11718 Langmuir2007,23,11718-11725

Cell and Protein Compatibility of Parylene-C Surfaces
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Parylene-C, which is traditionally used to coat implantable devices, has emerged as a promising material to generate
miniaturized devices due to its unique mechanical properties and inertness. In this paper we compared the surface
properties and cell and protein compatibility of parylene-C relative to other commonly used BioMEMS materials.
We evaluated the surface hydrophobicity and roughness of parylene-C and compared these results to those of tissue
culture-treated polystyrene, poly(dimethylsiloxane) (PDMS), and glass. We also treated parylene-C and PDMS with
air plasma, and coated the surfaces with fibronectin to demonstrate that biochemical treatments modify the surface
properties of parylene-C. Although plasma treatment caused both parylene-C and PDMS to become hydrophilic, only
parylene-C substrates retained their hydrophilic properties over time. Furthermore, parylene-C substrates display a
higher degree of nanoscale surface roughne&6 (1m) than the other substrates. We also examined the level of BSA
and IgG protein adsorption on various surfaces and found that surface plasma treatment decreased the degree of protein
adsorption on both PDMS and parylene-C substrates. After testing the degree of cell adhesion and spreading of two
mammalian cell types, NIH-3T3 fibroblasts and AML-12 hepatocytes, we found that the adhesion of both cell types
to surface-treated parylene-C variants were comparable to standard tissue culture substrates, such as polystyrene.
Overall, these results indicate that parylene-C, along with its surface-treated variants, could potentially be a useful
material for fabricating cell-based microdevices.

1. Introduction generating tissue-engineering scaffolds’, and miniaturizing
bioassays for high-throughput experimentafi®vith the recent
emergence of soft lithography, elastomers, such as poly-
(dimethylsiloxane) (PDMS), have become enabling materials
for the widespread fabrication and the use of microfabricated
systems. PDMS offers numerous advantages over traditional

Polymeric biomaterials are widely used in therapetifies\d
diagnostic%*as micro- and nanobiosensors for cell-based assays,
drug delivery, and tissue-engineering applicativfalymeric
microdevices are capable for analyzing cells and profeihs,
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(chlorop-xylylene), also referred to as parylene-C, is one such adhesion, and spreading. Protein adsorption was studied using

potential candidate for fabricating biomedical devices. bovine serum albumin (BSA) and immunoglobulin G (IgG), and
Parylene-C is a thermoplastic, crystalline, and transparentcell adhesion and spreading were studied using NIH-3T3

polymer that is extensively used as a coating for insulating fibroblast and AML-12 hepatocyte cell lines.

implantable biomedical devicé®.In addition, parylene-C is

chemically inert and nonbiodegradable. Parylene-C is synthesized 2. Methods and Materials

from a low-molecular weight (MW) dimer, dichloro-gK 2.1. Fabrication of Parylene-C and PDMSThree inch silicon
xylylene), using a process that involves the decomposition of wafers were first cleaned for10 min using a 1:1 piranha solution
p-xylylene to yield chlorop-xylylene, followed by the polym- (equal volume mixture of B8O, and HO,), sufficiently rinsed with
erization of chlorop-xylylene to parylene-G% Parylene-C can deionized water, nitrogen-dried, and then coated with hexameth-
be vapor-deposited onto substrates to generate uniform, pinholeYldisilazane (HMDS). Following pretreatment, the silicon wafers
free membranes that can be subsequently dry-etched using oxygelere deposited with dichloro-giitxylylene) by utilizing a Labcoater
plasma to yield microscale features and patterns that are ideat? PPS 2010 chemical deposition system (Specialty Coating Systems,
for culturing cellst” The all-carbon structural backbone, high- Indianapolis). Inside the deposition system, dichlor@dylylene)

. - . is first vaporized at 150C and 1 torr and then pyrolyzed at 620
MW, and nonpolar entities make parylene-C highly resistant to and 0.5 torr to form chlor@-xylylene—the monomer of parylene-

most chemicals, as well as to fungal and bacterial growth. In ¢ A reduction inthe chamber temperature causes chgotglylene
addition to having conducive biochemical properties, parylene-C to condense onto the wafer surfaces to form parylene-C membranes.
has a Young’s modulus of4 GP&® (compared to 0.75 MPafor  Initial loading of dichloro-dip-xylylene) onto the silicon wafers
PDMS')—making it mechanically robust and highly suitable determines the thickness of the parylene-C membrane at a rate of
for fabricating stable and reusable microfluidic devices or 0.5um/g. With the use of the aforementioned protocolyi®thick
stencils!’-22 Recent studies have shown parylene-C to be more parylene-C membranes were fabricated on silicon substrates.
hemocompatible and less thrombogenic than siliégrarylene-C The PDMS substrates were fabricated by directly curing a Sylgard
has also demonstrated high stability in vivo for a variety of 184 (Essex Chemical) el_astomer in the wells of aOCosta_r 24-well
applications, such as cardiovascular impl&Af$Furthermore, '{g-ltreat_ec:] Ce”.cu“f““l) microplate for nea@ h at 70°C, using a
parylene-C is a potentially useful material for in vitro cell culture 2 2ngrge tarrzttlicc)) r?o? gj:?arzgggotg&";? ;gﬁ?? es of surfaces
studies. For example, we have developed the use of parylene-qN < 7Tep gnttyp

tencils f tterni I d e d i f ere used in this study. Costar 24-well TC-treated cell culture
stenciis for patterning cells and proteins and for generation ot ,jcropjates were utilized as optically clear virgin polystyrene

cocultures with control over the degree of homotypic and gpstrates. Parylene-C experimental samples were prepared by
heterotypic cel-cell interactiong®?” Another recent study  carefully cutting the 1um thick parylene-C membranes (section
provides the methodology for making nanoscale sculptured thin 2.1) to form square-shaped pieces<& mm x 5 mm. Each cut-out

films (STFs) out of parylene-@ Due to the high surface area piece of parylene-C was placed and sealed reversibly onto a PDMS-
to volume ratio of the STF, the parylene-C STF supports high coated well in the microplate. Platinum glass coverslips, 18 xm
level of cell adhesio® However, despite the apparent bio- 18 mminsize, were used asthe glass samples. Plasma-treated PDMS

compatibility of parylene-C, there has been no direct comparison and parylene-C were obtained by treating the two polymers with air

of parylene-C to PDMS and other materials commonly used in plasma in a Harrick PDC-001 plasma treatment chamber for 2 min.
BioMEMS Protein coating to parylene-C and PDMS surfaces was performed

A . . by simply incubating a g/mL fibronectin solution on the surfaces
Inthis study, we compared the biocompatibility of parylene-C fgr 1 hF.) y 9ang

melmbranes leth :DD.MS’ gla_ss, dand th'ca”ﬁ' glﬁar_ V'rg'nd Each substrate was sterilized prior to the experiments. The
polystyrene by analyzing protein adsorption, cell adhesion, and gyijization of plain and plasma-treated surfaces consisted of UV
cell .r.norphology characteristics on each of thesg surfaces. INirradiation for 30 s, followed by successive washes with 70% ethanol
addition, we treated parylene-C and PDMS with air plasma and gnq sterile PBS, respectively. The sterilization of fibronectin-coated
coated the surfaces of these substrates with fibronectin to studysurfaces consisted of UV irradiation for 30 s followed & 1 h

the effects of surface treatments on protein adsorption, cell incubation of a sterile solution of fibronectingg/mL) on sterilized

- - _ samples of plain PDMS and parylene-C.

(15) Loeb, G. &, Walker, A E.. ematsu, S.; Konigsmark, B. W.Histological =~ 2.3, Surface Property Characterization.2.3.1. Contact Angle
reaction ovanous_con uctive an lelectric nims chnronically implanted In the MeasurementsContact an Ies were measured on static dro f
subdural spacel. Biomed. Mater. Red977, 11 (2), 195-210. ! g : ps o

(16) Hat?n, A. W.: Yasuda, H. K.; James, VE/,)J_; Nichols, M. F.: Sadhir, R. Water on different substrates by using a contact angle measurement
K.; Sharma, A. K.; Pringle, O. A;; York, D. H.; Charlson, E. J. Glow discharge  system (Phoenix 300 plus, SEO) to provide information about
polymers as coatings for implanted devicBsomed. Sci. Instrum1981, 17, hydrophobicity of the surfaces (See Table 1). The substrates were
10%171)1%()‘(8“ A.; Meng, E.; Erickson, J.: Tai, Y. C.. Pine, J. Biocompatible measured as-received or as-deposited (plain), and additional
parylene neurocages. Developing a robust method for live neural network studies. measurements were performed with a subset of these substrates
IEEE Eng. Med. Biol. Mag2005 24 (6), 30-33. (PDMS and parylene-C) that were treated with oxygen plasma and

(18) Chen, P. J.; Shih, C. Y.; Tai, Y. C. Design, fabrication and characterization \yere coated with fibronectin. The contact angle measurements were
of monolithic embedded parylene microchannels in silicon substrate Chip

2006 6 (6), 803-810.

(19) Licklider, L.; Wang, X. Q.; Desai, A.; Tai, Y. C.; Lee, T. D. A (25) Eskin, S. G.; Armeniades, C. D.; Lie, J. T.; Trevino, L.; Kennedy, J. H.
micromachined chip-based electrospray source for mass spectrofmettyChem. Growth of cultured calf aortic smooth muscle cells on cardiovascular prosthetic
200Q 72 (2), 367375. materials.J. Biomed. Mater. Red.976 10 (1), 113-122.

(20) Meng, E.; Wu, S.; Tai, Y. C. Silicon couplers for microfluidic applications. (26) Wright, D.; Rajalingam, B.; Karp, J.; Selvarasah, S.; Ling, Y.; Yeh, J.;
Fresenius’ J. Anal. Chen2001, 371 (2), 270-275. Langer, R.; Dokmeci, M. R.; Khademhosseini, A. Reusable, reversibly sealable

(21) Xie, J.; Miao, Y.; Shih, J.; Tai, Y. C.; Lee, T. D. Microfluidic platform parylene membranes for cell and protein patterninBiomed. Mater. RefOnline
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mixtures.Anal. Chem2005 77 (21), 6947-6953. http://www3.interscience.wiley.com/cgi-bin/fulltext/116310266/HTMLSTART.
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incubated on each of the substrates for 6 h. Each well of the Costar
24-well microplate has a base area of 283.5?mrhis corresponds

to a loading density 0f353 cells/mm. Next, the substrates were

Table 1. Contact Angle Measurements

contact angle (deg)

substrates untreated plasma-treated  fibronectin-coated rinsed twice with & phosphate-buffered saline (Invitrogen), and
glass 36.3- 2.6 cells adhering to the substrates were then fixed using 4% parafor-
polystyrene 79.%5.9 maldehyde (Sigma-Aldrich) and permeabilized with 0.2% Triton
PDMS 105.9+ 4.5 9.9+ 1.12 99.0+ 6.7 X-100 (Sigma) for 10 and 5 min, respectively.

73.7+£3.00 2.7. Visualization and Imaging of Adhered CellsTo count the
parylene-C 97.2:4.2 4.4+ 2.5 105.0+10.4 number of adhered cells on each surface, images of fluorescently

a Measurements made immediately after PDMS was treated in oxygen Iabgled nuclei were coIIec_ted using a fluorescent microscope (Nikon
plasma Measurements made after 40 min following treatmentin oxygen Eclipse TE 2000). Three pictures per welland three wells per substrate
plasmacNo significant change observed in measurements made Were analyzed and counted using ImageJ software.

immediately after and following 40 min after plasma treatment.

Table 2. Surface Roughness Measurements

substrate roughness (nm)
glass 1.6+ 0.6
polystyrene 1.2£0.2
parylene-C 19.3 6.3
plasma-treated parylene-C 195354
fibronectin-coated parylene-C 294011.5
PDMS 2.2+ 0.6
plasma-treated PDMS 040.1
fibronectin-coated PDMS 320.6

performed by dispensing deionized water drops1BuL) on each
substrate with a micropipette (Ted Pella Inc.). Each data point
represents an average ®»fl0 independent measurements.

2.8. Visualization and Imaging of Cells for Estimating Shape
Factors. To analyze cell spreading on various surfaces, data was
collected from at least 70 adhered cells per sample. To effectively
analyze cell shape, the dimensionless shape faStovas used to
compare the spreading of cells. It is computed as

S= 4nAIP?

whereA is the area occupied by the cell aRds the perimeter of

the cell. A shape factor of 1 corresponds to a perfect circle, whereas
ashape factor of 0 represents a line. Cell shape factors were computed
utilizing the calibration and measurement features of the SPOT
Imaging Software.

3. Results and Discussion
We evaluated the surface properties of parylene-C stencils in

2.3.2. Surface Roughness Measuremé&hisace roughnessvalues  comparison with other commonly used biomedical materials,
of four different substrates (glass, polystyrene, PDMS, and parylene-sych as PDMS, glass, and polystyrene. In addition, we analyzed

C) as received were measured with atomicforg:e micrpscopy (AFM) the effect of two common surface treatments, oxygen plasma
(Q-Scope 250, Quesant Instrument Corporation) using nonconta(:tand protein coating on these substrates. The surfaces were

mode with a cantilever tip (NCS 16, Quesant). Scan areas @60 : . -
« 50 um were randomly selected on the substrates. To obtain the characterized for their hydrophobicity and roughness as well as
for protein adsorption, cell adhesion, and cell morphology.

surface roughness values from an as-deposited thgar(@arylene - > : -
membrane, we first peeled the parylene off the silicon wafer and Particular attention was paid to the differences between parylene-C
then placed it on top of a robust substrate (1 mm thick PDMS slab). and PDMS, due to their emerging applications in biomedical
Afterward, we performed the AFM measurements. To obtain the microfabrication.

surface roughness of the surface-treated parylene-C, we applied 3.1. Surface Analysis.Surface hydrophobicity and surface
surface treatments ¢lasma treatment or fibronectin coating) on  roughness are important factors in cell adhesion and the resulting
the parylene surface mounted on a PDMS slab and performed AFM ce|jylar morphology:42%-3In addition, hydrophobicity has also
surface roughness measurements. Three independent measuremeigan shown to affect protein adsorptin3® Therefore, it is

from 5um x 5 um squares of each surface were performed and 5,142t o evaluate these properties in parylene-C membranes
averaged. Roughness values (mean) acquired from various sample%o understand the interaction of mammalian cells with these

?no;[ngeog(_jmg to the variations in surface heights are Summaﬂzedsubstrates. To assess the hydrophobicity of the surfaces, we
2.4. Protein Adsorption MeasurementsProtein adsorptionwas ~ Measured contact angles of as-deposited and treated parylene-C
characterized by incubating 5@/mL of fluorescein isothiocyanate ~ surfaces and compared the values to control surfaces (Table 1).
(FITC)-conjugated BSA (Sigma-Aldrich) and 1@8/mL of FITC- The substrates varied greatly in their water contact angles, from
conjugated 1gG (Sigma-Aldrich) on each substrate for 1 h. The ~36° for glass to~111° for PDMS. As-deposited parylene-C
substrates were encased in aluminum foil to prevent photodegradatiorand plain PDMS were both hydrophobic as they exhibited contact

of the FITC. Following incubation, the substrates were rinsed with angles of~100°, which is consistent with our previous stutfy.
deionized water and imaged using a fluorescent microscope (Nikon

TE 2000) with a constant exposure_time of 500 ms. E_mitted (29) MacDonald, D. E.; Rapuano, B. E.; Deo, N.; Stranick, M.; Somasundaran,
fluorescence was then measured using ImageJ pixel brightness,.; Boskey, A. L. Thermal and chemical modification of titaniaatuminum-
analysis tool (National Institutes of Health, U.S.A.). The average vanadiumimplantmaterials: effects onsurface properties, glycoprotein adsorption,
; ; ; f s and MG63 cell attachmenBiomaterials2004 25 (16), 3135-3146.

pixel .brlghtness of each image is an indirect measurement of the (30) Miller, D. C.; Thapa, A.; Haberstroh. K. M.; Webster, T. J. Endothelial
protein ad_so_rpnon onto the substrates. Control substrates were als@nq vascular smooth muscle cell function on poly(lacteglycolic acid) with
used to eliminate the effect of autofluorescence from the substrates.nano-structured surface featur@omaterials2004 25 (1), 53-61. _

2.5. Cell Culture. NIH-3T3 fibroblasts were cultured in Dul- d(3l)t!-ee, JdH-;”Ledeﬁ H. B. Awelttablllty g;agleé}t as ? togl to 'Sjtuldy prEOéeln

’ H : H 3 adsorption and cell adnesion on polymer surtagesliomater. Scl., Polym. .

becco’s modlflca_ltlon g)f Eagle medlum (DMEM) (In\_/ltrog_en) 1993 4 (5), 467-481.
supplement_e_d _W|th 10% fet@' bovm_e serum (Atlanta Biologicals) (32) Toworfe, G. K.; Composto, R. J.; Adams, C. S.; Shapiro, I. M.; Ducheyne,
and 1% penicillin-streptomycin (MediaTech). AML-12 hepatocytes  P. Fibronectin adsorption on surface-activated poly(dimethylsiloxane) and its
were preserved in 44.5% DMEM and 44.5% Ham’s F12 media effect on cellular function). Biomed. Mater. Res., Part2004 71(3), 449-461.

. . 0 0 ST (33) Harnett, E. M.; Alderman, J.; Wood, T. The surface energy of various
(Inwtrogen)_ SUD.plementeq with 10% FBS and 1.@ penlcﬂlln biomaterials coated with adhesion molecules used in cell cullokoids Surf.,
streptomycin (Sigma-Aldrich). The cells were maintained under g 2007, 55 (1), 90-97.
humid conditions, at 37C, and in a 5% C@atmosphere. (34) Warkentin, P.; Walivaara, B.; Lundstrom, I.; Tengvall, P. Differential

2.6. Preparation of Samples for Cell Adhesion.NIH-3T3 surface binding of albumin, immunoglobulin G and fibrinog&iomaterials
fibroblasts and AML-12 hepatocytes were trypsinized and resus- 1994 15 (10), 786-795.
pended in their respective media to form & 5.0* cells/mL stock
solution. A volume of 2 mL of this stock solution was then

(35) Absolom, D. R.; Zingg, W.; Neumann, A. W. Protein adsorption to polymer
particles: role of surface propertiek.Biomed. Mater. Re4987, 21 (2), 161—
171.
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Figure 1. Adsorption of FITC-BSA (A) and FITC-1gG (B) onto each of the substrates. (A) Adsorption of FHESA onto parylene-C

and PDMS exceeds that on glass and polystyrene. Surface modifications of parylene-C and PDMS show a negative effeeBS8AFITC
adsorption. (B) FITC 1gG adsorbs onto glass, parylene-C, and PDMS in a comparable manner. Adsorption onto polystyrene is the highest.
Surface modification of parylene-C and PDMS reduces their affinity for HTgG. In general, plasma treatment and fibronectin coating

the two polymers reduces their ability to adsorb proteins. fliredicatesp < 0.05.

Furthermore, fibronectin-coated parylene-C and PDMS were alsothan 10. This finding agrees well with the previous findings that
hydrophobic (contact angles of100°). This hydrophobic the formation of hydroxyl groups from the;@lasma treatment
property of fibronectin-coated PDMS is confirmed by results process significantly increases the hydrophilicity of surféces.

obtained by other grougs.Even though there has not been  ne of the main drawbacks of using PDMS for fluidic devices
investigation in the past on fibronectin-coated parylene-C, it is js that the plasma-induced hydrophilicity of the PDMS surfaces
Iog|c_al to expect it to be hydrophobic. Because fibronectin iq short ternt, In many applications involving fluidics and cells,
coatings have no electron donor components and have low surfacg, o ability to generate substrates that remain hydrophilic may be

2 ) e )
ﬁnsrgy? n;ateélals't(r:]oatetd W'thl flb:onectlnthwould rllgtbform beneficial. To compare the stability of plasma-treated surfaces,
ydrogen bonds with water molecules, So they would bECOME . e 45 red the contact angles of plasma-treated parylene-C
hydrophobic. Furthermore, air plasma treatment reduced the . ; )
and PDMS surfaces immediately and 40 min after plasma

contact angle of both parylene-C and PDMS substrates to IeSStreatment. It was observed that although the plasma treatment

initially decreased the contact angle values, the hydrophilicity

(36) Selvarasah, S.; Chao, S. H.; Chen, C. L.; Mao, D.; Hopwood, J.; Ryley, . . A
S.; Sridhar, S.; Khademhosseini, A.; Busnaina, A.; Dokmeci, M. R. A high aspect of a PDMS substrate deteriorated rapidly (Table 1). This is due
ratio, flexible, transparent and low-cost parylene-C shadow mask technology for to the viscoelastic properties of PDMS, in which the surface
micro patterning applications. Presented at the 14th International Conference oM molecules “turn over’ with time exposing non-plasma-treated

Solid-State Sensors, Actuators and Microsystems, Lyon, France, Jutie} 10 :
2007; 533-536. molecules of the PDMS on its surface. On the other hand, the
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Figure 2. Adhesion of (A) NIH-3T3 fibroblasts and (B) AML-12 hepatocytes on the various substrates. (A) The cells do not adhere to
as-deposited parylene-C and plain PDMS. Furthermore, plasma treatment and fibronectin coating of the two polymers increase their adhesiveness
to NIH-3T3 cells. (B) Similar trends are exhibited by AML-12 adhesion to the various substrates. itlieatesp < 0.05.

contact angle for plasma-treated parylene-C did not changemore integrin receptors on the cells will bind to the proteins and,
significantly after 40 min. The fact that the plasma-treated parylene therefore, mediate the attachment of célls.
surface stays hydrophilic for longer periods could be advantageous

for various biological applications. We next examined the surface 3.2. Protein Adsorption. To generate substrates that are

roughness of the parylene-C and PDMS substrates by using AFM.favorabIe.for cell a(_ihesmn, aroutine procedure is to coat a Iaygr
of adhesive proteins on the substrates. To measure protein

As shown in Table 2, as-deposited and treated parylene-C q i . : | I h b
substrates were significantly rougher compared to other substrates® sorption properties of parylene-C relative to other substrates,

including glass, PDMS, and polystyrene. Fibronectin-treated W€ incubated each sample with fluorescently labeled BSA and
parylene-C surfaces had the highest roughness valuegaf  '9G. Firstobservation we made was that significantly more BSA
nm. The higher surface roughness values of parylene-C may be2nd |G adsorbed to polystyrene relative to glass. This finding
due to the irregularities in the deposition process, which were iS consistent with other studies that BSA and IgG adsorb more
further increased with fibronectin molecules adsorbed onto the ©nto highly hydrophobic surfaces like polystyrene, compared to
surface. On the other hand, PDMS, glass, and polystyrene wergelatively hydrophilic surfaces like glad2?31-35imilarly, BSA

much smoother with surface roughness values:8fnm. An adsorption level on plain PDMS and as-deposited parylene-C
increase in surface roughness enhances the protein adsorptiowere 3 times higher relative to glass (Figure 1A). On the other
level, since there is more available surface area for proteins tohand, IgG adsorption levels on plain PDMS and as-deposited
attach?®When there are more proteins adsorbed onto the surface parylene-C were similar to adsorption on glass. We believe that
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Figure 3. Dimensionless cell shape factor measurements for (A) NIH-3T3 fibroblasts and (B) AML-12 hepatocytes cultured on various
substrates. (A) NIH-3T3 cells exhibit greater spreading on fibronectin-coated parylene-C and PDMS, as compared to the other substrates.
(B) Due to nonaxial spreading, shape factor was not an adequate measurement of AML-12 proliferation on the surfaces, and ANOVA was
not conducted on this data. Theindicatesp < 0.05.

this discrepancy is caused by the intrinsic difference in the by the fact that the adsorption of the first layer of protein results
structure of two proteins. in the creation of a thermodynamically stable interface of water
In addition, we analyzed the effects of plasma treatment and molecules coupled with the hydrophilic regions of the adsorbed
initial protein coating on IgG and BSA adsorption. Plasma protein layer* This phenomenon is commonly used in immu-
treatment is routinely used to increase the surface hydrophilicity noassays, in which an adsorbed layer of protein is applied to
of materials, such as PDMS and polystyrene, and can be usedninimize background adsorption of the antibody to the substfate.
to modify the surface of parylene-C substrates (Table 1). Inour  Thus, our results indicate that as-deposited parylene-C has
studies, plasma treatment of parylene-C and PDMS increasedhigh BSA and IgG adsorption, while surface treatments on
the hydrophilicity of the surfaces and reduced the adhesion of parylene-C can be used to decrease levels of adsorption of these
both BSA (Figure 1A) and IgG (Figure 1B). This is because of proteins. The ability to modify the level of protein adsorption
increased hydrogen bonding between the surface and wateron the parylene-C substrates is of potential value for various
molecules, which displaces the weak electrostatic interaction biomedical applications and microfabrication techniques.
and hydrophobic interactions between serum proteins and the 3.3. Cell Adhesion and SpreadingTo evaluate the cyto-
surface®3In addition, fibronectin coatings, which improve cellular  compatibility of parylene-C substrates relative to other materials,
adhesion on biomaterials, could also be used to minimize the we analyzed the adhesion of and spreading of fibroblast (NIH-
subsequent adsorption of BSA and IgG. This can be explained3T3) and hepatocyte (AML-12) cell lines. In these experiments,
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Figure 4. Micrographs of NIH-3T3 fibroblasts (A) and AML-12 hepatocytes (B) on various surfaces. The insets contain images which have
been cropped and magnified for optimal viewing. Scalebar00 um.

cells were seeded on various surfaces and incubated for 6 h, anédhesion. In comparison, plasma-treated parylene-C remained
the adherent cells were counted and measured. In Figure 2, partdiydrophilic and suitable for cell adhesion. These results
Aand B, varying levels of cell adhesion on the different substrates demonstrate that even though as-deposited parylene-C substrates
were displayed. Interestingly, both plain PDMS and as-deposited are relatively roughX20 nm) and hydrophobic, cells do not
parylene-C substrates heavily repelled cell adhesion for both @dhere onto these surfaces. Furthermore, itis possible to increase
NIH-3T3 and AML-12 cells. On both surfaces, cells remained the surface-adhesive properties simply by surface treatment

in round shape and could be easily washed away. These substrate%olprozghes such als plasr;]la treatbmen: an"d f|lérhon(_act|n canng.
were significantly less adhesive to cells than tissue culture n addition to analyzing the number of cells adhering onto the

various surfaces, we also examined the degree of cell spreading.
polystyrene and glass controls.

The level of spreading is important because it influences various
Toinvestigate how surface treatments influence cell adhesion, parameters, such as cellular proliferation and differentia¥on.
we examined the effects of plasma treatment and fibronectin To determine the degree of cell spreading on different substrates,

coating on the parylene-C and PDMS substrates. It was foundwe quantified cell morphology by calculating a dimensionless
that both treatments resulted in an increase in the cell adhesivenesshape factor with the results illustrated in Figure 3. The
ofthe substrates. Previously, it has been demonstrated that plasmadimensionless shape factor ranges from zero-tiioe linearly
treated PDMS surfaces display enhanced cell adhé$#ii! spread cell) to one (circtefor cells that have not elongated) and
Also, fibronectin, which is an extracellular matrix component can be used to validate the degree of cell adhesiveness on a
that mediates cell adhesion and spreading, has been usegurface. It is then only appropriate to use this shape factor to
extensively to increase cell adhesf8rs expected, the adhesion quantify cell spreading if the adhered cells display axial spreading.

levels of both NIH-3T3 and AML-12 cells on surface-modified Eﬁﬂtf igat, l\lfvhereaz NIH'3T3_f cellls sptrheadt algng a sinc?le E’gis’
substrates (via plasma treatment and fibronectin coatings) were < Cells spread more unformly with extended pseudopocia,
o - therefore exhibiting inherently higher shape factors. Phase
significantly enhanced as shown in Figure 2, parts A and B.

. . ; . micrographs of both NIH-3T3 and AML-12 cells are displayed
Interestingly, there was a dn_‘ference_ in cell adhesion levels in Figure 4. Randomly selected cells from each image were
betw'ee.n.plasma-treated and fibronectin-coated PDMS, whereas.,,nsen and traced using SPOT imaging software to emphasize
no significant change was observed for parylene-C substratesne gitferences in cell morphology among the various substrates.
This phenomenon can be caused by the temporary effectof plasma  The results indicate that NIH-3T3 cells spread well on
treatment on PDMS compared with the longer lasting effect of fibronectin-coated parylene-C and PDMS as well as tissue culture-
plasma treatment on parylene-C (Table 1). Therefore, it may be treated polystyrene (Figure 3A). As for plasma-treated parylene-C
that as the plasma-induced hydrophilicity of the PDMS substratesand PDMS, a small fraction of NIH-3T3 cells on these substrates
is decreased, plasma-treated PDMS was less favorable to celexhibited adhered and spread morphologies, whereas the rest
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maintained their circular phenotype. The majority of NIH-3T3 4. Conclusions
cells on plain substrates of parylene-C, PDMS, and glass remained
circular. On the other hand, since all AML-12 cells adhered in  Although parylene-C has been used as a biologically inert
anonelongated manner, their cell shape factor values were highegoating on implantable devices for many years, there had not
and similar in value (Figure 3B). As a result, cell shape factor peen systematic studies of the biocompatibility of parylene-C
is not a conclusive measure of spreading of AML-12 cells.  and its surface-treated variants. In this paper, we have compared
The celladhesion and morphology on as-deposited parylene-Cparylene-C to other commonly used cell culture substrates and
and plain PDMS substrates were not significantly different yemonstrate that surface-treated parylene-C substrates exhibit
(Figures 2 and 3), despite a clear difference in surface roughness, jagion levels comparable to commercially available tissue
between the two mat(_arlals (Table 2). Several s_tudles haVeculture-treated polystyrene. On the other hand, as-deposited
concluded that increasing the surface r;)éjzghness increases th arylene-C substrates, which are not cell adhesive, can be used
levels of cell adhesion and spreaditg? > However, after as restrictive coating to minimize cell adhesion. Overall,

comparing the level of cell adhesion and spreading between . e .
as-deposited parylene-C and plain PDMS substrates, we believd@rylene-C can easily be surface modified into a suitable substrate

that the intrinsic differences between materials outweighed the for culturingmammalian cells. Given that parylene-C has already

effect of surface roughness. Therefore, future biocompatibility PE&n shown to be well suited for microfabrication, and thatit can
studies that utilize different polymeric substrates with varying P& made into flexible and robust devices, the data presented here
levels of surface roughness are required to fully clarify this matter. Would be useful for the implementations that tailor to the
Overall, we have found that plasma-treated and fibronectin- biocompatibility of parylene-C. The new implementations of
coated parylene-C membranes were as compatible for cell cultureParylene-C will likely lead to new technologies and devices for
as commonly used substrates such as glass and polystyrene. Theiomedical applications.
ease with which as-deposited surfaces can be made cell adhesive
and the cell-resistant property of as-deposited parylene-C may
potentially be useful in biomedical applications. Similarly, these
substrates can be engineered to enhance or reduce protei
adsorption which is conducive to biological research. Long-term
studies on the biocompatibility and more comprehensive trials
with other proteins and cell types might be necessary to fully
understand the benefits and limitations of parylene-C. LA7017049
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