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Abstract
Occlusion or blockage of silicone shunts utilized in the treatment of hydrocephalus is a major
challenge that is currently addressed by multiple shunt replacements. Shunt occlusion is caused by
adhesion and proliferation of reactive cells, such as glial and vascular cells, into the lumen of the
catheter and on valve components. This in vitro study describes how the adhesive behavior of four
human cell types on poly (dimethylsiloxane) (PDMS) surfaces can be suppressed by
functionalization with trypsin, a proteolytic enzyme. The covalently conjugated trypsin retained its
proteolytic activity and acted in a dose-dependent manner. Trypsin-modified PDMS surfaces
supported significantly lower adhesion of normal human astrocytes, human microglia, human
dermal fibroblasts and human umbilical vein endothelial cells compared to unmodified PDMS
surfaces (p < 0.0001). Immunofluorescence imaging of cellular fibronectin and quantitative
adsorption experiments with serum components indicated that the PDMS surfaces immobilized
with trypsin inhibited surface remodeling by all cell types and resisted protein adsorption. The
impact of this work lies in the recognition that the well-known proteolytic characteristics of
trypsin can be harnessed by covalent surface immobilization to suppress cell adhesion and protein
adsorption.
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1. Introduction
Hydrocephalus is characterized by the accumulation of cerebrospinal fluid within the cranial
cavity of the brain.1 The state of the art treatment for this disease involves implanting a
silicone catheter into the ventricular system of the central nervous system (CNS) and
redirecting the flow of cerebrospinal fluid (CSF) to another site of the body such as the
peritoneal cavity or the right atrium of the heart.2 Although this shunting technology has
been in existence for nearly 50 years,3 recent reports indicate that approximately 40% of all
CSF shunting procedures conducted in the United States have resulted in shunt failure.4 In
fact, the total cost of all treatments related to shunt procedures together with shunt revisions
was estimated at $100 million per year.5 In addition, retrospective analyses of the
hydrocephalus patient records of 94 children between the years 1993 and 2003 concluded
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that about 30% of the cases were diagnosed with shunt blockage, making it the most
common complication in the treatment of hydrocephalus.6 Shunt blockage, also known as
shunt occlusion, has been reported to occur via multiple mechanisms7–10 involving several
cell types such as astrocytes,10 macrophages,7, 11 fibroblasts,7 and blood components.7 The
only current solution for the shunt occlusion problem is a shunt revision, whereby the old
shunt is replaced by a new one, often with several complications.10

An essential aspect in preventing multiple shunt revisions in hydrocephalus patients is to
diminish shunt occlusion. Shunt occlusion is facilitated by the adhesion and proliferation of
reactive cells on to the implant surface and hence, reducing cell adhesion is vital in
preventing shunt revisions. A primary mode of cell adhesion on biomaterials is via integrin
binding to secreted extracellular matrix (ECM) proteins such as fibronectin, vitronectin,
collagen and laminin,12–14 i.e. surface remodeling. In addition, cell adhesion on shunt
surfaces can also occur via the adsorption of serum components present in the CSF such as
fibrin, fibrinogen, IgG and albumin.7, 15 A potential approach to inhibit cell adhesion would
therefore be to modify the surface of the silicone shunts with molecules such as trypsin,
hyaluronic acid or heparin. These molecules are either known to sever bonds between
adhered cells and the substrate or prevent protein adsorption, which eventually inhibits cell
adhesion on biomaterial surfaces.16–18 Surface modification of PDMS with biologically
active molecules can be performed via methods such as adsorption or covalent linkage.18, 19

However, covalent immobilization of anti-adhesive molecules is of specific interest not only
because of the ability to incorporate bioactive functionality but also to provide a measure of
reliability and reproducibility from the standpoint of mass-production.

Previous efforts to reduce neural cell adhesion via covalent immobilization of heparin and
hyaluronic acid on PDMS surfaces have been unsuccessful.19 Trypsin is a proteolytic
enzyme that is well known for its ability to cleave proteins. It is used extensively in soluble
form for detachment of cells in cell culture applications 16 and in bound form for research in
bioreactors and proteomics.20–22 Indeed, immobilized trypsin has been shown to break
peptides almost 6600-fold faster compared to trypsin in solution,23 possibly due to the high
local concentration of immobilized enzyme.21, 24 However, to our knowledge, trypsin-
modified surfaces have not been utilized in detachment of whole cells especially on
biomaterials such as silicones. In addition, there are no current bioactive surface coatings for
silicone shunts used to treat hydrocephalus, which could potentially reduce cell growth and
protein adsorption and thereby reduce shunt blockage. In the present study, trypsin was
immobilized on PDMS surfaces to facilitate detachment of reactive human cells that have
been previously reported to cause shunt and valve occlusion in hydrocephalus patients. The
immobilized trypsin on PDMS surfaces inhibited adhesion of four reactive human cell types
via cleavage of peptide bonds formed between the surface of the substrate and the adhered
cells. In addition, the adsorption of serum components was also inhibited by immobilized
trypsin confirming the bioactive nature of the surface. As a result, we hypothesize that
immobilized trypsin may reduce the likelihood of shunt occlusion and failure in the
treatment of hydrocephalus.

2. Materials and Methods
2.1 Materials

Normal human astrocytes (NHA), neonatal human dermal fibroblasts (NHDF), human
umbilical vein endothelial cells (HUVECs), advanced DMEM/F12K medium, HEPES
buffered saline solution, trypsin neutralizing solution (TNS), trypsin-EDTA (0.25%),
astrocyte basal medium (ABM) with AGM SingleQuot, fibroblast growth medium (FGM-2)
along with FGM SingleQuots and endothelial cell growth medium (EGM) with EGM-2
SingleQuots were purchased from Lonza (Walkersville, MD). Human microglia was

Achyuta et al. Page 2

Langmuir. Author manuscript; available in PMC 2011 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



purchased from Clonexpress (Gaithersburg, MD). Macrophage-colony stimulating factor
(m-CSF) was purchased from Peprotech Inc. (Rocky Hill, NJ). Ethanol (200 proof), 2-
propanone (acetone), T-25 culture flasks, were purchased from Fisher Scientific (Fair Lawn,
NJ). Fetal bovine serum (FBS) was purchased from Invitrogen (Carlsbad, CA). Bovine
serum albumin (BSA) was purchased from Polysciences Inc. (Warrington, PA). 3-
Mercaptopropyl trimethoxysiloxane was obtained from Gelest (Morrisville, PA). Triton
X-100, Dimethyl sulfoxide (DMSO), triethylamine, ethyl acetate, 4',6-diamidino-2-
phenylindole (DAPI) and the cellular fibronectin antibody produced in mouse was obtained
from Sigma (St Louis, MO). 24-well polystyrene plates were obtained from Becton
Dickinson (Franklin lakes, NJ). Phosphate-buffered saline (PBS; 1×, without calcium or
magnesium) was purchased from Mediatech (Herndon, VA). Secondary antibodies, namely
anti-mouse IgG (FITC-labeled) was obtained from Vector Labs (Burlingame, CA). FITC-
conjugated bovine serum albumin (BSA) and trypsin (2.5%) without EDTA was purchased
from Invitrogen Corporation (Carlsbad, CA). The BCA protein assay kit, 16% formalin, and
the coupling molecule N-γ-maleimidobutyryloxy succinimide ester (GMBS) were purchased
from Pierce Biotechnology (Rockford, IL). Silicone elastomer (Sylgard 184) and the curing
agent were obtained from Dow Corning (Midland, MI). A round handle brass punch (1.5 cm
diameter) was obtained from McMaster-Carr (Elmhurst, IL).

2.2 Trypsin immobilization on PDMS substrates
A mixture of silicone elastomer and curing agent (10:1 ratio) was poured into a petri dish,
degassed, and allowed to cure for 60 minutes in an oven at 65 °C to prepare PDMS
substrates with 3–5 mm thickness prior to trypsin immobilization. To prevent hydrophobic
recovery, the cured PDMS was cut into thin slabs and subjected to a short-chain oligomers
extraction procedure following the method of Vickers et al.25 Briefly, the PDMS substrates
were first immersed in 200 mL of triethylamine for 2 h with constant stirring. The
triethylamine was replaced after 1 h. The PDMS substrates were then removed and placed in
a beaker containing 200 mL of ethyl acetate and fresh ethyl acetate was added after one hour
of stirring at room temperature. The PDMS substrates were then placed in a solution
containing 200 mL of acetone for 2 h and fresh acetone was added after one hour. The
PDMS substrates were finally dried at 65 °C in an oven for 4 hours. They were then
punched to fit into individual wells of a 24 well plate using a 1.5 cm diameter round handle
brass punch.

The surface immobilization of trypsin was carried out on the extracted PDMS surfaces using
a three-step process described previously.26 Prior to surface modification, a 4% (v/v)
solution of 3-mercaptopropyl trimethoxysiloxane in ethanol was prepared under an inert N2
atmosphere in a glove bag. The coupling molecule GMBS, was stored as a stock solution
containing 50 mg GMBS in 0.5 mL DMSO and a working solution of 0.28 % (v/v) GMBS
was prepared by dissolution in ethanol. The punched PDMS substrates were exposed to
oxygen plasma (100 mW with 8% oxygen for 30 s) in a PX-250 plasma chamber (March
Instruments, Concord, CA). Immediately after plasma exposure, the first step of surface
functionalization was carried out in which, the PDMS substrates were covered with the
silane solution and allowed to react at room temperature for 30 min. Unreacted silane was
removed by rinsing with ethanol. In the second step, the glass surfaces were covered with
the GMBS solution in ethanol and allowed to react for 15 min prior to flushing with ethanol
and then with PBS.

For experiments with immobilized trypsin, the stock solution (0.25% or 2.5 mg/mL) was
diluted with PBS to the selected concentration or used directly. About 1 mL of this trypsin
working solution was cast onto the PDMS substrates modified with GMBS and silane. After
a reaction time of 30 min, unbound trypsin was removed by rinsing with PBS.
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2.3 Immobilized trypsin surface density quantification
Following the immobilization steps described above, four different casting solution
concentrations of trypsin were prepared, cast onto the PDMS substrates, and allowed to react
for 30 minutes. After 30 minutes of binding, the supernatant containing the unbound protein
was collected and the concentration of unbound trypsin remaining in solution was
determined using the BCA Protein Assay Kit. A two-step approach was used to obtain an
estimate of the immobilized protein surface density and binding efficiency on both extracted
and non-extracted PDMS substrates. In the first step, a calibration curve was created by
mixing 0.1 mL of known solution concentrations of trypsin concentrations with 2 mL of kit
reagents A and B which were pre-mixed in a 24-well plate in the ratio of 50:1 (v/v) as per
the manufacturer’s instructions. The 24-well plate was then incubated at 37 °C for 30
minutes and absorbance was measured at 562 nm using a Bio-Tek HT (Winooski, VT)
fluorescence micro-plate reader. Once the calibration curves were obtained from known
trypsin concentrations in solution, the sample surfaces on both non-extracted and extracted
PDMS substrates were subjected to the 3 step surface modification protocol as described
above. Subsequent to the protein binding step, the unbound trypsin solution was collected
and mixed with the BCA assay kit reagents followed by incubation at 37 °C for 30 min.
Following incubation, the absorbance value at 562 nm was measured and this value was
matched to the appropriate concentration in mg/mL from the calibration curve obtained in
the first step. The surface densities on non-extracted and extracted PDMS substrates and
binding efficiency were calculated using this concentration data.

2.4 Cell culture
Human astrocytes were cultured in T-25 flasks at 5000 cells/cm2 in AGM supplemented
with growth factors and cytokines (AGM SingleQuots) per the vendor’s instructions. Human
dermal fibroblasts were maintained in T-25 flasks at 3500 cells/cm2 in FGM-2
supplemented with FGM SingleQuots. HUVECs were seeded at 2500 cells/cm2 and
maintained in EGM supplemented with EGM-2 SingleQuots. Human microglia were grown
in 50:50 DMEM/F12K medium supplemented with 5% FBS, 10 ng/mL m-CSF and 1%
penicillin/streptomycin. All cells were maintained at 37 °C, 5% CO2, humidified 95% air,
and harvested prior to experiments by first washing with HEPES and removed from the
T-25 flask surface using trypsin/EDTA and subsequently neutralized by the addition of
TNS. Following TNS neutralization, the cell suspensions were centrifuged at 220 × g for 5
min and re-suspended in supplemented respective media at desired seeding concentration
into the 24-well plates containing PDMS substrates.

2.5 Dose response of immobilized trypsin on human astrocytes
Trypsin was immobilized at four casting solution concentrations, 0.25, 0.5, 1.0 and 2.5 mg/
mL, using the aforementioned surface immobilization technique. Human astrocytes were
seeded at 2.5 × 104 cells/mL onto the extracted and trypsin-modified PDMS substrates and
allowed to grow for 24 hours at 37 °C. After one day of culture, the surfaces were washed
gently with HEPES solution, and the cells were removed using 1mL trypsin-EDTA and
subsequently neutralized with TNS. The cells suspension was centrifuged at 220 × g for 5
min at 4 °C and resuspended in 1 mL of supplemented AGM. The number of viable adherent
cells on each sample was identified by the trypan blue exclusion test and counted using a
hemacytometer.

2.6 Cell adhesion assay
Trypsin was immobilized at the highest casting solution concentration (2.5 mg/mL) and all
the four human cell types were seeded onto the trypsin immobilized and PDMS control
substrates with 1 mL of suspensions with a concentration of 2.5 × 104 cells/mL. The
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substrate area in all cases was 1.9 cm2, yielding a seeding density of 1.3 × 104 cells/cm2.
The cells were cultured for 7 days at 37 °C and fresh medium was added every 3 days. The
seeding density value specified above was chosen to ensure that no cell type would reach
confluence prior to the end of the 7-day experimental period. The cells were cultured for 7
days at 37 °C and fresh medium was added every 3 days. Following 7 days of culture, the
cells were washed, removed and neutralized using the aforementioned protocol and viable
adherent cells were counted via the trypan blue exclusion test using a hemacytometer. Since
certain cell types reached confluence following 8–10 days of culture on PDMS controls,
experiments were limited to 7 days to obtain an accurate comparison of cellular adhesion
between the samples and controls.

2.7 Immunofluorescence
Human astrocytes, fibroblasts, endothelial cells and microglia were seeded on the trypsin-
modified surfaces and PDMS controls at 2.5 × 104 cells/mL. The cells were cultured to 40–
60% confluence on PDMS controls and fixed using 4% formalin solution for 15–20 minutes.
Following fixation, the cellular monolayer was permeabilized using 0.1% Triton X-100 with
2% BSA in PBS for 10 minutes. The cells were rinsed with PBS and incubated for 30 min at
37 °C with blocking buffer (2% BSA) to prevent non-specific binding. The cells were
washed twice with PBS and subsequently incubated with the primary antibody, monoclonal
anti-fibronectin cellular antibody produced in mouse for 1 hour at 37 °C. The primary
antibody solution was aspirated and the surfaces were rinsed with PBS followed by
incubation with FITC anti-mouse IgG (1:100) and DAPI (0.1µg/mL) in PBS for 1 hour at 37
°C. The surfaces were washed with PBS twice and imaged using a Nikon Eclipse TE-2000
inverted microscope.

2.8 Serum protein adsorption
To estimate serum adsorption, trypsin-modified surfaces and PDMS controls were covered
with 0.3 mL (100 µg/mL) of FITC-conjugated BSA solution overnight at 37 °C. Following
incubation, the surfaces were washed thrice with PBS and the fluorescence images were
analyzed using Nikon NIS Elements Advanced Research software. Fluorescence intensities
were averaged over 6 image fields on a 4× objective for each of three independent
experiments for both trypsin-immobilized and PDMS control surfaces and reported as mean
FITC brightness ± standard error of mean.

2.9 Statistical Analysis
Statistical analysis of the data was performed by carrying out Tukey’s tests with one-way
ANOVA using Kaleidagraph software. The data was considered statistically significant only
if the p value was ≤ 0.001. All experiments were performed in triplicates and the statistics
were reported as mean ± standard error of mean.

3. Results
3.1 Surface density analysis of immobilized trypsin

The surface immobilization technique used in the present study allows for covalent
attachment of trypsin onto PDMS substrates. Estimates of surface composition of trypsin on
non-extracted and extracted PDMS substrates were obtained by measuring the solution
concentrations of the unbound protein in the last step of surface modification using a total
protein assay. In the concentration ranges examined for trypsin immobilization on both non-
extracted and extracted PDMS, the surface density increased monotonically with the casting
solution concentration as shown in Fig. 1. In addition, the binding efficiency was found to
be higher at lower casting solution concentrations (Table 1) for both non-extracted and
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extracted PDMS. As the casting solution concentrations were increased, the binding
efficiencies decreased on both non-extracted and extracted PDMS substrates indicating that
the binding sites on the surface were approaching saturation. The surface density and
binding efficiencies on both non-extracted and extracted PDMS were comparable to each
other at 2.5 mg/mL trypsin casting solution concentration (p = 0.03). Although the binding
efficiencies were comparable, the extracted PDMS had a slightly higher value compared to
its non-extracted counterpart. Consequently, the extracted PDMS at a surface density of 760
µg/cm2 was utilized for the cell adhesion, matrix production and protein adsorption studies.

3.2 Dose response of immobilized trypsin on human astrocytes
Trypsin was immobilized at surface densities of 106, 226, 466 and 760 µg/cm2 on extracted
PDMS substrates and astrocyte attachment on these surfaces after 24 hours of incubation at
37 °C is shown in Fig. 2. As expected, this study indicated that the cell attachment was
sensitive to the surface density of trypsin with lower surface densities of trypsin allowing
significantly higher adhesion of astrocytes compared to that at higher surface densities (p =
0.0005). Consequently, the casting solution concentration of 2.5 mg/mL that corresponded
to the surface density 760 µg/cm2 was used for all subsequent experiments. In addition,
since the number of human astrocytes that adhered on this surface was very low (close to
zero), higher concentrations of immobilized trypsin were not used for the subsequent
experiments.

3.3 Cell adhesion
Fig. 3 shows a plot of cell adhesion per unit area for human astrocytes, fibroblasts,
endothelial cells and microglia following 7 days of culture in vitro on PDMS controls
(unmodified and non-extracted) compared to that of trypsin-modified PDMS substrates. The
adhesion of cells on unmodified PDMS surfaces is slow initially (relative to tissue culture
polystyrene), but increases over time. As shown in Fig. 3, the adhesion levels of the four cell
types were markedly different with microglia having the lowest adhesion and fibroblasts the
highest. Since the data presented in Fig. 3 is a plot of the total number of cells adhered/mm2

vs. surface type, the data can be viewed as an unequivocal estimate of cell growth, since cell
adhesion to the silicone substrate is essential for survival of cells in a long-term culture. The
trypsin-modified surfaces significantly inhibited astrocyte, fibroblast, endothelial cell and
microglial adhesion compared to unmodified PDMS substrates (p < 0.0001). Bright field
micrographs of these surfaces are shown in Fig. 4 clearly showing the effect of immobilized
trypsin on all cell types compared to unmodified PDMS controls. Seeding the cells at higher
densities, specifically 4–6 × 104 cells/cm2, did not affect the efficiency of trypsin-action and
very few cells adhered (< 10 cells/mm2) on the trypsin-modified surfaces after 7 days of
culture (results not shown).

3.4 Extracellular matrix production
Mammalian cells are known to adhere to synthetic surfaces via integrin binding to the
secreted ECM proteins by cells on surfaces such as fibronectin, laminin and collagen.12, 14,
16, 27, 28 Since the trypsin-modified surfaces inhibited cell growth of all cell types
examined in the previous section, determining the mode of inhibition of cell adhesion from
these surfaces was essential. All four-cell types were therefore grown to 40–60% confluence
(an arbitrary reference point) on unmodified PDMS substrates and trypsin-modified surfaces
and then stained for cellular fibronectin. Fig. 5 shows the production of cellular fibronectin
of all cell types on unmodified PDMS substrates compared to trypsin-modified surfaces. All
unmodified PDMS surfaces were observed to bind sufficient numbers of cells that were anti-
fibronectin positive with an intact cell membrane. In addition, the cell nuclei were
undamaged as seen by the DAPI counter-stain (blue) in Fig. 5. In contrast, the trypsin-
modified surfaces consisted of random blotches of cellular fibronectin with a few isolated
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spots of DAPI, which was representative of either fragmented fibronectin due to trypsin-
induced proteolysis and/or ruptured cell membranes. Either or both of these effects would
lead to the detachment of cells from the trypsin-modified PDMS.

3.5 Serum protein adsorption
Adsorption of serum proteins on biomaterial surfaces also results in cell adhesion and has
been documented extensively.29–34 Fig. 6 shows a plot of mean fluorescence intensity of
FITC-conjugated BSA plotted against surface type, which serves as a direct measure of
magnitude of protein adsorption on unmodified PDMS and trypsin-modified surfaces. The
highly hydrophobic nature of native unmodified PDMS makes it unfavorable for protein
adsorption compared to slightly hydrophobic materials such as polystyrene (result not
shown). Still, unmodified PDMS does allow appreciable amount of serum protein adsorption
compared to trypsin-modified surfaces as shown in Fig. 6. The mean fluorescence intensity
of adsorbed FITC-BSA on unmodified PDMS was significantly higher than the trypsin-
modified PDMS (p < 0.0001) showing that the latter resiliently inhibited serum protein
adsorption.

4. Discussion
Silicone catheters used in redirecting CSF flow in the treatment of hydrocephalus have been
reported to fail via multiple mechanisms that cause shunt occlusion.7–10 These failure
modes include astroglial cell growth into proximal and distal catheter,35 dysfunction of
valve components due to blood elements, cellular debris, or infiltration of fibroblasts.7
Reactive cells such as astrocytes, macrophages, fibroblasts and blood cells are primarily
responsible for ventricular catheter obstruction.7, 36 As a result, the current study
incorporates studying adhesion characteristics of neural cells such as astrocytes and
microglia on PDMS and trypsin-modified PDMS. PDMS was chosen on the basis of its
chemical similarity to the clinically implanted silicone catheters. The disruption of the blood
brain barrier7 during the time of shunt catheter insertion results in the infiltration of
endothelial cells from the capillaries and astrocytes from glia-limitans.12, 37 It is also likely
that other vascular cells along with blood components permeate towards the shunt surface
following the blood brain barrier rupture. Furthermore, fibroblast in-growth in the rear end
of the catheter, i.e. the peritoneum, has been observed previously.7 Moreover, transcranial
implants such as shunt catheters have been previously shown to elicit exacerbated
astrogliosis characterized by higher inflammation (microglial reactivity), reactive astrocyte
proliferation and meningeal fibroblast infiltration due to their chronic contact with the
meningeal tissue.37 Hence, in the current work, the adhesion of endothelial cells and
fibroblasts were investigated in addition to that of astrocytes and microglia. While other cell
types such as the choroid plexus cells and ependymal cells have been previously implicated
in shunt occlusion, the current study only involves cells that proliferate extensively and/or
are reactive in nature to implanted biomaterials in the CNS. Furthermore, ependymal cells
are not known to be reactive8 and hence the current work did not include studying this cell
population.

In this work, to verify if hydrophobic recovery of PDMS surfaces38 affects the efficiency of
trypsin immobilization, both extracted and non-extracted PDMS were utilized and the
amount of trypsin bound to the surface was quantified using the BCA kit. The surface
density of trypsin was augmented with the increase in casting solution concentration on both
extracted and non-extracted PDMS as seen in Fig. 1. The maximum value of surface density
for both the extracted and non-extracted PDMS were similar statistically (p > 0.001)
indicating that surface rearrangements were unlikely possibly due to the fact that both
extracted and non-extracted PDMS surfaces were exposed to the silane solution within 2
minutes of oxygen plasma treatment. This fact is in accordance with prior work by Lee et al.
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39 where the authors suggested that surface rearrangements on non-extracted PDMS surfaces
are observable only after about one day of exposure to ambient air. Although the
hydrophobic recovery of non-extracted PDMS surfaces was found to be negligible, the
magnitude of trypsin surface density was nevertheless higher on extracted PDMS compared
to the non-extracted ones. This higher trypsin surface density may possibly be due to higher
density of Si-OH groups on extracted PDMS after plasma treatment, which is in accordance
with results reported by Vickers et al.25 The observed higher surface density, along with the
known ability of extracted PDMS to retain its hydrophilicity for prolonged periods
following plasma treatment39 makes the extraction process attractive from the standpoint of
consistency in mass production. Hence, extracted PDMS surfaces were used as substrates
for trypsin immobilization for all the experiments reported in this article.

The surface modification technique utilized in this study allowed us to covalently
immobilize trypsin on PDMS surfaces. Prior work26 by our group utilized the same surface
modification technique to enhance cellular adhesion and outgrowth. As a result, the
mitigated cellular adhesion achieved on trypsin-modified surfaces in the current study could
be attributed to the bioactivity of the surface rather than a toxic insult induced by the
reagents mentioned in the surface modification technique. All the four cell types examined
in this work failed to grow on trypsin-modified surfaces compared to PDMS controls (Figs.
3 and 4). High surface densities of tethered trypsin significantly reduced the cells’ ability to
form adhesive bonds in a dose dependent manner (Fig. 2). However, at lower surface
densities (105 µg/cm2) appreciable numbers of cells were present on the surface (~40 cells/
mm2) likely due to the presence of large amounts of adsorbable protein in the serum, media
and the growth supplements. Recent work by Patel et al.19 suggested coating highly
hydrophobic materials (contact angle around 110°) onto silicones to inhibit neural cell
adhesion and growth. However, silicones such as PDMS used in shunt catheters are also
hydrophobic (contact angle ~ 108°)40 but are capable of supporting cell adhesion given a
sufficient amount of time as indicated by our cell adhesion experiments in Fig. 3. This
observation is important in the context of surgical catheter insertion in hydrocephalus
patients because the blood-brain barrier, which is disrupted during the insertion process
typically, takes 2–3 weeks to heal.41 This period of time is sufficiently long for the
infiltrating cells to settle, deposit their own ECM proteins, and then proliferate. In addition,
due to the large amounts of serum present in cerebrospinal fluid (CSF),7 the cells and other
living organisms such as bacteria that enter the brain during the insertion of catheter can
colonize, proliferate and cause occlusion and/or infections.42 On the other hand, several
studies have also reported protein/cell adhesion resistant properties by coating hydrophilic
materials such as polyethylene glycol (PEG) on biomaterials.51, 52, 53 However, some
reports have highlighted diminished PEG activity in the presence of protein
aggregates49(which is the case in vivo) or during long-term use50 making PEGylation not
ideal for the current application. Similarly, few studies report protein resistant agents called
kosmotropes that create a barrier to proteins when present in solution.54, 55 However, to our
knowledge, there are no reports showing tethered kosmotropic agents to biomaterials as a
means to mitigate whole mammalian cell adhesion.

Serum protein adsorption on biomaterial surfaces can stimulate macrophages and monocytes
to produce growth factors such as fibroblast growth factor (FGF) and other pro-
inflammatory cytokines that regulate astrocyte proliferation.43, 44 Furthermore, PDMS can
elicit a chronic inflammatory response if serum proteins such as fibrin are adsorbed on the
surface even though it is considered relatively inert.45, 46 Serum protein adsorption is also
known to augment the adhesion of staphylococcus aureus on silicone implants.47 These
observations highlight the need to target protein adsorption on shunt surfaces in addition to
preventing cell adhesion. We investigated protein adsorption via two modes namely,
secretion of ECM protein (fibronectin) by cells (Fig. 5) and serum adsorption from solution
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(Fig. 6). The ability of the trypsin-immobilized surfaces to disrupt surface remodeling by
cells, shown visually in Fig. 5, suggests that fibronectin produced by the cells as a precursor
to adhesion was broken into fragments by the immobilized trypsin. Another possibility is the
proteolysis of integrins present on the cells along with the rupture of the linkage between
any adsorbed fibronectin and the integrins due to the immobilized trypsin. Such an effect
was reported by Brown et al.48 where breakdown of α5β1 and αvβ3 integrins was observed in
an investigation of the effect of trypsin in solution on human endothelial cells. With respect
to serum protein adsorption, since the CSF in the brain is sporadically in motion (pulsatile
flow),1 the concentration of adsorbed serum on the surface of the silicone may be much
lower, in vivo than the concentration of 100 µg/mL examined in the present work.
Nevertheless, the adsorption of such high concentrations of serum did not affect the
efficiency of trypsin activity where, the trypsin-modified surfaces significantly inhibited
serum protein adsorption compared to unmodified PDMS (p < 0.0001). It should also be
noted that the adsorption of serum proteins might have been very effective on trypsin-
modified surfaces initially. However, any such proteins that adsorb could then be digested
due to trypsin-action (suggested by broken fragments of cellular fibronectin in the
fluorescence micrographs of Fig. 5). Hence, it is hypothesized that the mitigation of serum
adsorption may be due to the degradation of initially adsorbed serum proteins on trypsin-
modified surfaces, which was observed as diminished FITC-BSA intensity compared to
PDMS controls (Fig. 6).

A limitation of the present work is the inability to assess or predict how these trypsin-
immobilized silicone surfaces will perform in vivo. Such an assessment would require
knowledge of the numbers and types of cells that come in contact with implanted silicone
shunts as a function of time post-implantation and also take into account variations inherent
in surgical implantation. It is worth noting that the surface density of trypsin utilized in the
present work, 760 µg/cm2, was not an optimal surface density, but rather a sufficiently high
density to prevent cell adhesion and protein adsorption at selected conditions. It may be
possible to obtain higher surface densities on shunt surfaces. Furthermore, another parameter
relevant to in vivo studies but not in vitro studies is the total available surface area for
functionalization, which would be related to the inner diameter of the shunt and its length.

Another related limitation of the current work is with respect to the active timeline of the
immobilized trypsin on the silicone surfaces. Ideally, 2–3 weeks of trypsin activity is
desirable (due to the healing time for the blood brain barrier i.e. 2–3 weeks). The present
work demonstrates activity over a 7-day period. However, given dose-dependent activity of
trypsin shown in Fig. 2, increasing the surface density of trypsin will almost certainly result
in retained activity over longer time periods. As discussed above, this higher surface density
can be increased directly (by using higher casting solution concentrations during the surface
modification step), but also by increasing the overall surface area available, and potentially
by incorporating branched spacer molecules that could provide multiple binding sites for
trypsin for individual tether points on the surface.56

5. Conclusion
This paper illustrates the role of covalently conjugated trypsin on PDMS substrates in the
mitigation of reactive human cell adhesion via a simple three-step dip coating method. Plain
silicone (uncoated PDMS) surfaces were shown to support significant growth of all the four
cell types compared to trypsin-modified silicone surfaces (p < 0.0001). Trypsin-modified
PDMS inhibited protein adsorption via two modes, namely secretion of fibronectin and
serum adsorption compared to unmodified PDMS. While our results indicate the efficacy of
immobilized trypsin in preventing cell adhesion and protein adsorption, further in vivo
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studies are required to establish if these surfaces can indeed curtail shunt occlusion in
hydrocephalus patients.
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Figure 1.
Surface density of trypsin immobilized on extracted and non-extracted PDMS substrates as a
function of casting solution concentration. Each point represents the average from three
independent experiments and error bars denote standard errors. The dashed and solid curves
represent polynomial fits to the data points. At a casting solution concentration of 2.5 mg/
mL for both extracted and non-extracted PDMS surfaces, the surface densities were not
statistically significant indicated by (*) (p > 0.001).

Achyuta et al. Page 12

Langmuir. Author manuscript; available in PMC 2011 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Human astrocyte adhesion after 24 h of incubation on trypsin-modified PDMS as a function
of trypsin surface density. Each data point denotes a distinct experiment and * denotes
statistically significant difference with p = 0.0005 as determined by Tukey’s test with one-
way ANOVA.
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Figure 3.
Cell adhesion following 7 days of culture in vitro as a function of surface type. The growth
of all four human cell types was inhibited by the immobilization of trypsin on PDMS
substrates compared to unmodified and non-extracted PDMS. Cellular adhesion of human
astrocytes, fibroblasts, endothelial cells, and microglia was significantly lower on trypsin-
modified PDMS surfaces when compared with uncoated PDMS (p < 0.0001 for all cell-
types).
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Figure 4.
Micrographs showing the inhibitory effect of trypsin-modified surfaces on cellular adhesion
after 7 days of culture of all cell types, in vitro.
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Figure 5.
Cellular fibronectin production (green) by all cell types was inhibited by trypsin-modified
surfaces. Blue denotes DAPI nuclear staining.
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Figure 6.
Adsorption of serum proteins on unmodified PDMS compared to that on trypsin-modified
PDMS as indicated by the intensity of FITC-conjugated BSA. Trypsin-modified PDMS
surfaces inhibited serum protein adsorption significantly compared to unmodified PDMS (p
< 0.0001).
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Table 1

Calculated binding efficiencies of trypsin on extracted and non-extracted PDMS as a function of casting
solution concentration.

Trypsin Casting
Solution

Concentration
(mg/mL)

Binding Efficiency (%)

Non-extracted
PDMS

Extracted PDMS

0.25 87 ± 1 80 ± 12

0.5 85 ± 1 86 ± 1

1.0 66 ± 8 89 ± 1

2.5 52 ± 2 58 ± 3

Langmuir. Author manuscript; available in PMC 2011 March 16.


