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Stable chemical bonding of porous membranes and
poly(dimethylsiloxane) devices for long-term cell culture
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(Received 18 February 2014; accepted 2 June 2014; published online 16 June 2014)

We have investigated the bonding stability of various silane treatments for the
integration of track-etched membranes with poly(dimethylsiloxane) (PDMS)
microfluidic devices. We compare various treatments using trialkoxysilanes or
dipodal silanes to determine the effect of the organofunctional group, cross-link
density, reaction solvent, and catalyst on the bond stability. We find that devices
made using existing silane methods delaminated after one day when
immersed in cell culture medium at 37°C. In contrast, the dipodal silane,
bis[3-(trimethoxysilyl)propyl]amine, is shown to yield stable and functional
integration of membranes with PDMS that is suitable for long-term cell culture.
To demonstrate application of the technique, we fabricated an open-surface
device in which cells cultured on a track-etched membrane can be stimulated at
their basal side via embedded microfluidic channels. C2C12 mouse myoblasts
were differentiated into myotubes over the course of two weeks on these devices
to demonstrate biocompatibility. Finally, devices were imaged during the basal-
side delivery of a fluorescent stain to validate the membrane operation and long-
term stability of the bonding technique. © 20714 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4883075]

INTRODUCTION

The integration of commercially available track-etched membranes in microfluidic devices
has experienced growing interest because these materials offer well-defined nano- or micro-pore
structures in a monolithic material.'” Poly(ethylene terephthalate) (PET) track-etched membranes
are available in a transparent format that is especially useful for microscopy and live-cell obser-
vation. A variety of cell-based devices have been designed to spatially control delivery of
reagents to cells, e.g., to apply gradients for chemotaxis,>™ control differentiation,®’ compart-
mentalize cell co-cultures,®” and organs-on-chips.'” Across these studies, a variety of techniques
have been reported for integrating track-etched membranes with microfluidic layers. Techniques
include sandwiching between plasma bonded poly(dimethylsiloxane) (PDMS) layers,*''"'* using
adhesives,'*'® PDMS gluing,®'”'® SiO, sputtering,®'® and silane coupling.®*°

Silane coupling is an attractive technique because the process uses commercially available
reagents, works well with polymers whose surfaces can be hydroxylated, is uniformly applied
to surfaces (thus tends to be feature-independent), and is compatible with familiar oxygen
plasma-bonding steps. In contrast to the sandwiching technique,*''™"? silane coupling permits
open-surface devices through bonding of only one side of a membrane. Furthermore, PDMS
gluing and the use of adhesives pose limitations on feature-size due to problems with leakage
or contamination of high-resolution structures. SiO, sputtering relies on expensive and special-
ized equipment that limits its widespread use. Silane coupling has an extensive history for the
coupling of dissimilar materials®’ and several groups have reported on methods using
(3-Aminopropyl)-triethoxysilane (APTES) modification of plastics to achieve bonding with
PDMS.?>* Similarly, Lee and Ram demonstrated the enhanced stability of plastic-PDMS
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bonding using thick layers of dipodal silane,” however, this method is unsuitable for porous
membranes due to occlusion of the pores. The Zahn group first reported the modification of po-
rous polymer membranes with APTES for integration with PDMS device layers.”® Encouraged
by these reports, we evaluated bonding methods for the fabrication of cell culture devices incor-
porating porous membranes having an open-surface (where the membrane is exposed to the sur-
rounding medium and available as a substrate for cell culture). For these devices, we found that
APTES modification yields immediate bond formation and stability when stored in water; how-
ever, rapid bond degradation occurs when immersed in a common cell culture medium. The
enhanced bond failure in cell culture medium can be attributed to the high concentration of salt
cations having a catalytic effect on the dissociation of Si-O bonds within the silane interface.?
Additionally, we propose that the observed increased rate of delamination is due to the high po-
rosity of the membrane and open-surface configuration of the devices.

To find a solution, we tested a variety of silane preparations for their ability to bond PET track-
etched membranes and PDMS in an open-surface configuration. We tested formulations of several
trialkoxysilanes and dipodal silanes to determine a combination of organofunctional group, cross-link
density, solvent, and catalyst conditions for long-term bond stability in cell culture medium. From
this testing, we have found a robust silane modification process and applied this to demonstrate
unique functionality of integrated track-etched membranes and PDMS devices for cell culture.

EXPERIMENTAL
Materials

The silanes bis[3-(trimethoxysilyl)propylJamine (bis-amino silane), (3-Aminopropyl) triethoxy-
silane (APTES), (3-Glycidyloxypropyl)-trimethoxysilane (epoxy silane), and tetrabutyl titanate
(TBT) and diisopropylamine were purchased from Sigma-Aldrich (St. Louis, MO). Transparent
PET track-etched membranes with 0.4 um pore diameter and 2 x 10° pores cm ™~ in either 13 mm
or 25mm diameters were purchased from AR Brown-US (Pittsburgh, PA). Dulbecco’s Modified
Eagle Medium (DMEM) cell culture medium (11995), fetal bovine serum (10082),
penicillin-streptomycin (10378016), Hank’s balanced salt solution (HBSS, 14025), and calcein AM
(C3100MP) were obtained from Life Technologies (Grand Island, NY). Matrigel (356234) was
purchased from BD Biosciences (San Jose, CA).

Silane treatment of PET track-etched membranes

We assayed various silane formulations in order to determine their effectiveness for bond-
ing PET membranes with PDMS. In general, membranes were secured by their edge using a
PDMS block and positioned upright when treated with oxygen plasma for 60s at 60 W, 670
mTorr, and 40kHz (Zepto plasma system, Diener Electronic, Germany). After plasma oxidation
membranes were then submerged in prepared silane mixtures for 20 min at 80 °C on a hotplate.
After treatment with silane, the membranes were rinsed with copious IPA and cured for 30 min
at 70°C in a convection oven. Membranes were then immersed in 70% ethanol for 30 min to
render the surface hydrophilic. PDMS slabs were treated with oxygen plasma then bonded to
membranes by conformal contact, so that the membranes are bonded to PDMS on only one
side. Bonded pieces were then allowed to cure for 1 h at 70°C. A generalized reaction scheme
for the optimal bonding strategy with 2% bis-amino silane and 1% water in IPA is shown in
Fig. 1. To evaluate bond stability, bonded PDMS-PET samples were prepared in quadruplicates
for each silane formulation and submerged in DMEM at 37 °C. Delamination was observed af-
ter one day and two weeks of immersion. A qualitative score was assigned (see Table I) by
grasping the membrane with tweezers and gently lifting the sample out of the DMEM medium,
so that detachment could be observed while applying minimal force to the bond interface.

X-ray photoelectron spectroscopy (XPS)

Samples of untreated, oxygen plasma treated, freshly silane-modified, and degraded silane-
modified membranes were analyzed with XPS (Kratos Axis Ultra DLD, Kratos Analytical, Inc.,
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FIG. 1. The bis-amino surface modification process and bonding reaction for PET membranes. (a) An oxidized PET mem-
brane is a substrate for the condensation of bis-amino silane at elevated temperature. (b) After the condensation reaction, re-
sidual unbound silane is rinsed and the substrate is cured in order to further cross-link the silane layer. (c) The modified
membrane is submerged in a 70% ethanol in water solution to hydrate the surface and expose hydroxyl groups. (d)
Oxidized PDMS bonds readily to the wetted membrane. Complete bonding occurs when the surface is dried and baked.

NY) to determine the average elemental compositions. Three spots of 700 x 300 um?> area per
sample were analyzed with survey scans to quantify the C 1s and O 1s peaks at a resolution of
1eV. Detailed scans were used for analysis of the N 1s and Si 2p spectra at a resolution of
0.3eV. Samples were analyzed at an angle of 0° with respect to the normal of the surface.
Photoelectrons were detected from a depth of approximately 10 nm. Silane modification of
membranes with 2% bis-amino, 1% water, in IPA or 2% APTES in water was done as previ-
ously described. For freshly prepared samples, membranes were modified with silane, dried,

TABLE I. Comparison of APTES and bis-amino silanes.

No. Solvent Silane Catalyst Bond® DMEM lday DMEM 2 weeks
1 Water APTES 100% water 2 0

2 Water bis-amino 100% water 2 0

3 Water APTES or epoxy 100% water 2 0

4 IPA APTES 1% water 2 0
5 IPA bis-amino 1% water 2 2 2
6 IPA APTES 0.5% TBT 2 0
7 IPA bis-amino 0.5% TBT 2 2 1
8 IPA APTES none 2 0

9 IPA bis-amino none 2 2 1
10 IPA APTES or epoxy 0.5% TBT 2 2 2
11 IPA 1:1 bis-amino with APTES or epoxy 0.5% TBT 2 2 0

“Bond score: 2: bonded, 1: partial bond failure, 0: total bond failure.
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and then analyzed with XPS. For degraded silane-modified samples, membranes were modified
then submerged in water, HBSS, or DMEM for 18.5h before rinsing, drying, and analysis with
XPS.

Fabrication of a PDMS-PET membrane device for basal-side stimulation
of cell cultures

For proof-of-concept, we designed a simple open-surface PDMS-PET membrane device for
the basal-side stimulation of cell cultures. In order to achieve high quality imaging of cells, the
device was fabricated using 400 um thick PDMS replicas that were micromolded from SU-8
patterned silicon masters by exclusion molding technique.”’” The PDMS replicas were plasma-
bonded to cover glass-bottom 55mm dishes (No. 60-30-1-N, In Vitro Scientific, Sunnyvale,
CA) to produce a self-contained cell culture format. Plasma-oxidized track-etched PET mem-
branes were treated with 2% bis-amino silane in 1% water and IPA as previously described.
After treatment, curing, and soaking in 70% ethanol and water solution, the silane-modified
membranes were brought into conformal contact with the device consisting of the PDMS rep-
lica and 55 mm dish. Bonding while the membranes are slightly wetted with 70% ethanol solu-
tion enhances wrinkle-free assembly. After drying with an air gun, the assembly was baked for
30min at 70°C to complete the bonding. Vias were produced by cutting and removing the
membrane with dissection tweezers at the location of the inlets and outlets of the underlying
microchannels. Finally, inlet and outlet ports comprised of PDMS slabs were plasma bonded to
complete the devices.

C2C12 cell culture and calcein AM stimulation

Assembled PDMS-PET membrane devices were coated with a 1:50 dilution of Matrigel for
30min at 37°C. C2C12 myoblasts (American Type Culture Collection, Manassas, VA) were
uniformly seeded onto the coated devices and maintained in DMEM with 20% fetal bovine se-
rum and 1% penicillin-streptomycin until they achieved confluence after approximately 1 week
in culture. “Serum starvation” (changing the serum conditions to 2% horse serum) induced
myotube differentiation over the course of an additional week of culture.”® Calcein AM was
prepared in Hank’s balanced salt solution at 0.5 uM concentration and loaded into cells through
the microchannels for 15 min before imaging.

RESULTS AND DISCUSSION
Evaluation of different silane treatments for bond stability in DMEM at 37 °C

In order to determine an effective strategy for bonding PET membranes with PDMS, we
assayed different formulations of 2% silane in quadruplicates while varying the following pa-
rameters of the silane formulations: (1) trialkoxy- or dipodal silanes, (2) catalyst, (3) organo-
functional group, and (4) reaction solvent. We tested formulations using APTES and the dipo-
dal silane bis[3-(trimethoxysilyl)propyl]amine (referred to herein as bis-amino silane) with
polar protic solvents and different catalysts. Bond stability was assessed with a scoring system
such that a result of “0” meant membranes were found to be completely detached from the
PDMS, “1” partially detached, or “2” fully bonded. The scores for quadruplicates of each con-
dition showed no deviation. In Table I, for treatments 1-3, we used 100% water as choice of
solvent and catalyst to compare the classic APTES and amine-epoxy methods with the bis-
amino silane. None of the formulations with 100% water as a solvent produced stable bonds in
DMEM after two weeks. In addition, the bis-amino formulation for treatment 2 was unstable
and rapidly polymerized. The instability can be explained by the difference in number of alkox-
ysilane groups per molecule of silane. Compared to APTES, the bis-amino silane has twice the
number of reactive groups and a flexible C3Hg-NH-C3Hg chain that promotes crosslinking.
While hydrolysis of the alkoxysilane to Si-OH must occur before the condensation of a silane
molecule on the PET surface, too many hydrolyzed Si-OH groups can result in polymerization
or precipitation for a dipodal silane. Similarly, too much water present can inhibit the growth
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of the silane layer by hydrolysing the C-O-Si bonds before the silane molecules and the sub-
strate can generate a stable surface coating. Therefore, we assayed solution stability for the
bis-amino silane and APTES in different concentrations of water and isopropyl alcohol (IPA).
We found that solutions of 2% bis-amino silane were stable in IPA with up to 1% water.
Greater concentrations resulted in bulk gelation or precipitation. 2% APTES solutions were sta-
ble at all concentrations of water and IPA tested.

For treatments 4-9, we compared 1% water, 0.5% titanate catalyst (TBT), and no catalyst
with either 2% APTES or 2% bis-amino silane. None of the APTES treated samples remained
bonded after 1 day of immersion in DMEM at 37 °C. For the bis-amino formulations, there was
partial bonding of the samples for the TBT catalyzed or un-catalyzed formulations after two
weeks. Full bonding was realized after two weeks in DMEM for treatment 5 with 2% bis-
amino silane in 1% water and IPA. Interestingly, treatment 10 also realized full bonding
through an amine-epoxy bonding mechanism, in which the PET membrane was treated with a
solution 2% APTES and 0.5% TBT in IPA and the PDMS sample that was treated with 2%
epoxy-silane and 0.5% TBT in IPA. Upon comparison to treatment 3, in which 100% water
was used in order to replicate amine-epoxy bonding as reported in the literature, the result of
treatment 10 suggests that the amount and type of catalyst used is critical for the silane modifi-
cation process. While 100% water-based silane treatments may work well for PDMS or glass
substrates, the lower concentration of hydroxyl groups on an oxidized PET surface could limit
the condensation and surface coverage of the silane coating. The amine-epoxy method was not
improved by the addition of bis-amino silane to promote cross-linking, as demonstrated by the
bond failures after two weeks for treatment 11.

XPS analysis of surface composition of silane modified PET and degradation
of silane layer

The chemical composition of the untreated, oxygen plasma treated, and silane modified
PET membranes were determined using XPS analysis shown in Fig. 2(a). The atomic concen-
tration of the untreated PET samples was measured to be 75.4% C and 24.4% O with negligible
Si or N content. The oxygen plasma treatment resulted in an increase to 30.3% O with 2% N
and 0.5% Si. The slight presence of Si can be attributed to PDMS contamination from within
the plasma oven chamber. Notably, samples treated with bis-amino silane resulted in greater
than twofold increase in the concentrations of silicon and nitrogen when compared to the

(a) Fresh Samples (b) Degraded Samples
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FIG. 2. XPS elemental composition analysis for silane treated PET membrane samples. (a) Comparison of the nitrogen and
silicon atomic concentration derived from XPS analysis of untreated PET track-etched membranes, oxygen plasma treated
(PET-ox), APTES treated, and bis-amino treated samples. (b) Comparison of nitrogen and silicon atomic concentration of
oxygen plasma treated, APTES, and bis-amino silane treated membranes after degradation by immersion in water, HBSS,
or DMEM for 18.5 h. Error bars indicate the standard deviation.
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APTES treatment (Fig. 2(a)). The effects of different aqueous solutions on the degradation of
silane treatments was analysed by measuring the chemical composition with XPS after 18.5h
of immersion at 37 °C. The results in Fig. 2(b) show that while APTES loses silicon and nitro-
gen after exposure to DMEM, bis-amino silane treated samples remain relatively unchanged.
Example of XPS spectra and full elemental composition data is included in the supplementary
material® in Fig. SI and Tables S1 and S2.

Demonstration of long-term culture and basal-side stimulation of differentiated
myotubes

The optimal treatment of PET membranes with 2% bis-amino silane in 1% water and IPA
was used to fabricate an open-surface device for long-term cell culture. We used a simple
microfluidic design for the basal-side stimulation of cell cultures as shown in Fig. 3. C2C12
myoblasts were chosen as a representative cell type to demonstrate compatibility of the method
with substrate coating, differentiation, long-term culture of adherent cells, and functional testing
of membrane-based reagent delivery. C2C12 cells were seeded at low density onto the PET
membrane surface and allowed to propagate to confluence for one week. The cells were differ-
entiated into mytotubes by culturing in differentiating medium for an additional week. To dem-
onstrate stable bonding and functionality of the track-etched pores, we operated the device by
loading a calcein-AM solution into the microfluidic channel. Cells grown above the microchan-
nels were locally stained as shown in Figs. 3(c)-3(e).

Rapid delamination is predicted for devices with a porous surface in contact with
medium

In our testing, we have investigated bonding to open-surface devices, in which one surface
of the porous membrane is entirely exposed to the surrounding medium during immersion.
Initially, we were surprised to find that the existing methods using APTES?*** or amine-epoxy
bonding®* resulted in rapid delamination after immersion in DMEM for one day at 37°C (see

track-etched PET
membrane surface

! thin PDMS layer

(o

microchannel
edge

microchannel

FIG. 3. Demonstration of bis-amino silane bonding for cell culture compatibility and long-term stability. (a) An isometric
schematic is shown for an open-surface basal-side stimulation device. The device is integrated into a cover-glass bottom
55 mm dish to accommodate standard cell culture practice. (b) A track-etched PET membrane comprises the cell culture
substrate and seals the underlying PDMS microchannels. The red outlined box indicates the field of view for the micros-
copy images in (c)—(e). (¢) A phase contrast image of differentiated C2C12 myotubes grown on a Matrigel coated surface
of the device after 2 weeks in culture. (d) A fluorescent image showing the targeted basal-side delivery of calcein-AM to a
region of the cell layer adjacent to the microfluidic channel. (e) A close-up view shows individual myotubes and highlights
the diffusion of calcein-AM at the microchannel edge. Intracellular calcein-AM detection is limited to cells located
between 50-100 um away from the microchannel. This indicates that the bond interface is intact and that the dye is only
able to escape from the microchannel-pore interface. In contrast, bond failure would result in catastrophic leakage of the
dye and wide staining of the cell culture surface (data not shown).
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Table I). In order to explain the difference between our results and those previously reported in the
literature, we present an analysis of the open surface geometry and the silane layer delamination rate.

A porous membrane has a much higher perimeter available for hydrolytic attack when only
one side is sealed with PDMS. Each individual pore presents an interface at which the sur-
rounding medium can begin hydrolysis of the interfacial silane layer. For example, a membrane
sandwiched between two PDMS slabs of 4mm in radius has a perimeter of 25.1 mm (Fig.
4(a)). For a membrane bonded on only one side in an open-surface configuration (Fig. 4(b)) the
effective perimeter can be expressed by

P = eAon2r + n2R, (D

where ¢ is the porosity, Ag is the area of the membrane, r is the radius of a single pore, and R
is the radius of the slab. For a porosity of 2 x 10'° pores m ™2 and a pore diameter of 0.4 um,
the effective perimeter is approximately 1.28 m due to the large contribution of the exposed
pores. This amounts to a nearly 50-fold difference in the perimeter available for hydrolytic deg-
radation. Now, if we also account for the increase in the pore size as a result of delamination,
Eq. (1) becomes

P = ¢eAgm2(r + A) + n(d — 2A), 2)

where A is the delamination radius for a given unit of time as shown in Figs. 4(c) and 4(d).
Similarly, we can describe the area of delamination as a function of time for a sandwiched sam-
ple configuration using the expression

A(r) = Ay — m[R — (1)), 3)

where r(¢) is the delamination radius as a function of time. For the open-surface configuration,
we must account for the area of delamination contributed by each individual pore with the
expression

Appen(t) = eAom[r + r(0)) = eAognr? 4+ A(s). 4)

Therefore, the area of delamination for each condition is expressed by a quadratic function
of r(¢). Comparing the coefficients for r(z‘)2 for the open-surface and sandwiched configuration,
we have

eAgT VS. T. (@)

The product of ¢A( is the total number of pores for the surface area of the bonded sample;
therefore, the rate of delamination depends heavily on the porosity of the membrane used in

(a) sandwiched (b) open-surface d) - ‘A .§ (e)
' ‘ . ©
membrane membrane . KIS é
PDMS S0 g
Q . °
d&=) Rt ) % closed
—— @ .. B e
S . . i
PDMS PDMS Ve .
. M t(a.u.)

FIG. 4. Geometric considerations for bond delamination of track-etched membranes. (a) In a sandwiched configuration,
both sides of the membrane are bonded to PDMS slabs. In this configuration, the perimeter available to hydrolytic attack is
determined by the radius of the sample. (b) In an open-surface configuration, the membrane is bonded to only one side of a
PDMS slab while exposing a large porous surface area to the medium. (c) A schematic of the surface of the membrane
depicts the pore radius and perimeter. Each individual pore contributes to the total perimeter available for hydrolytic attack
and delamination of the bond interface. (d) During delamination as the radius increases, the effective perimeter in contact
with the medium grows to accelerate the process. (e) Plotting the theoretical area of delamination for an arbitrary growth
rate as in Eq. (5) predicts that the open-surface configuration would decay 1.0 x 10° times faster than a closed configura-
tion under the same conditions. Samples were tested using the open-surface configuration in order to determine an effective
silane bonding strategy for the more challenging configuration.
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our sample. For a comparison between the delamination of open-surface and sandwiched sam-
ples, see Fig. 4(e). This analysis predicts a rate of delamination that is Ay = 1.0 x 10° times
faster for an open-surface sample compared to a sandwiched sample. This rapid degradation at
first appears to be a fundamental limitation of the method; however, individual bonds can re-
associate under equilibrium. In theory, the strength of a silane interfacial layer is due to the
number of bonds and the continual reorganization of the bonds to minimize the stress at the
interface between the two substrates.”’ However, with the contamination of this interface by
cations from the medium, the equilibrium process could be disrupted to favour hydrolysis of
the layer. The cation induced hydrolysis can explain the difference in stability of sandwiched
and open-surface samples bonded using APTES. Our solution is to employ a dipodal silane in
which the individual silane molecule has 6 alkoxysilane functional groups available for bond-
ing. Studies have shown that dipodal silanes are more effective anti-corrosion treatments for
metals exposed to harsh salt solutions.’’ According to a leading manufacturer of silanes, Gelest,
Inc., the use of a dipodal silane can theoretically improve bond strength by 100000 times at
equilibrium since the number of bonds increases from three to six per silane molecule.”® We
believe the theoretical bond strength of the dipodal silanes imparts substantial improvement to
the process and ultimately negates the effects of the corrosive medium and the open-surface
geometry.

CONCLUSIONS

We initially observed rapid delamination of open-surface devices fabricated using APTES
bonding methods when immersed in DMEM. Our theoretical analysis of the rate of delamina-
tion offers an explanation to the mechanism of this observed increase in the rate of degradation.
Following the assay of a variety of silane formulations, we determined that the 2% bis-amino
silane in 1% water and IPA offered the most straightforward method for producing stably
bonded open-surface devices. Using XPS analysis, we confirmed changes in the elemental com-
position for silane-treated membranes and found that bis-amino silane results in greater and
more stable introduction of silicon and nitrogen than APTES. We demonstrated the long-term
bond stability of this silane treatment with the operation of a simple device for the basal-side
stimulation of differentiated C2C12 mytotubes. Our study was focused on PDMS based devices
because it has excellent optical clarity and elastomeric properties. For bonding to thermoset
polymers like track-etched membranes, PDMS is advantageous because it can accommodate
surface roughness through elastomeric deformation. To extend our method for sensitive bio-
analytical assays there exist compatible techniques to reduce the adsorption of biomolecules
into PDMS with coatings such as Parylene C.**** Although we focused on PET, track-etched
membranes are also commonly available in polycarbonate (PC). PC can also be effectively
modified with O, plasma, so we speculate that our method would be compatible. We believe
the methods presented here are valuable to the future development of novel PDMS microfluidic
devices based on the integration of porous membranes for applications such as gradient assays,
co-cultures, and organs-on-chips.
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