eight pediatric hydrocephalus patients
implanted with a novel ventriculo-subdural shunt made completely from PHEMA .34
Unfortunately, given this study’s focus on a rarely employed surgical technique, limited
discussion of PHEMA shunt prototype fabrication methods, small sample size, and lack of a
control group, this study does not provide insight into whether PHEMA hydrogel coatings
have the potential to reduce rates of shunt failure from cellular obstruction. While PHEMA'’s
hydrophilic nature makes it a strong candidate coating for ventricular catheters,: 2 the lack
of prior attempts to fabricate PHEMA-coated ventricular catheters may simply reflect the
historical challenge of applying a conformal polymeric coating to a complex three-
dimensional structure. However, with the advent of the initiated chemical vapor deposition
(iCVD) techniques in the early 2000s, which have made it possible to create highly uniform
polymer coatings that conform to the topology of virtually any substrate surface, it is worth
reconsidering whether altering the surface chemistry of CSF shunt catheters, even with well-
studied hydrogels like PHEMA, might prove valuable in reducing the problem of cellular
(astrocyte and microglia) attachement.3®

iCVD is a unique solvent-free coating technology that directly creates a polymer in thin film
form on a substrate surface by introducing gaseous reactant species into a vacuum reactor.
Unlike conventional liquid-phase coating methods, the low-pressure iCVD environment and
the lack of liquid surface tension or wettability effects enable highly conformal deposition
on complex three-dimensional substrates at the micro- and nano-scale. A thorough
discussion of the iCVD methodology has been detailed elsewhere.36 Given the versatility in
enabling organic synthesis and conformal coating, iCVD and iCVD polymers have been
applied in a diverse range of applications, including photovoltaics,37-39
superhydrophobicity,49-42 icephobicity,*3 composites,** desalination,*> and microfluidics.
46,47 Among bio-related applications, the iCVD approach has been used in the fabrication of
biosensors,*8: 49 controlled drug release applications,5%- 51 and to apply biopassive®2-54 and
antimicrobial coatings.5® In this work, we report a method for applying PHEMA to
commercially available PDMS ventricular catheters using iCVD as well as preliminary
evidence of reduced astrocyte and microglial attachment to PHEMA-coated catheters as
compared to uncoated control catheters in an in vitro hydrocephalus catheter bioreactor. The
iCVD approach enabled thinner 1-3 um PHEMA coatings on catheters compared to
conventional liquid processing methods, which for example produced much thicker 0.3-0.4
mm hydrogel coatings on catheters.5® As a solvent-free process, iCVD avoid solvent issues,
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such as solvent entrainment that may lead to catheter swelling and degradation. To our
knowledge this represents the first published report to utilize iCVD technology to modify
the surface chemistry of CSF shunt catheters with an eye towards reducing the primary
mode of failure for these malfunction-prone, albeit life-saving, medical devices.

Experimental

Fabrication of PHEMA-Modified PDMS Ventricular Catheters

The catheters used in this study were standard, 32-hole (4 rows of 8 holes), PDMS
ventricular catheters that are used clinically (Medtronic). The catheters were not
impregnated with barium or antibiotics. The catheters were affixed to the cooled stage of the
iCVD reactor without any pretreatment. For iCVD, 2-hydroxyethyl methacrylate monomer
(HEMA) (97%, Sigma-Aldrich, St. Louis, MO) and di-tert-butyl peroxide initiator (TBPO)
(99%, Acros Organics, Morris Plains, NJ) were used as received. Chromaloy (0.5 mm
diameter, Goodfellow, Oakdale, PA) was employed as the heated filament material. For
PHEMA synthesis, the iCVD conditions were 0.6, 0.18, and 0.2 standard cubic centimeters
per minute (sccm) flows of HEMA, TBPO, and nitrogen (inert carrier gas), respectively,
under a constant reaction pressure of 0.1 Torr. The filament temperature was maintained at
300 °C by resistive heating use a 600 W DC power supply (DLM 60-10, Sorensen, San
Diego, CA) setat 1.4 A and 23.0 V. Through contact with an aluminium stage that is cooled
to 25 °C with a 50:50 vol% water-ethylene glycol mixture in a recirculating chiller (RTE 7,
Thermo Fisher Scientific, Waltham, MA), the catheter surface temperature was around 50 °C
as measured by direct contact using a K-type thermocouple (Omega Engineering, Stamford,
CT). To ensure more uniform coating around the samples and to minimize preferential
coating on the top side of the catheters facing the filament array versus the underside that is
in contact with the stage, iCVD was repeated under the same conditions after the samples
were flipped over so the downside was up. Further details of the iCVD reactor system setup
has been described.#4 It should be noted that no crosslinking agent has been used during
iCVD PHEMA as the addition of the more hydrophobic crosslinker tends to reduce the
hydrophilicity of PHEMA hydrogel critical for this study. Our prior studies have shown that
uncrosslinked iCVD PHEMA deposited under the deposition conditions used here possess
ultrahigh molecular weight that renders them practically insoluble in common solvents,
including organic and aqueous media.®’

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were taken on a
Nicolet 6700 FTIR spectrometer (Thermo Scientific) using a zinc selenide crystal in the
range of 500-4000 cm-1 at 4 cm-1 resolution and averaged over 32 scans. Air was used as
the background for the pristine, uncoated PDMS catheter samples while a pristine PDMS
catheter was used as the background for PHEMA-coated samples in order to isolate the
characteristic peaks of PHEMA.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on a PHI 5000 VersaProbe
(Physical Electronics, Chanhassen, MN) with a monochromatic Al-Ka excitation source
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(1486 eV) and charge compensation for the insulating samples. The X-ray beam diameter
was 100 um. High-resolution XPS spectra of C1s, O1s and Si2p core electrons were
acquired using a 25 W beam of 100 um diameter with 23.5 eV pass energy, 0.05 eV step
size, 100 ms dwell time and averaged over 4 scans. The catheter samples were cut midway
along their axial direction to enable analysis of both interior and exterior walls.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was conducted on a Zeiss Supra 50VP to elucidate
surface morphology. The catheter samples were cut parallel to their axial direction to enable
inspection of both interior and exterior surfaces. All SEM samples were sputtered with ~10
nm Pt/Pd as a conductive layer to minimize charging during imaging. All images were taken
at 2 kV to avoid damage to the polymer matrix. The magnification was set either at 5, 10, or
30 kX with a working distance of 2-3 mm.

Astrocyte Cell Culture

Procedures were approved by the Institutional Animal Care and Use Committee of Seattle
Children’s Research Institute in accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals. Primary astrocytes were collected from three-day old
rat pups. Cortical hemispheres were removed and minced into 1-mm3 pieces and suspended
in calcium-free Hanks Balanced Salt Solution (Ca2+-free HBSS) (Invitrogen, Carlsbad,
CA).

Following dissection and mincing, the Ca2+-free HBSS was removed and replaced by
dissociation medium containing 0.25% trypsin-1X EDTA (Invitrogen) and incubated for 45
min at 37 °C with 5% CO2 in a 50 mL centrifuge tube. Fresh culture media was then added
to quench the trypsin activity and the tube was centrifuged for 3 min at 1300 rpm to collect
cells and tissue fragments (primary pellet). The resulting supernatant was collected,
transferred into a new centrifuge tube, and centrifuged again to recover any cells that were
not collected in the primary pellet. The primary pellet was cycled through a second
dissociation and collection process to maximize cell recovery. The primary pellet and the
supernatant pellets were then combined, resuspended, counted with a phase hemacytometer
(Hausser Scientific, Horsham, PA), and plated on T-175 flasks (Invitrogen) at a density of
100,000 cells/mL, or approximately 1,000,000 cells/flask. Cultures were incubated at 37 °C
with 5% CO2. Complete culture medium consisted of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 4.5 g/L. D-glucose, 584 mg/L L-glutamine, and 110 mg/L
sodium pyruvate (Invitrogen), 5% fetal bovine serum (Invitrogen), 2% penicillin-
streptomycin (Invitrogen), and 0.001% gentamicin (Sigma-Aldrich). When cells in primary
cultures reached 80% confluence, cells not adherent to the culture flask were removed and
the adherent astrocytes were dissociated from the flask surface using 0.25% trypsin-1X
EDTA. After collecting the cells by centrifugation and resuspension in complete medium,
cells were added to alginate scaffolds (see below) or were frozen using a CryoMed
Controlled-Rate Freezer (Thermo Fisher Scientific) and stored in liquid N2 for future use.
All cells used in these studies were passaged no more than three times. Astrocyte cultures
were fed 3 times/week.
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Microglial Cell Culture

A murine microglia cell line, “BV2,” immortalized via the transfection of v-raf and v-myc
oncogenes using a J2 retrovirus, was obtained directly from the Italian research group that
created the cell line.%8 BV2 are widely used by researchers studying microglial function and,
although BV2 cells may be more proliferative than primary microglia given the presence of
oncogenes, they retain a very similar profile of gene expression when activated by exposure
to lipopolysaccharide.>® The BV2 microglial cell line was stored in liquid N2 and
maintained in culture using the same methods described above for maintaining the primary
astrocyte culture (same DMEM supplemented media, thrice weekly feeding, and 0.25%
trypsin-1X EDTA dissociation methods).

In Vitro Cell Attachment Assay

Peptide-modified alginate was used to construct a 3D scaffold around shunt ventricular
catheters. These scaffolds can support cell attachment and growth.89-63 Alginate is a natural
polysaccharide cross-linked in the presence of Ca2+ without the addition of cytotoxic
agents.61-63 Gel construction followed previously described methods.81: 6364 A 19 (w/v)
sodium alginate (Sigma-Aldrich) solution in 0.3 M NaCl and 0.1 M 2-(N-
Morpholino)ethanesulfonic acid hydrate (MES buffer) was initially functionalized with an
RGD peptide (GGGGRGDY, United Biosystems, Herndon, VA) to improve cell attachment
and viability.46. 62. 63 For standard carbodiimide crosslinking chemistry, the following
reagents were added (in order) and incubated for 20 h at room temperature (RT): 8.22 g/L
sulfo-N-hydroxysulfosuccinimide (Sigma-Aldrich), 16.44 g/L 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (Sigma-Aldrich), 0.3 g/L RGD peptide,
and 10 g/L sodium alginate. The reaction was quenched by the addition of 13 g/L hydroxyl
amine (Sigma-Aldrich). The functionalized alginate was then dialyzed using Snakeskin
Dialysis Tubing (3.5K MWCO, Sigma-Aldrich). The initial dialysis solution contained 7.5 g
NaCl/L Milli-Q® (EMD Millipore, Billerica, MA) deionized water (diH20). Every 8 h the
NaCl concentration was reduced by 1.25 g/L, with NaCl-free diH20O serving as the final
solution. After dialysis, a charcoal filtration treatment was performed for 30 min. The
sample was then lyophilized at 2000x10-3 mbar at =50 °C for five days. Prior to scaffold
formation, a 5% stock of functionalized alginate was prepared using Ca2+-free HBSS.

Ventricular catheter testing chambers were assembled using an open polycarbonate base
with an inlet and outlet ports, a glass coverslip bottom secured with silicone glue, and a
loosely-fitted polycarbonate top. The PHEMA-coated and uncoated control catheters were
mounted within the test chambers and the catheter tips were secured to the glass coverslip
bottom with a small dab of silicone glue. The chambers containing the catheters to be tested
were then sterilized by means of super critical CO2 sterilization (Nova2200, NovaSterilis,
Lansing, NY).

Following sterilization, the in vitro ventricular catheter test chambers were fitted with sterile
polycarbonate “dams” which served as a mold for subsequent alginate polymerization
around the catheter. In order to seal the spaces between the dam, catheter, and chamber floor,
4% (w/v) low-melt agarose solution (Sigma-Aldrich) in sterile Milli-Q diH20 was added to
the chamber on either side of the dam. Next, to promote alginate attachment to the chamber
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surfaces, 0.01% poly-L-lysine (PLL) (Sigma-Aldrich) was added to the portion of the
chamber contained by the dam for 2 h at 37 °C and then washed in a bath of Milli-Q diH20
for 5 min.

In preparation for alginate hydrogel scaffold construction, cultured primary astrocytes and
BV2 microglia were dissociated with 0.25% trypsin-1X EDTA, counted using the phase
hemacytometer, and resuspended in Ca2+-free HBSS at a concentration of 6,000,000
astrocytes and 1,500,000 microglia per 477 pL. Alginate hydrogels/scaffolds were then
constructed by mixing a sterile stock solution of 6% (w/v) calcium carbonate (Sigma-
Aldrich), Ca2+-free HBSS containing astrocytes and microglia, D-(+)-gluconic acid delta-
lactone (GDL) (Sigma-Aldrich), and the functionalized, dialyzed, and lyophilized alginate
prepared as a 5% (w/v) stock (see above). The final alginate concentration was 1.5% (w/v)
using a 0.54 Ca:COOH molar ratio following previously published methods.® To make the
scaffold, the 6% CaCO3 solution was vortexed to evenly distribute the CaCO3 in the
supersaturated solution. 57 L of CaCO3 was pipetted into a 250 mg alginate aliquot and
mixed, followed by the addition of 477 L of Ca2+-free HBSS containing astrocytes and
microglia. Working quickly, 50 pL of 214 mg/mL GDL was added to the mixture and
stirred. The total mixture was then pipetted into the potential space of the polycarbonate dam
(within the ventricular catheter testing chamber) and incubated in a cell culture incubator
(37°C and 5% CO2) for 90 min to enable crosslinking. Following this initial 90-min
incubation period, the dam and surrounding agarose were carefully removed and the
chamber was filled with supplemented DMEM cell culture media.

Culture media was replaced 3 times weekly. At the 17-day or 6-week cell culture time point,
the catheters were fixed with 4% paraformaldehyde, applied at RT for 1 h. Following
fixation the catheters were washed with three rapid rises of HEPES-Buffered Hanks Solution
(HBHS) containing sodium azide (90 mg/L; pH 7.4) and stored in buffer at 4°C until
processed for imaging.5°

Immunohistochemistry

The ventricular catheters maintained in HBHS containing sodium azide were removed from
storage at 4°C and incubated in 5 mg/mL of sodium borohydride in HBHS for 30 min at RT
to reduce postfixation-crosslinking autofluorescence. Next, the catheters were incubated in
0.2% Triton-X-100 (Sigma-Aldrich) in HBHS for 30 min at RT for cell membrane
permeation to permit antibody penetration to intracellular sites. Catheters were then
incubated in Image-iT FX signal enhancer (Invitrogen) for 30 min at RT to prevent
nonspecific labeling.

Catheters were labeled with 1:800 monoclonal rat anti-glial fibrillary acidic protein (GFAP),
an astrocyte marker (Invitrogen) and 1:800 monoclonal rabbit anti-lonized calcium-binding
adapter molecule 1, a microglia marker (Ibal, Wako Pure Chemical Industries, Osaka,
Japan) for 24 h at RT. Subsequently, 1:200 goat anti-rat Alexa Fluor 488 (Invitrogen) and
1:200 goat anti-rabbit Alexa Flour 647 (Invitrogen) conjugated secondary antibodies were
applied for 24 h at RT. Additionally, at the time of secondary antibody application catheters
were stained with 1:1000 Hoescht (Sigma-Aldrich) for identification of cell nuclei and
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rhodamine phalloidin (1:150, Invitrogen) for visualization of cytoskeletal actin (cell
morphology visualization).

After 24h in secondary antibodies and Hoescht, the catheters were washed 4 times over 30
min with HBHS containing sodium azide and 0.5% TWEEN 20 (Sigma-Aldrich). Lastly, the
ventricular catheters were mounted with Fluoromount-G (SouthernBiotech, Birmingham,
AL) in custom polycarbonate imaging chambers, which allowed for the application of cover
slips to both sides of the chamber (for ease of imaging of CSF intake holes oriented on
opposite sides of the catheter).

Catheter Imaging

Three-dimensional, multispectral spinning disk confocal microscopy was utilized to image
ventricular catheters (I1X81 Inverted Microscope, motorized X-Y-Z stage, broad-spectrum
light source, charged-coupled camera, Olympus, Tokyo, Japan). 800 x 800 x 502 um
confocal images were acquired in and around catheter CSF intake holes (10x objective; 209
optical Z-sections with a 2.4-pm step size). For each catheter analyzed, one half of the 32
CSF intake holes were systematically imaged (n=16). The exposure times and gain settings
were kept constant on all images acquired.

Quantification of Cell Attachment

Statistics

Differences in cellular attachment to ventricular catheters were quantified using MetaMorph
Microscopy Automation & Image Analysis Software (Molecular Devices, Sunnyvale, CA).
All images were processed in a standardized fashion. First, to reduce background
autofluorescence and image noise, the images were processed with a median filter (nonlinear
digital filtering technique; filter width: 2 pixels; filter height: 2 pixels; subsample ratio: 1)
followed by background subtraction technique (“flatten background”; object size: 25 pixels).
Next, the Z-stack images (containing 209 optical sections) were collapsed into a single
image using a maximum projection function. The resulting single plane maximum
projection image was then thresholded using an inclusive threshold state. Since variability in
background and noise were still present in some samples, thresholds were selected to
produce a visually consistent background. After obtaining an appropriate threshold, a
circular region (standardized size for all samples) was loaded onto the maximum projection
image so that the entire CSF intake hole was contained within the region. Using the
established threshold, integrated fluorescence intensity was then calculated within the
standardized circular region. All integrated fluorescence intensity values are presented in
millions.

Integrated fluorescence intensity values are reported as the mean + standard error of the
mean and compared using a Mann-Whitney U test. Statistical analysis was performed using
the Statistical Package for the Social Sciences 20.0 (SPSS) (IBM, Armonk, NY). Statistical
significance is defined as p < 0.05.
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RESULTS AND DISCUSSION

In order to apply a conformal PHEMA coating to clinically-used PDMS ventricular
catheters, the iCVD protocol, in brief, involves the delivery of monomer and initiator vapor
flows into the iCVVD chamber that is operated under a mild vacuum (*0.1-10 Torr); the
initiator is thermally activated selectively by an array of resistively heated filaments (*300—
400 °C); the monomer and activated initiator diffuse to the surface of the sample sitting on a
cooled stage (x25 °C); subsequent monomer adsorption leads to surface polymerization at
the activated initiator sites, resulting in the growth of a polymer film that conforms to the
topology of the substrate surface (Figure 1(a)). The reaction mechanism for the iCVD
polymerization of HEMADS5 follows conventional free radical polymerization,5* which, as
shown in Figure 1(b) involves the thermal decomposition of a free radical initiator (e.g.
peroxide) and the chain linkage of monomer units through opening of the vinyl bonds.

Following iCVD coating of ventricular catheters, the chemical structure of PHEMA was
confirmed by FTIR and XPS spectroscopy. Figure 2 shows the ATR-FTIR spectra of the
PDMS catheters before and after PHEMA coating. From the spectrum of pristine (uncoated)
PDMS, two major peaks appearing at 1007 and 786 cm-1 are attributed to Si—-O-Si and Si—
(CH3)2 stretching on the PDMS structure, respectively. Smaller peaks located at 1258 cm-1
and 2963 cm-1 corresponding to the deformation and stretching of CH3, respectively. After
iCVD coating, the spectrum (with the PDMS background removed) shows a peak centered
around 3434 cm-1 corresponding to the broad absorption band of OH and a peak at 1726
cm-1 associated with C=0. These chemical groups are only found on PHMEA (see Figure
1) and suggest that iCVD PHEMA film was deposited on the PDMS catheters. These peaks
along with other PHEMA characteristic peaks, including CO stretching (1300-1200 cm-1),
CH bending (1500-1350 cm-1) and CH stretching (3050-2800 cm-1), were similar to iCVD
PHEMA FTIR spectra published previously.56 The region below 1100 cm-1 shows residual
and negative absorptions related to artifacts from subtraction of the PDMS background.

To more quantitatively define the chemical structure of iCVD PHEMA coated on the
catheters, high resolution XPS spectra were acquired as shown in Figure 3. From Figures
3(a)-(c), the C1s, O1ls and Si2p3/2 peaks of PDMS located at 284.7, 532.0 and 101.6 eV,
respectively, correspond to peaks of the PDMS polymer.3® For Si2p, there is an additional
Si2pl1/2 peak located at 102.3 eV, which is due to spin orbit splitting that has the expected
binding energy split and 1:2 intensity ratio relative to the Si2p3/2 peak. For C1s and O1s,
there are peaks located at 284.2 and 531.6 eV, respectively, which can be attributed to
adventitious adsorbed impurities from exposure to the atmosphere that were present on the
catheter surfaces since no sample cleaning or pretreatment was carried out. From the fitted
high resolution spectra, after accounting for elemental sensitivity factors, the estimated
atomic ratio between carbon, oxygen and silicon of uncoated PDMS is 2.1:1.0:1.0, which is
close to the theoretical ratio of 2:1:1 for stoichiometric PDMS. The XPS peaks and their
assignments are summarized in Table 1.

After depositing iCVD PHEMA on the PDMS catheters, as shown in Fig. 3(D)-(F), only
peaks associated with the PHEMA are visible. Given that XPS is a surface-sensitive
technique, probing only about 10 nm of the top surface, the much thicker PHEMA coating
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essentially blocks the underlying PDMS from being probed, and so the Si2p peak from the
PDMS has disappeared completely. The C1s and O1s peaks correspond to that of PHEMA
only, as seen by the fitted peaks and their corresponding assignments that are also provided
in Table 1. The estimated carbon to oxygen ratio of iCVD PHEMA is 2.5:1.0, which is close
to the theoretical ratio for stoichiometric PHEMA.57 The quantitative XPS data coupled with
the qualitative FTIR results demonstrate that iCVD PHEMA with the expected PHEMA
chemistry has been formed. The much lower amount of carbon (and no oxygen) impurities
observed on the PHEMA surface compared to the uncoated PDMS surface is due to the
clean iCVD environment during PHEMA synthesis as well as to careful post-iCVD storage
of samples in vacuum-sealed containers prior to XPS analysis.

The morphology of uncoated and iCVD PHEMA-coated PDMS catheters as revealed by
SEM are shown in Fig. 4. The pristine PDMS catheter surface is smooth and void of any
large surface features based on the top and side views as shown in Fig. 4(A,B). After iCVD
PHEMA deposition, the surface morphology became rougher as seen in the top views in Fig.
4(C,E) and there is a clear demarcation of the PHEMA coating from the underlying PDMS
substrate in the side views in Fig. 4(D,F). The PHEMA coating appears to fully cover the
catheter surface with no noticeable defects such as pinholes or cracks. But visually there are
differences in the PHEMA coating on the exterior catheter wall in Fig. 4(C,D) compared to
that on the interior wall in Fig. 4(E,F). Clearly, the PHEMA coating is much thicker on the
exterior wall (>3 pm) compared to that on the interior wall (1-2 pm) when the coating side
views on the exterior and interior walls are compared. This is understandable given there is
greater and more facile access to reactants on the exposed surface during the iCVD process.
From the top views, it appears that there are greater surface undulations of the PHEMA
coating on the interior wall. Typically, larger and rougher surfaces features are associated
with a nucleation-limited process in chemical vapor deposition.68: 69 In iCVD, the delivery
of activated initiator species to the interior surface could be hindered as these species need to
travel through the CSF-intake holes (diameter: ~500 um). Since the activated initiator
species serve as the nucleation agents for polymer growth, their lower concentration in the
catheter interior could give rise to fewer nucleation events and result in larger, rougher
polymer structures. The lower nucleation density also supports the slower polymerization
kinetics that yielded the thinner polymer coatings. In contrast, the diffusion of activated
initiator to the exposed exterior surface is practically unhindered and nucleation density
could be much higher, leading to the smaller surface undulations and thicker coatings
observed.

To further investigate the PHEMA coating morphology along the catheter, several points in
the vicinity of the intake holes and closed end have been analyzed by SEM as shown in Fig.
5. SEM images were taken of the exterior and interior catheter walls at various locations as
well as of the intake hole sidewall for the 8 holes in a given row. Consistent with
observations in Fig. 4, for all locations probed, the PHEMA has a rougher surface texture
with larger surface features on the interior wall compared to the exterior wall that is
attributed to the higher nucleation density. In further support of this claim, the surface
roughness and feature sizes of PHEMA on the intake hole sidewalls fall between that of the
smoother exterior wall coating and the rougher interior wall coating. Since the activated
initiator has to pass through the intake holes to reach the inside of the catheter tube, the
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concentration of these species at the intake hole sidewall will most likely be at an
intermediate level between the more accessible exterior and less accessible interior. In terms
of morphological variations with different positions along the catheter, there does not appear
to be any significant change except perhaps near the blind end where the accumulation of
activated initiator species around the interior wall might see an increased nucleation density
and correspondingly a surface that is not as rough. The largely uniform coating morphology
at different locations indicates the conformal nature and spatially well-distributed reaction
medium of the iCVD process. PHEMA-coated and uncoated control catheters were tested in
an in vitro hydrocephalus catheter bioreactor containing co-cultured astrocytes and microglia
within an alginate hydrogel scaffold simulating brain parenchyma in order to determine if
the PHEMA coating conferred a resistance to cellular attachment.”® Cellular attachment was
measured through analysis of integrated fluorescence intensity values obtained from three-
dimensional confocal microscopy imaging of rhodamine-phalloidin (F-actin probe
conjugated to the red-orange fluorescent dye, tetramethylrhodamine) stained cells attached
at the surfaces of catheter CSF intake holes. CSF intake holes were the focus of this analysis
given prior study of obstructed ventricular catheters operatively removed from children in
shunt failure, which demonstrated that CSF intake holes serve as niduses for astrocyte and
microglia attachment.®

We found significant reductions in cell attachment to PHEMA-coated catheters at both 17-
day and 6-week cell culture time points. At the 17-day time point, the control and PHEMA-
coated catheter CSF intake holes had mean integrated fluorescence intensity values of 8.88
+ 1.97 (n=16) and 1.98 + 0.46 (n=16), respectively, thus demonstrating highly significant
reduction of cell attachment with the PHEMA coating (p = 0.0027). At the 6-week time
point, the control and PHEMA-coated catheter CSF intake holes had mean integrated
fluorescence intensity values of 3.88 + 0.49 (h = 32) and 1.51 + 0.22 (n = 32), respectively,
thus demonstrating highly significant reduction of cell attachment with the PHEMA coating
(p=0.00038). Figure 6 demonstrates representative images of the actin stain for half of the
control and PHEMA-coated catheter holes imaged at the 17-day time point alongside the
calculated integrated fluorescence intensity values for those same holes. In addition to
quantitative differences in integrated fluorescence intensity values, the nature of cell
attachment to the control versus PHEMA-coated catheters appears qualitatively distinct. In
particular, while cells form clusters that extend beyond the PDMS surface of the control
catheter CSF intake holes, such clustering is essentially absent on PHEMA-coated catheters.
Instead, cells bound to the CSF intake hole surfaces of the PHEMA-coated catheters form a,
generally sparse, monolayer.

Conclusions

This study demonstrates the feasibility of using iCVD to apply polymer coatings to CSF
shunt ventricular catheters. The decreased astrocyte and microglia cell attachment to
PHEMA-coated catheters tested in an in vitro hydrocephalus catheter bioreactor suggests
that this approach could prove valuable for producing more failure-resistant next generation
ventricular catheters.
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The qualitative difference in the nature of cell attachment to the CSF intake holes of control
versus PHEMA-coated catheters — with cells clustering and extending off the CSF intake
hole sidewalls in the control catheters versus forming a sparse monolayer along the hole
sidewalls of the PHEMA-coated catheters — may prove clinically significant as cell
clustering within the CSF intake holes is more likely to result in reductions of CSF flow and
ultimately catheter obstruction. It is possible that the rough surface texture of the PHEMA
coating allowed for single cell attachment between the hydrogel gobbets. If this is the case,
the lack of cell clustering on the PHEMA catheters may be because the hydrogel gobbets
between the attached cells prevented contact/interaction between neighboring cells. It is also
possible that the cells seen on the CSF intake hole sidewalls of the PHEMA-coated catheters
were more weakly attached than their counterparts on the control catheter hole sidewalls and
therefore could not support the attachment of additional cells not in direct contact with the
catheter surface. While this preliminary study demonstrates feasibility of the general
technique of iCVD coating of ventricular catheters, further work will certainly be needed in
order to optimize the system for the targeted function. Operating on the hypothesis that a
smoother surface is better at mitigating cell binding,”9-72 future efforts to generate smoother
coatings would be focused on enhancing the nucleation density and availability of activated
initiator species used in the iCVD protocol. This could be achieved by increasing the
filament temperature, raising the vapor concentration of initiator flow, and/or reducing the
substrate temperature. Another potential approach for obtaining smoother coatings would be
to perform a post-deposition thermal anneal of the polymer coating near or above its glass
transition (~75-90 °C) to induce some amount of polymer flow and redistribution. It is also
possible that coating smoothness might also be improved if there is better adhesion and
compatibility of the hydrophilic PHEMA polymer with the underlying hydrophobic PDMS
substrate. By carrying out air or oxygen plasma surface pretreatment of the catheters prior to
iCVD, the catheter surface might favor enhanced surface nucleation, polymer growth, and
consequently better integration of the polymer with the substrate. Although PHEMA has
been selected in this study, primarily due to its widespread adoption as a viable biomaterial,
other polymer hydrogels like poly(ethylene oxide) (PEO) and poly(vinylpyrrolidone) (PVP),
which have been successfully synthesized by iCVD,>3 73 might also be good candidates to
explore.
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Fig. 1. iCVD polymerization and coating of PHEMA on PDM Sventricular catheters
(A) iCVD scheme for coating of PHEMA on the catheters. Each catheter has an outer and

inner diameter of 2 and 1 mm, respectively. There are a series of intake holes, 0.5 mm in
diameter, near the blind end that are arranged as eight holes spaced 1 mm apart in four rows
at 90° apart around the tube circumference. (B) Free radical polymerization reaction to form
PHEMA using HEMA monomer and TBPO initiator. With the cooling stage and heated
filaments at 25 and 300 °C, respectively, and the reactor pressure at 0.1 Torr, the actual
temperature of the catheter surface was recorded to be =50 °C.
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Fig. 2. Qualitative spectroscopic analysis of uncoated and PHEM A-coated PDM S ventricular

catheters

ATR-FTIR spectra of (A) pristine and (B) iCVD PHEMA-coated PDMS catheters. The
PDMS background was subtracted out of the PHEMA-coated PDMS spectrum. The OH
(3434 cm™1) and C=0 (1726 cm™1) peaks of PHEMA suggest that PHEMA was successfully

deposited on the catheters.
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Fig. 3. Quantitative spectroscopic analysis of uncoated and PHEM A-coated PDM S ventricular
catheters

High resolution C1s, O1s, and Si2p XPS spectra of pristine (A-C) and iCVD PHEMA-
coated (D-F) PDMS catheters with their corresponding fitted peaks and peak assignments
(see Table 1 also). The C:O:Si ratio of pristine PDMS, estimated at 2.1:1.0:1.0, agrees well
with stoichiometric PDMS. The C:O ratio of the PHEMA coating, estimated at 2.5:1.0, is
close to that of stoichiometric PHEMA. The disappearance of Si in the PHEMA-coated
sample indicates the PHEMA coating is sufficiently thick to prevent the underlying PDMS
substrate from being probed.
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Fig. 4. Surface morphological analysis of uncoated and PHEM A-coated ventricular catheters
Top- and side-view SEM images of pristine (A,B) and iCVD PHEMA-coated (C,D and E,F)

PDMS catheters. The latter pairs of images are for PHEMA coatings on the exterior (C,D)
and interior (E,F) catheter walls, respectively. Surface roughness and feature sizes are related
to the nucleation density for polymer growth that is affected by the accessibility of activated
initiator species. Scale bar is 10 and 1 pm for top and side views, respectively.
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Fig. 5. PHEMA coating mor phology along the PHEM A-coated ventricular catheters
Top view SEM images at different locations along the axial direction of the catheter of the

PHEMA coating on the exterior and interior walls (identified by v) as well as on the intake
hole sidewalls (numbered 1-8) along a row of 8 intake holes. Surface roughness and feature
sizes appear to be similar at various locations along the catheter indicating the highly
uniform nature of the iCVD process. Differences in morphology on the exterior/interior/
intake hole walls as well as near the blind end are due to differences in activated initiator
availability and nucleation density. Scale bar is 5 and 2.5 pm for interior/exterior and intake
hole surfaces, respectively.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hanak et al.

Page 22

(A) ( B) Integrated Fluorescence Intensity Values (Millions)
o

PHEMA Control

I
©
»
©

30

M Control
B PHEMA

Fig. 6. Representative rhodamine-phalloid actin stain imaging for control and PHEMA CSF
intake holes alongside calculated integrated fluorescence intensity values

(A) Eight representative CSF intake hole maximum projection images from the PHEMA
coated and uncoated control catheter are shown at the 17-day time point. (B) The measured
integrated fluorescence intensity values for the holes imaged are shown graphically. The
CSF intake holes imaged are numbered one through eight, with hole one being closest to the
catheter tip (most distal) and hole eight being closest to the alginate matrix loaded with
cultured astrocytes and microglia (most proximal).
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Position and percent area of fitted peaks in high resolution XPS spectra

Table 1

Core Level Electrons

Peak Number  Bonding Environment

Binding Energy (eV)

Area (atomic %)

PDMS ventricular catheter

o1 - Carbon impurities 284.2 32.7
S

1 C*-Si 284.7 315

- Oxygen impurities 531.6 5.8
O1ls

2 Si-O* 532.0 14.9

- Si2pzp, 101.6 10.1
Si2p

- Si2pyp 102.3 5.0

PHEMA-coated catheter

- Carbon impurities 284.2 4.1

3 —C*H,y—C(C*Hg)— 285.1 21.3

4 —CHy—C*(CHg)— 285.7 11.0
Cls

5 O-C-C*-OH 286.5 10.8

6 O-C*-C-OH 287.0 10.8

7 0O-C*=0 289.1 10.5

8 0-C=0* 532.5 10.5
O1s 9 O-C-C-O*H 533.2 10.5

10 O*-C-C-OH 533.9 10.5
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