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DESGRI PTI ON MOLECULAR TAI LORI NG OF SURFACES
5 FI ELD OF THE | NVENTI ON

This invention pVO9T388 a new approach to nol ecul ar tail oring ®CIASPTE82SS.
BACKGROUND OF THE | NVENTI ON ' The chem cal conposition of
surfaces plays a pivotal role in dictating the overall 10 ef fi cacy of
many devices. Applications in which surface chem stry exerts a nmjor

i nfluence in device performance include thgdopafpaiibility of materials,
bi osensors, het er ogeneous cat al y ,_and The per msel ectivity of
menbranes, to nention but a fewMQL} N Pl es. In
recognition of the inportant role exert ed by surfaces surface
nodi fication research has represented an exceedi ngly active area for many
years. 15 A w de range of techniques, involving both physically and

chem cal | ysori ent ed

FIELD OF THE INVENTION

This invention provides a new approach to molecular tailoring of surfaces.

BACKGROUND OF THE INVENTION
The chemical composition of surfaces plays a pivotal role in dictating the overall
10 efficacy of many devices. Applications in which surface chemistry exerts a major
influence in device performance include the biocompatibility of materials, biosensors,
heterogeneous catalysis, and the permselectivity of membranes, to mention but a few of
the many such examples. In recognition of the important role exerted by surfaces,
surface modification research has represented an exceedingly active area for many years.
15 A wide range of techniques, involving both physically and chemically oriented
approaches, has been developed in efforts to provide specific improvements of surfaces.
Examples of such work include various vapor deposition methods, plasma processes,
sputtering techniques, chemical etching processes, ion implantation, efc. In these
processes, the surface treatments are designed to improve device performance and/or
20 reduce costs involved in preparation of substrate surfaces. An enormous patent literature
exists describing the various surface modification techniques which have been developed
and the many applications which have been identified.
Despite the extensive work in this area, a significant need remains for improved
methods to control surface modification processes at the molecular level. Unfortunately,
25 the majority of currently employed surface modification techniques provide
unsatisfactory controllability of the film chemistry during the deposition process.
Additionally, current surface modification techniques, as employed on industrial scale
operations, are restricted to planar, two-dimensional surface layers.
In recognition of the need for improved molecular level film chemistry contro},

30 and particularly the requirement for three-dimensionally molecularly designed surfaces,



approaches, has been developed in efforts to provide specific inprovenents
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Descriptions of recent literature reports of these surface modification processes clearly
reveal the complex procedures involved in attempting to couple specific molecules to

15 surfaces. For example, recent work has employed a plasma deposition method for
introduction of surface hydroxyl (—OH) groups, which are then reacted in a second step
to provide covalently bonded molecules tethered to the surface (Ranieri ef al., 1994). In
this process, the plasma-introduced surface -—OH groups are first reacted with
di-imidazole, with this reaction being carried out in dry tetrahydrofuran at room

20 temperature for 30 minutes. This was then followed by an aqueous solution reaction at
4°C for 72 hours at a pH of 8.4 to covalently attach low molecular weight peptides to the
surface. This process requires both the use of an nonaqueous solvent and an
extraordinarily long (i.e., 72 hour) coupling reaction to couple the desired molecules to
the surface (Ranieri ef al., 1994).

25 Alternately, a chemical process can be employed to introduce the surface
hydroxyl groups which are then subsequently derivatized. For example, a complex
procedure has been employed to provide a so-called glycol phase surface which contains
reactive —OH groups (Massia ef al., 1991). In this procedure, glass coverslips are
initially soaked in 0.5 M NaOH for 2 hours, then rinsed in deionized water and then

30 immersed in pH 5.5 aqueous solution of (3-glycidoxypropyl)trimethoxy-silane. This
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of an initial surface treatnment to introduce reactive functional
groups which are then subjected to subsequent chem cal
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55 aqueohg sol der @hmit. ag S0YT yrc it deMyBIEL Followedi byetitsingy with [danlkdy distilled water to
obtain the glycophase glass. These workers then employed a photochemical method to
attach peptides covalently to the hydroxylated surfaces. This technique requires the
initial coupling of a photochemical label to the peptides. The photochemical labels
employed were N-{m-[3-(trifluoromethyl)-diazirin-3-yl]phenyl }-4-maleimidobutyramide

20 or 4-maleimidobenzophenone. With either label a complicated reaction procedure is
required to attach them to the peptide with the synthesis requiring the use of HPLC to
separate the desired complex from the reaction mixtures. These photolabeled molecules
are then subsequently attached to hydroxylated surfaces using a photochemical
technique.

25 Alternately, biomolecule surface immobilization has been reported using
bifunctional photochemical sensitive molecules to achieve this goal (Sigrist ef al., 1994).
In this approach, a heterobifunctional crosslinker is employed to link the biomolecules to
a surface. For example, 3-(trifluoromethyl)-3-(m-isothiocyanophenyl) diazirine is
initially coupled to a surface containing amine groups via coupling through the

30 isothiocyano group. Subsequent photolysis of the surface-attached diazirine generates a
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represent "state-of-the-art" in surface modifications in which molecules are attached to

activated surfaces. ,
The process of the present invention is to be contrasted with numerous earlier
applications of plasma surface modifications to enhance the interaction of solid
20 substrates with other molecules and materials. Earlier plasma depositions were
employed to improve the adsorption and/or adhesion of various molecules to the
modified surfaces. For example, U.S. Patent Nos. 5,055,316 and 5,258,127 both'
employed plasma surface modification to enhance adsorption of various biomolecules.
In a similar vein, U.S. Patent No. 5,178,962 utilized a plasma discharge process to
25 change the chemistry of a macromolecular synthetic resin film by exposure to excited
plasma species to generate surface active groups, which are then coupled to metal atoms
to form a metallic outer layer. This latter work involved non-polymerizable gases and
the metal films were deposited on the plasma activated surfaces by high energy vapor

deposition processes.
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activity. A target material may then be added directly to the activated surface by reaction
with the reactive functional group, preferably in a single step. This results in a target
material covalently bonded to the carbonaceous compound affixed by plasma deposition

15 to the solid surface. The reacting‘step for coupling the target molecule is preferably a
reaction carried out with a solution of target material. The solvent for the solution of
target material is preferably water. Affixing of the carbonaceous compound having a
reactive functional group is carried out by low power plasma deposition, most preferably
a variable duty cycle pulsed plasma deposition with higher powers being utilized for

20 initial depositions on the surface. Such variable duty cycles permit the deposition of
carbonaceous compounds with reactive functional groups that control concentration. The
reactive functional groups of the carbonaceous compounds include carbon-halogen, acid
halide, acid anhydride, sulfhydryl, phosphide, carboxylic acid, aldehyde and ketone, for
example, although others may be utilized as well. The halide is preferably chloride and

25 the halogen is preferably bromine or iodine although chlorine may be used.

The substrates utilized may be any solid surface including polymer, ceramic,
metal, silanized metal, carbon, fabric, glass, silanized glass, semiconductor, wood,
rubber, paper, hydrogel, cellulose or composite. The solid substrates also include films,
particularly polymeric films such as polysilicones, polyolefins, and many others too

30 numerous to list.



research cited above is from|eading researchers and includes literature
citations as recent 15 as 1995. Thus it seens accurate to concl ude
t hat. t he conpl ex techni ques enpl oyed represent "state-of-the-art”
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This latter work involved non-pol yneri zabl e gases and t he net al

films were defS8WPPwd bavipg& fragliven functionsh 12zenps sngha ad anpgkenylyler calierl ghalideypor

deposi tion prQeRfs&ana i benzene, aldtad’/ Btan :
PCT/ US97/ 06 a8 Jiiocyanate, - cyanide, © 10, e glycidyl ether, cther,

One way that mhbrqfomtméth)demﬂﬁdm phierfyl sulforiey phospheniadivhioride eiinéteylsilaneues
5oy iRkl SRR S5 TSR A Pk s
nol ecul BE  ar e isdhR! @i tshiystdiel Bsbable of éuctink WiE @fe reactive functional groups. Preferred
target materials include amino acids, fluorinated amino acids, proteins, peptides,
saccharides, hormones, hormone receptors, polynucleotides, oligonucleotides,
carbohydrates, glycosaminoglycans (such as heparin, for example) polyethylene glycol
and polyethylene oxide. Derivatives of all these various target materials may be prepared
15 and still retain reactivity with one or more of the active functional groups such that they
may be attached to an activated surface. In one aspect the present invention involves
producing a surface with reduced adherence for biological materials. Surfaces with
coupled polyethylene glycol, polyethylene oxide or abundant -CF; groups are among the
most preferred substituents for producing a surface with reduced adherence for biological
20 material. Biological materials may be any of the components of circulating blood,
particularly its protein and cellular components, although conceivably antibacterial or
antimarine organism materials could be added as well. The present invention concerns
the first production of a solid surface having a pendant bromoalkenyl, acid chloride or
carboxylic acid group suitable for coupling to a target material. For purposes of
25 perfluorinated surfaces, the present invention includes a solid surface having pendant
perfluorinated groups where the carbon in CF; represents more than about 40% of the
carbon present on the surface. A surface has been produced having a pendant
perfluorinated carbonaceous compound with a water contact angle greater than about
120°C.
30



via sinple chem cal reaction. 5 SUMVARY
OF THE | NVENTI ON The present invention focuses upon a
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FIG. 5.Hlustration showing the non-wettability of a -CF; dominant surface as

produced via low power plasma polymerization of CyF,;3 monomer.

20 FIG. 6 shows a high resolution ESCA spectrum of an allyl bromide surface

coupled with hexafluoro-DL-valine.

FIG. 7 shows a high resolution ESCA spectrum of an allyl bromide surface
coupled with YIGSR. '
25
FIG. 8A, FIG. 8B, FIG. 8C, FIG. 8D show a high resolution C(ls) spectra of
silicon surface substrates with acryloyl chloride deposits at various radiofrequency duty

cycles.
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Anot her inportant aspect of the present invention is the plasma deposition
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one aspect the pre?@%‘l‘t”ﬁﬁ\/@ﬁtgﬁfﬁgﬂ eﬁ&' fib SROWBT‘ 6@0%03 é&?)f E8GAwi t h
reducedi@dher %FGd&affﬁEn Sl cQ@idcins oA lad b fyin@'plakme 88positioA duty cycles. coupl ed

pol yet hyl ene gl ycol, polyethyl ene oxide or abundant -CF3 groups are anong
t he nost preferred substituents for producing a surface with

reduced adherence & i BbRIFFAR 6% ﬁicg;[ ?pr?g@%?fg AIO @Lsmgaéyogwd%%érrl{g?a%ﬁ %@1335/

may be any of the conponents of circ

its protein arformedial sdvenal plasmeodigyityclesal t hough concei vably antibacterial or
antimarine organismmaterials could be added as well. The present invention
concerns

15 FIG. 13 shows the increased incorporation of surface nitrogen from the covalent
reaction of cysteine molecules with an allyl bromide film on a PET substrate as a

function of the reaction time between the cysteine solution and the coated PET substrate.

FIG. 14 shows the C(Is) high resolution ESCA spectrum after reaction of a PEQO-
20 NH, polymer (MW=5000) from aqueous solution with an allyl bromide film previously
plasma deposited on a PET substrate.

DESCRIPTION OF PREFERRED EMBODIMENTS
The present invention provides a significantly simpler and more versatile
25 approach to surface meodification science to provide three-dimensional molecular
tailoring of solid substrates. This invention involves a simple, two-step procedure which
allows for excellent controllability of the surface density of the molecules tethered to a
surface. This new procedure significantly reduces the time requirement for surface

tailoring and also eliminates the use of any hazardous solvents. Thus, it provides the first



the first production of a solid surface having a pendant bronoal kenyl, acid
chl ori de or carboxylic acid group suitable for coupling to a
target material. For purposes of 25 perfluorinated surfaces, the
present invention includes a solid surface having pendant

perfluorinated gwoapassdhere the carbon in CF3 represents nore POIUSKSsLS

40%:of the carbon present on the surface. A surface has been
produced havi ng a pendant perfluoripated carbonaceous conpound
with a water contact angle greater than about 120C. 30

WD 97/ 38801 o Do .

PCT/ US97/ 06525 approach to molecular tailoring of surfaces which is useful in terms of lf{ge-scale,
BRI EF DESCRI PTI ONdG3Erial ifpe Diphlikatiags. FIG | A-D shows high

resolution C(Is) X-r hot oel ectron spectr S), of ) pl asma
pol ynerized filns f rgyM"greF'ﬁP?BPB}ﬁld'Ew Eﬂ‘fé&éﬁmﬁﬁe@&}ﬁdf AL Bl abtaimed) by
and pul sed pl asnpagd@d@siyhérdtion F a trimer mixture of substifthéd hexl | O
C(l's) XPS spect pg of pu*sed p(l)%sn% poelrilnr?l‘aﬁezoesu SI &éﬂ%rﬁ?h%g(téﬁzg&%e
]S:[ err] F[ er P] rm?ifmepse ofRowgiduty cygle |pslsed o ;Tyeakegibgmtlrﬁnwhwymdplaslémssﬁmvci??s )
or eac is . , - 3B. Hi resolutio s
XPS of pol ymeri zécrfI sé% (?PW‘]"F#&P o Frr‘?sth%g?ma‘nﬁ%cfmcnmﬁ group present. Thése F 3 rich
films are exceptionally hydrophobic as revealed by water contract angle measurements.

As in some of the previously noted work, the first step in the present new surface
modification process involves an initial plasma treatment. However, an important
10 distinction between the present invention and techniques of previous workers, is that the
present invention involves deposition of surface functional groups having significantly
more chemical reactivity than those employed by previous workers. For example, the
prior art noted earlier (Ranieri ef al., 1994; Massia ef al,, 1991; Clemence ef al, 1995)
involved introduction of surface -OH groups which required complex and energetic
15 reactions for attachment of intermediate molecules for subsequent attachment to
biomolecules. On the other hand other groups (Sigrist et al., 1994) employ -NH,
functionalized surfaces which, as noted earlier, also require complex procedures to
achieve biomolecule surface attachment. Neither the -OH or -NH, surface groups .
possess the degree of reactivity towards other reactants, particularly nucleophiles, for
20 example, as the surface active groups (e.g., C-Br, C-COCl, C-I, C-SH, C-COOH, e:tc.) of
the present invention. Additionally, the present invention is able to provide unusual film
chemistry controllability during the initial plasma deposition step which permits control
of both the nature and surface density of the functional groups obtained from a given
monomer. By introducing chemically more reactive functional groups than heretofore
25 reported, molecules may be covalently coupled to these functionalized surfaces using
unusually mild reaction conditions and short reaction times.
Important principles involved in the present invention can be illustrated with
reference to a specific surface modification. In this process, a low-pressure pulsed
plasma polymerization is initially carried out using allyl bromide as the reactant

30 monomer to deposit thin films on targeted substrates. By varying the duty cycle it is



under CWplasma conditions of 50 and 5 watts, as shown.

FI G 4 Conparison of advancing and recedi ng water contact angles for |ow
power pul sed plasma and CWplasna C[err]F[err] synthesized filns relative
to a Teflon film 15 st andar d. FIG 5.1llustration
showi ng the nawvoewsssmbi | ity of a -CF3 dom nant surface as PCT/USY7/085280dUCed
via 'l ow power plasma polynerization of CJerr]F[err] nononer. 20

FIG 6 shows a high resolution ESCA spect rjam of an allyl brom de surface
coupl ed wi th hexafl uoro-DL-vali ne. FIG 7 shows a high

(eSOl Ut on ESCGSRRT ESHMe? e Boriat oobboahsts ' 3te i ogryensubtaigran "
resol ution C( |Hi§h$‘%ﬁhfoﬁ (is) X-ray photockctiof Q?lecﬁ-ﬂ (KPSE werDadell 36 GfalYhel Pasma
acryl oyl chloride deposits at various radi of requency duty cycl es.
WO 97/38801  polymerized films obtained from allyl bromide monomer during continuous wave (CW)

PCT/ US97/ 06525;,4 pulsed plasma deposition runs using 200 watts power. The pulsed plasma
5 depositions were carried out at, e.g., on-off duty cycles of 3/5, 3/15, 3/45 and 3/60 ms.
There was a sharp increase in the bromine content of the film as the duty cycle during
deposition is decreased. For example, an approximate 400% increase in the film content
of bromine atoms, relative to the carbon atoms, is observed in comparing the pulsed run

at the 3/60 ms duty cycle to the CW resuit.

10 The carbon-bromine bonds and other active functional groups introduced by the
plasma surface treatment have a reactivity which permits ready covalent attachment of
molecules to these surfaces via facile one-step processes. Furthermore these
derivatization processes may be carried out in aqueous solution, at room temperature and
with relatively short reaction times. A variety of nucleophilic displacement reactions

15 have been carried out in which various molecules have been covalently bonded to the
surface via displacement of, for example, the bromine atoms. An example of this
reaction is shown for surface attachment of an amino acid via the reaction:

Surface-C-Br + NH,CH,CH,COOH — Surface-C-NH-CH,-CH,-COOH + HBr (1)
Similar type reactions can be carried out for a wide range of nucleophiles or

20 coupling agents. Thus, as illustrated above, it is possible to avoid the complex chemistry
of current molecular tailoring practices via introduction of more active surface functional
groups.’

The C-Br groups mentioned in this illustration represent but one of a range of
reactive surface groups which can be employed in this new molecular tailoring

25 procedure. Other examples of surface moieties which also provide the reactivity required
for this purpose include optional leaving or coupling groups such as, for example, other
halogens (Cl and I), carboxylic (-<COOH), acid halide (-COX, where X represents a
halogen), anhydrides {C(O)OC(O)] groups, thiol (SH) groups, aldehydes (-CHO),
ketones (CH,=0), and the like. Using either the low duty cycle pulsed or low power CW

30 plasma deposition technique and appropriate monomer, the present invention has



- 8- FIG 9 shows relative amounts of acid chloride

functionality retained in the surface filmas a function of
aver age radi of requency power. FIG 10 shows an ESCA curve
fit analysis of the C(lIs) high resolution spectrum 5 of a film

obt ai ned from pmaxemsssdeposi ti on of acryl oyl chloride showi ng tHEIFEHHIFRS e
assi gnnent of both chlorine and non-chlorine containing functional groups
i ncl udi ng the hi ghest bi ndi ng energy.-.- COC peak.

FIG 11A FIG I|IB, FIG 11C, FIG 11D show high resolution C(ls) ESCA 10

spectra from acryl.i cid.fi .05 f | AR FIRROShdd
CSC| es. sbbebaddh d{yfgg&lf??%% ¥IEUI5yda godrapt I on spec%‘g{pgp"%ywm
pl asma- deposi t edreadily\tédctedarittovariolismucleophiles, againassingch sianmpls enesep cobplingeprabessy
cycl es. 15 ) FILG 13 shows the increased incorporation of

surface nitrogerfafricdiput #ambagnt feperatures. reaction of cysteine nol ecul es

with an allyl brom deyf iingbRaht Scobfpbnénit DS KR! PreBént dinvention involved)Ghé QRic@Esthine
reaction tine between the cysteiné solution and the coated PET substrate.

FIG 14 shbws t hretemiams pf theymeactiveo Broups of s maengmers dwring ther plagra tindneed filg
brom de fi1m pr Tityproces 1 deery AR ITRD i (3 COLE RN, Lro)
represent chemical structures which are all too readily destroyed during energetic plasma
polymerization processes. In many cases, this destruction reflects the favorable
energetics involved in formation of products such as CO or CO, which thus represent

10 loss of the key functionality of the monomers. However, as documented in the present
invention, it is clearly possible to retain these reactive groups in the plasma modified

films if unusually low powers are employed during the plasma deposition steps.
However, as anyone. who is well versed in the practice of plasma polymerizations will
recognize, the correlation between applied electromagnetic power and the plasma

15 generated film composition is complicated by the fact that many other process variables
must also be simultaneously considered. These additional variables include such factors

as the size (e.g., volumc) of the reactor chamber, the location of the substrates relative to

the plasma discharge zone. the monomer flow rates, the monomer pressure, the nature of

the monomer, efc. For example, it is well known that increased monomer functional

20 group retention can be maintained at a given power by increasing the monomer flow rate
(Yasuda, 1986). Likewise. the use of a large reaction volume at a given applied power

would also provide increased retention of monomer functional groups, as this variation in

effect decreases the power density during the plasma polymerization process. Similarly

there are many studies which have shown that location of substrates downstream of the

25 electrodes employed to power the discharge will provide surface coatings having
increased incorporation of monomer functional groups. This observation reflects the fact

that as the substrate is moved progressively away from the discharge zone there is a
pronounced decrease in the intensity of the electromagnetic field and thus development

of less harsh reaction conditions. In other words, although a relatively high power may

30 .be employed to power the discharge between the electrodes, the effective power



DESCRI PTI ON OF PREFERRED EMBODI MENTS The present invention
provides a significantly sinpler and nore versatile 25 approach to
surface nodification science to provide three-dinensional nolecul ar
tailoring of solid substrates. This invention involves a sinple, two-step
procedur e whi & 97/38801 all ows for excellent controll abilitygcplsétogss
surface density of the nolecules tethered to a surface. This new
procedure significantly reduces the tine rgquirenment for surface

tailoring and also elimnates the use of arfy hazardous solvents. Thus, it

provi des the first, ) ) . WD 97/ 38801
PCT/ US97/ 0652tgoverning the chemistry either up-stream or down-stream of these electrodes would, in

approach to MypbGCHL Bfircnitly Rivh. "HeRlrtibst @%gﬁﬁcmi filth foimdS&i Hls beddn oBsded he

| ar ge- scal e, I idustrial type, pl 1 cations.

Synt hesi s of dheseplabmaeamdte positionar bon filmis enabled. This filmis
obt ai ned by | asna lymerization of a triner m xjure aof
substituted perfl ud? 8%&@&%@“5‘3{%}%"] ‘F‘f@? PPy L Fearament s severe}M F‘R’%F_.’h"@fseé by

| ow dut ys cycl ghditiongUepéndbite! oT TaRESnA Pibip HeinGon\BY thelafit & BH tHRMMVHRES (and
films in which -CF3 groups are the dom nant functional group present. These

-CF3 rich functionalfgroupy apd the pewenemplayed yThis denspdeoby is clearly dllestriated ibpthe

wat er contrac | 5 § | ne of the

previ ousl y nortpé%@ l&drgﬁémtgﬁy ? é}?é%ﬁgttg%p?‘ﬁert%g%dreg%ee%ﬁﬁflaetévﬂsr gt??(é%’em the' Sty
nmodi fication phremide plasmagolyaserizatiomid that opsemsedeintthe adtentioh . of HB¥\e€OC] gddup

i mportant 10 . distinction_bet n.the present invention and techni ques
of previous wiuring sgoll)pger%tégn ﬁé‘cry\f‘/’eﬁ °hﬁ°“d°_pr ’élhtreﬁpﬁ‘fxfe'i?t this, cpmpeispas we
deposi tjgn of iﬁ&ﬁcfu@&ﬁ)efcuﬂ&ht SN Rlerdgt PUWer, WRIAH Br PuISY flhsrd Wep¥sitions is defined 0" ©
chem cal reactivity than those enpl oyed by previous workers. For exarrpﬁ e,

t he as:

plasma on time

plasma (on + off ) time

< Avg. Power > = x peak RF power

As shown in FIG. 1, it is possible to retain large portions of the C-Br functionality of the
15 allyl bromide monomer in a pulsed plasma run of 3 ms on and 15 ms off at a peak power
of 200 watts. (FIG. 1C). This corresponds to an average power, as defined above, of 33
watts. Under this condition, the plasma generated film contains one bromine atom for
every 3.94 carbon atoms. This can be contrasted with one bromine for each 3 carbons in
the starting monomer, thus representing a significant retention of Br atoms in the plasma
20 deposited film. In contrast, the studies with acryloyl chloride, in the same reactor and at
essentially the same monomer flow rate and pressure as employed with allyl bromide,
results in essentially zero -COCI functional group retention if plasma polymerization
were carried out at an average power of 33 watts. (FIG. 9). In fact, it is only at average
powers of less than approximately 5 watts that significant -COCI retention is observed
25 during plasma polymerization of this monomer under the particular combination of study
conditions employed, as shown in FIG.9. Wide ranging variations in the minimum
power requirements needed to retain functional group incorporation in the plasma
generated films have been observed in comparing other monomers under similar

deposition conditions. For example, it requires significantly lower average power to



prior art noted earlier (Ranieri et al., 1994; Massia et al., 1991,

Cl enence et al, 1995) I nvol ved i ntroduction of surface -OH groups
whi ch required conplex and energetic 15 reactions for attachnent of
i ntermedi ate nol ecul es for subsequent attachnent to - bi onol ecul es.

On the ot her haOO¥I¥H groups (Sigrist et al., 1994) enpl oy - REPUSITNES2S
functionalized surfaces which, as noted earlier, also require conplex
procedures to achi eve bi onol ecul e.jgurface attachnent. Neither the
-OH or -NH2 surface groups possess the degree of reactivity

towards other r I (" : [ : | e
as the surface :%ﬁ@g Ia’r"‘éﬁ%@ t{xﬁ\:ﬂa@:ﬁ& éogir*ﬁh%?%%ﬁg ']I:J?{d&-% gﬂ's @&%ﬁfé@%&)
of t he gllybbromide. nventi on. Additionally, the present invention is

able to provide unusuyal, fil .chem stry controllabj|lity during the
initial plasma deposi Fh’éfﬂt {10, 2bANF CRsisleratiops, “c%/ﬁ’(‘? y not p°ss‘bl° to Sefipgyp ppecfis

nature and surf aggtagevdis 1o t¥f defiigd 456w Wakidde” S5:QHP PurBBicAb RS ifveRtid? BleViBh
monomer. By introducing chemcally nore reactive functional groups than
heret of ore>25  of the maftsr rig dhat the Spenifie; lomywastage yabicerequigede toipitainl 4 spdcifiede

functionalized | .U & Jnld.reaction conditjon
and short react isr}()é?fje'fhgi gés?f%&%mer functional” gk ﬁéjsrgyﬁgﬁp [W{hns? I@gm?'ﬂ?fo?’{f(e&" n
the present i nvevatiations ofitheldther ploossking vaxdabids] 43 noted above. TiRk&I6:RBAhdse séhooled
specific surface difi cali ion. In this pr ocgégt,u a.low pressure pul sed

pl asma pol ymeri Z8t1% A% ¥1f [PGogEe. the Jmpoggnt ffsisntp adiugh they plasters dgposition

reactant 30 condBBR B thel it @PRAich tiieetirdd ih idefd iy
varying the duty cycle it iI_Ss?, ¢ ¢ ' %‘g%l 388%%;‘:‘?lge Mg&ér{aﬁ&%ﬁm m
PCT/ US97/ 83525 the plasma deposited film is achieved. This desired incotporation can be atlfieved in

Bgfii 2;:& 0 dggp;nré&ly &GiftErel &Q}s?%llto? WRED Raved S A4k of rs]ingpq%st)% {)C!Cll r!:sétetggrizaed
under the "low power” concept. Thus, changing process variables such as the reactor
volume, location of substrates, flow rate of the monomers [i.e. the W/F parameter
(Yasuda, 1986)] are all understood to be able to provide lower power deposition

15 conditions as used in the context of the present invention.

In light of the above discussion, coupled with the documentation of retention of
the highly thermodynamically unstable - COCI and -COOH groups in this invention, it is
clear that the low power plasma polymerization process, particularly the pulsed plasmas,
can be utilized to provide surface films having an enormous range of reactive functional

20 groups. For example, in addition to the specific monomers identified above and in the
Examples, it is clear to those skilled in the art that the initial surface functionalization
plasma step could be employed with virtually any volatile monomer having a desired
functional group. The present invention clearly illustrates this fact with several
monomers having reactive groups which are normally loss under typical plasma

25 polymerization conditions (e.g. -COCI and -COOH). Nevertheless, it is shown herein

~ that these reactive groups are retained as intact entities under the exceptionally mild
plasma deposition conditions employed in this invention. Obviously this technology can
be extended to include a rich and diverse range of additional functional groups. For

example, the following list of allyl type compounds represents a partial listing of



Hi gh resolution C(lIs) X-ray photoel ectron spectra (XPS) were used to

anal yze plasma pol yneri zed filns obtained fromallyl bromde
nmonomer during continuous wave (CW and pul sed pl asma deposition
runs using 200 watts power. The pul sed plasma 5 depositions were

carried out atwoewshser on-off duty cycles of 3/5, 3/15, 3/45 ppgudéfisdsias-
There was a sharp increase in the brom ne content of the filmas the duty

cycl e during deposition is decreaﬁgd. For exanpl e, an approxi mate
400% i ncrease in the filmcontent ~of brom ne atons, relative to
the carbon atong, .i s, gbserved in conparing the pulsed run . at the
3/60 ns duty cg‘@“@'{ab finctionah, greuns| which (gould be deposited agiptagtaemsisies (for further
bonds and ot heg,eantdl Ushidakaionenal groups introduced by the pl asma
surface treatnent have a reactivity which permits ready coval ent attachnent
of nol ecul es to these surfaces via facile one-step processes.

Furt her nore thml derivati zation PRRRSST ﬁ;‘m in
aqueous sol ut L.Qn %IIVIErRoomtem)erature and ﬁﬁqﬁﬁj et atively short

S ——

reaction ti nesallyhisothiooyayatof nucl eophili c di-Bj@Sacenent reactions 15

have been car r;iﬂF outdi n which various nol ec Has have been covalently
bonded to the Y YA g face via displ acer of, for exanple, the
brom ne at ons. alydbeneRnP! € of this r_ggqsti on i s shown for surface
attachnment of an am no acid via the reaction: Surface-CBr +
NH2 CH2 CH2 COOH allilpetate- C- NH- CH err] - CH err ] ~€OOR + HBr (1)

Simlar typer I an be carried out fogsa W de range of nucleophiles
or 20 coﬁg}li?dneg&gtgagnts. Thus, as illustrated above, it is possible to
avoi d the conpaliyt ghioilyl ethery of curren.t_%ar tailoring
practices via introduction of nore active surface 5 i onal

gr oups. The C-Br groups nentioned in“this illustration
represent but a range of regciy e surface groups which can
be enpl oyed i napﬁie@'fe?lew nol ecul ar tailori ng%gy(\" procedure. O her

exanpl es of susliydehlorofortdatees whi ch al so provC@©Qlhe reactivity required
for this purpogliayll nCly'l’?ﬁﬁ&?“ onal | eaving or_coupling groups such as, for

exanpl e, ot her meth ogens (Cl and 1) ,C'ts,?aﬁ' boxylic (-COOH), acid
hal i de (- COX, whfpRen§l hitfomesents a -Sel@gen), anhydri des
[C(OOC(O] groups, thiol (SH) groups, aldehydes (-CHO, ket ones
(CH2=0), and t dlylphogphonigdiehdoridet her t he | ow-BB(Q)Clycl e pul sed or | ow power
Cw 30 pl gq@%ﬁ i.blon techni que and _ opri ate nononer, the
present inventiﬂ n a?ﬂt‘?s?faﬁé SR},

: allyltriethoxysilane . -Si(OR),

5 The above partial listing has focused on allyl type compounds since these materials have

favorable vapor pressures and the inventors' experience with other allyl compounds, as

described in this invention, documents the fact that retention of these functional groups is

clearly anticipated under low power plasma polymerization. Obviously this technology

can also be extended to non-allyl precursors, including even saturated compounds as
10 shown in one of the Examples.

With respect to the present invention, the second step coupling reaction of
molecules to the plasma treated surfaces, when conducted in a solution, imposes an
obvious requirement on the nature of the plasma-introduced reactive functional groups.
This requirement ccnters on recognition that solvolsis of these plasma introduced

15 functional groups must be significantly slower than the competing reaction by solution
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succeeded in deposition of these groups on solid surfaces. These groups
were then readily reacted with various nucl eophiles, again using a
si mpl e one- st ep woBTIIs8eIg pr ocess carried out at anbi eRCT/US97/06525

t enper at ur es. An i nportant conponent of the present

i nvention involves the successful 5 redention of the reactive groups
of the nmonomers during the plasma i nduced film formation

processes. In gener al . £ hes unctional gr, (.. 2 - - CHO),
represent chem cAf¢ e§ pilge etgesﬁfﬁ’?@ﬁ gﬁ)ﬁ'ﬁﬁ%%“%%@aﬁ‘ﬁ?‘%@ '6?8%‘“35? ?‘%ﬁ”
energetic pl asnatailoring proces§¥d) Fobexamplel inth@ 4 of &ous solutioh ReAcGSRERydrbbiS of

destruction reflects the favorabl §+n energetics involved in
formation of protete: plagmandepesited Hnctienab grours, MRt bR SeriBpantlyeplowep than the
| oss of the key dihffe .l C

t he present ¢ E’P%&gﬂké%gw dlsﬂ]lgcse C eiélérg tffmf)osm btﬁéege?@émqﬁa#iﬁﬁ haﬂml that
reactive gsoups t'his tehmrqxﬁems masatmﬁhdfﬁoeslelecuve surface ffihationalfgroupsssiechl ag the @—Br
powers are enpl o r| ng the asma deposi tion steps. However ,
as anyone who i s té‘?t WY’H e practice of plasma pol ynerizations will
recogni ze, the corr el melr@arebﬁmwappmﬁbnsefbrezh@%d}ﬁmgﬁ%&&m@&\&ﬁrthﬁﬂﬂwhhﬁ

pl asma 15 enerated filmconposition is conplicated by the fact that
many ot her proceSertajlyjonpigportant applicatigngareagyvillobsrn the bigneateriabufield, specifically

consi dered. Thes t I fact as the
cT7e (o o vor cefiitle' st muGhbRBACR iRl HocHENRG of iies materigls, 17 okt
relative tlo of theset h;mllpatamsrmuﬂacscxhadﬂjmtmnﬂ are tehmmbmohwm\fd e ddheRfice bhe
nononmer pressure For exanple, it

. th c
TOMRTl lneon 't PhipmOehEs U6 RN SO POHERg Bellilar Toalsielanerr s A8 T S

can be maintain uldHyOthB& subPfade inVeYved NGEERB b Boritdte ﬂ‘ﬁ@?f@émfpkéws&la&ff‘ers an
(Yasuda, 1986). Likew se. the use of a |large reaction volune at i ven
appl i ed power  unusually facile approach to structuring surfaces which will promote these bxomolecular

adsorption processes. Recent work has shown that attachment of specific peptide
15 sequences (e.g., YIGSR and RGD) to surfaces is particularly effective in promoting
adsorption and growth of specific cells. The process described in the present invention
provides a simple approach to surface attachment of these peptides and any other peptide,
where this attachment is accomplished from aqueous solution. The aqueous solution
capability is particularly significant in that this solvent permits retention of the
20 geometrical structures of these peptide molecules. These geometric considerations can
be very important with respect to promoting biomolecule adsorptions. Alternately, it is
clearly possible to covalently attach biomolecules (such as saccharides, proteins, efc.)
directly to the plasma functionalized surfaces via simple covalent bond formation. For
example, the amino and sulfhydryl groups of molecules such as enzymes will couple
25 directly to surface containing reactive groups such as C-Br, C-COCI, etc. Similarly,
biologically important molecules such as heparin will also bind to these surfaces via their

amino groups.
Clearly, the technology described in this invention can be employed with
molecules other than peptides, glycosaminoglycans and the like to promote improved

30 biocompatibility of materials. For example, many biomaterial applications require



woul d al so provide increased retention of nononer functional groups, as
this variation in ef fect decreases the power density during the
pl asma pol yneri zation process. Simlarly there are nmany studies
whi ch have shown that |ocation of substrates downstream of the 25

el ectrodes enpb@y@sdsd10 power the discharge will provide surf agfusemiss?dds -
havi-ng I ncreased i ncorporation of nononmer functional groups. This
observation reflects the fact thaf as the substrate is noved
progressively away fromthe discharge zond'%here is a pronounced

decrease in the intensity of the_electromagnetic field and thus devel opnent
of | ess harsh Hglgicalbnnomsfouling spsfaces (eq saéacesphich minimige of pliminats| csllnlae px/

hi gh power maypigHolecule adQFptiB). ORESalch RS Ghardy BblbRG

el ect rodes, thel e?fe‘éuc(tei ve power a:fy V%%?F%g%gi%%m&%psma e
PCT/ US97/ 0652 attached polyethylene glycol (PEG) molecules are particularly effective -ih2reducing

governing the chem stry.either -stream of.dawn- stream.,of .t hese el ectrodes
woul d, in " bioiBolegut basdpnogs. . 1B Siriaer RoUiAgA0E PISFEES SSFHPR hersiRcs fdeehn

formatiop has fepekis Pagpee ol ik PEG moleculdsh@mccdvasisily’ BaBbidedOd! thieOissma
In particular, quantitation of the power requirenent 'is severely

conpl i cat ed bymodified surfacese This aray hecperaiepusebanding proesss rtaking) ndvaptage tof the on
on the nature § QUFEp ' .arqu t h ower
enpl oyed. Thi s‘%%‘%%ﬁ‘&gﬁgy i sEcé ?’g’gerﬁ“§?s‘| Rt r%ﬁ%’l ?’ﬂ%“ﬁ‘ge& e P58 ‘BP@&‘BF&

i nvention in complayedrge temainaedeitid @iy denpe whichBian ajonvenieatls e diipled tb ik

al |yl brom,de plasnma polynerization to that observed in_the
retention of trﬂﬁ‘mlacfﬁ“’g“rdog’ﬁ“’“‘]?“aH car °“'é’&?’?‘¥i‘§ SOMRPNAY SHoWn dwsrednt. aWithy efier

chloridgg Wt hatagieR Ferdctibital ghiups, G R/ halid, PRE caPbe direch?‘iaﬁ%ﬂ?d{e the concept
of average power, which for pulsed plasma depositions is derined
The biomaterials example represents but one of many applications for this new

surface modification procedure. As those schooled in the art will recognize, this process
can be applied advantageously to any device in which surface chemistry exerts an
important role in the device function. For example, this process can be employed to
15 molecularly tailor surfaces for improving the performance of devices such as sensors,
heterogeneous catalysts, permselective membranes, efc. It could also be employed for
improved coating applications such as those involved in anti-corrosion and passivation -
coatings, optical and dielectric coatings, efc. Each such application simply involves the
surface attachment of selected molecule(s) required to improve the performance of a
20 particular device, using the simple two-step approach described herein.

An additional feature of the present invention is the molecular tailoring of
surfaces where selective attachment of more than one kind of molecule is achieved. In
this process, the initial plasma deposition is employed to simultaneously deposit two or
more functional groups via use of appropriate monomer mixtures. Subsequently,

25 selective chemical attachment reactions are employed to attach different molecules to
each functional group introduced by the plasma deposition process.

The surface modification procedures described herein can be illustrated by
reference to specific functional groups as involved in selective surface attachment of two
different kinds of molecules. For example, the plasma process is employed to

30 simultaneously introduce C-Br and -COCI] surface groups via use of an appropriate
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As shown in FIG 1, it is possible to retain large portions of the C Br
functionality of the 15 allyl brom de nonomer in a pul sed plasma run
of 3 ms on and 15 ns off at a peak power of 200 watts. (FIG 10).
Thi s correspondswo@73880kver age power, as defined above, of 33 PCTMUS906525
wat t-s. Under this condition, the plasm generated film contains one brom ne
atom for every 3.94 carbon atons. Tijs can be contrasted with one
brom ne for each 3 carbons in t he starting nononer, thus

representing a signifl [ ' l-asm . .
deposited film In cré]hf@ggst%ré g‘%@e% éﬁﬂ&?@‘%ﬁ&aﬁg‘gﬁ‘r@r‘éﬂy&%ﬁ|’§F{T§8%Q fd chloride
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pressure as enployed . with a rom de, results in essentia
zero -Cod funct icé’i‘fﬁﬁmnﬁ F'&ﬁ?’dlr‘ék‘@ﬁt”r’ g}'\t not the cathen-brPides. Feastwitpicohol molecules:
were carried out at an average power ofg33 watts. (FIG 9). In fact, it is
only at average powers of |ess)than approximately 5 watts that

si gni fi cant - COCSurfatee@OCbHh HOR ebSwfacedC 26R + HC1 during pl asna )
pol yneri zati on of this nononmer under the particular conbination of study

condi tions enpl oyagaceaBr & HOR -bNo fdabiion?. W de ranging variations int
m ni num power requiremnments needed to retain functional group

i ncorporation i nThli€selcAvdBtachment of }hg%ﬁ:'&ﬁ&%@%uﬁ%&dﬂ%e%d%%?ﬁ Jlﬂu%) 38{1] ‘éﬁgﬁé‘{‘

conparing other nononers under sim eposition con I'0
exanpl e, it requisitess Subsgguently,smatutipn mpleenlesvaer pttapieedas theaC—Br sites, using stronger
WD 97/ 388

PCT/ US97/ 06525 nucleophilic reagents such as —NH, groups, as previously described in reaction (1). In

this way, the molecular tailoring process can be conveniently employed to covalently
bind two different types of molecules to a particular surface. Further, the relative
concentrations of the covalently bonded molecules to the surface is easily controlled by
simply varying the relative partial pressures of the two monomers employed during the
15 plasma deposition process. It shéuld also be noted explicitly that the R groups denoted
in the above coupling reactions may also contain specific functional groups which could
be utilized in subsequent further coupling reactions to the solid surfaces. As one of many
such examples, the R group may contain an unsaturated bond which could be utilized for
additional molecular tailoriﬁg reactions. Such a process is illustrated in reaction 4.

0
I
20 Surface~COCI + HO-CH,-CH=CH, —> Surface-C -OCH,CH=CH, + HCl @)

Clearly, the alkene appendage now affixed to the surface provides an additional route to

further important coupling reactions including, particularly, synthesis of catalytic

materials. As those schooled in this art will readily recognize, the nature of the R groups

25 introduced in reactions such as (2) and (4) (i.e., during the initial coupling process) will

provide a rich and diverse range of additional surface coupled reactive groups to be
employed in molecular construction of surfaces for diverse applications.

Although the above descriptions have focused on the use of solution reactic;ns in

the reactive coupling of targeted materials to the plasma modified surfaces, as those

30 schooled in the art will readily recognize this second step coupling reaction could equally



- 13- retain C-I bonds in the plasma pol ynerization of allyl

| odi de versus that observed with allyl brom de.

In light of the above considerations, it is sinply not possible to define a
specific watt age value to be defined as "l ow wattage"” for the

pur pose of thwe®omssenti on. The fact 5 of the matter i spdigdorodses

specific low wattage value required to retain a specified
per cent age of nononer functional groups 3% vary with each nononer and
pr

W th vari ations of the other essing variables, as noted
above. Therefor as t hose school ed inthe art will recogni ze,
the i nportant “Fi‘éﬁmegguw vapPTRhasE Tractinnss fiar cxampls, theggaction shown above (4)
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desi red i ncor peacassi eowld: initiadly ladhﬁ @nditiah plasma depositinnof aliylfaicabal tovpsovideal |

? L ew.(.]: g\r/]v ng\gru&&% r@%{l}r%f(?lg ?nc?l L lle'ac(iec} With Qc @yﬁ%{l«? r\lgzggrgﬁscﬂlogg bﬂ?gunder

angi ng proce
react or volune Iocatlon of substrapes, flow rate of the nononers
[i.e. the WF paraneter (Yasuda, 19B6)] are all understood to be
abl e to Provi GarfheenOH 'b@He’rCHGQ%)t-P(SWf?.@-O—C -COnBHy itdtElgpas used i {5t he
context of the present invention. In light of the above

di scussi on, cdéuietatted tehctidng ustois mdntoﬁttlieohigbfvolaehgmf aerylayl chloride relativieht®

hi ghl'y thernDd

| t.abl e
i nventi on, ﬁgt Hlidial. &#Q’?"ﬂgﬂhf YAROr q%ﬂﬁpbﬁ%\é"rac ‘5‘%“%&%@9@@% pinichand
process, part Idfvets ragel G¥ereRithrite sthcRldafz Pedtiations in the suffade Rfackdd kx‘oﬁﬁ'&daﬂdotheo

provi de surface filnms having an enornobus range of reactive functional
groups. 1For exeaspive functionali graups af the vaper phaseimateriale n dyseinsthe gehtiph icouplimpove

and in the r e art that
the initial sur té%nes F{(}ﬁ%&f#eg%g Ikrgg th%oﬁlstgﬁ wcgu?d i)ggé” ﬁstgéf H %)r%gxde Qeﬁcp orbrates of
enpl oyed wi t h desirableairdportéong. vol ati | e nononer haV| ng a deS| red

functional group. pre t invention.clearly iJlustrates this fact with
sever al rr§ ﬁ%&m"ﬁae%a‘&?ﬂ s glf' i t{.?\h iPrerede cam boemployedde s
under typical iftaae@a Altitude of sRFAK TRAdGAlIRE h@ﬂﬂ@birzﬁxﬁsde Redof widivity.2BY
-COOH). Nevertheless, it is shown herein at these reactive

groups ke retcamyieg oksequeniiel desivatizatien reagtiens, & eolesulaslyripidored syrfage having a
pl asma deposi %hﬂx'ﬂercé}'a?ﬂfér%xﬁ '&éva?émg%éﬁ%d' ,ﬂolk.fm% is FARHY x8£ted %Mtl%é?bgtwtepﬁ:%
en O 1 nce

t echnol ogy can e -a r| c and erse ran of
addi ti onal f umpodferoxiafor ghe piasma Fdepositions of the gxeseml inyvention beshbsevafntheit |reddyof

allyl type Cogpglﬂgqﬁy,rvgpatf%earﬁtcﬁow cgs;il ’i‘l?ely alré r?gtl l?oq’vec\)/];r, the only possible materials.
Any volatile carbonaceous compound having an active functional group may be used.

20 A major advantage of the use of the plasma process to introduce the reactive
surfacc groups during the initial surface treatment is that this approach permits surface
tailoring of virtually any solid substrate. Additionally, the plasma process provides
uniform, pin-hole free coatings and they can be applied to any solid without regard to
geometric considerations. The present inventors have successfully applied this coating

25 procedure to solids such as polymers, ceramics (including glass), silanized glass, fabrics,
paper, metals, silanized metals, sémiconductors (e.g.. silicon) carbon and even hydrogels.

A problem frequently encountered with plasma-deposited coatings is poor
adhesion of these films under low energy plasma conditions such as those encountered
during low duty cycle pulsed and low energy plasma conditions. While such films may

30 have uses of their own, separate from a substrate, and to that extent are a part of the
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additional functional groups which could be deposited as intact entities
for further chem cal derivatizations: MONOVER
FUNCTI ONAL GROUWO 97738801  al | yl i sot hi ocyanate PCT/USK2B6525
allyl cyani de -CN allyl benzene
- C6H5 allyl acetate -19- - COOR al |yl
mer capt an - SH allyl gl yC| dyl et her
alcloéla et her 6ﬂre[sex?t mve{lﬁo? adhe[s*on (}o the subs%a% 19a preferred as%?ft é% &xe pre Os%x?tfxgwr/eénx?ipgﬂ
phenyl sul fone The present mvemlon involveSER@iscovery thatahd sdhptios bhgﬁs& lg&@ﬁﬁﬁd foe
- | sil

PO a2 the uncle:rllyllnrgI stra essr.!anabe dramatically improved via use of ag gradient layered

technique. In this process, the plasma deposition is initiated at a high RF duty cycle and

5 a high RF power to provide an underlying initial coating strongly grafted to the solid

substrate. The RF duty cycle of the pulsed plasma is then progressively decreased, with

this decrease providing increasing retention of the monomer functional groups, as shown

in FIG. 1A-1D for an allyl bromide film. In this way, the successive plasma deposited

films are tightly bonded to each other, providing a layered structure in which a gradient

10 of monomer functional groups is present. The process is terminated at the lowest RF

duty cycle needed to introduce a required surface density of the reactive functional

groups. Alternately, the gradient layering technique can be carried out under CW

conditions with the RF power being progressively decreased during the plasma

depoéition process. In this way, a strongly adherent film is deposited with the outermost

15 layer containing a high surface concentration of the desired reactive functional group.

. This gradient layering technique has been successfully employed to deposit plasma films

on a wide range of solid substrates. As used herein, those of skill in the art recognize

, that the term "film" may, but does not necessarily, mean an intact film in the usual sense

and may vary in thickness, as a film, from 1 to 3000 Angstroms or may be more widely

20 dispersed non-interacting pendant groups. These films are sufficiently well anchored to

the underlying substrates to preclude delamination when subjected to prolonged
immersion in various solvents, particularly including pure water and aqueous solutions.

Although the gradient layering technique described above has been found to be

useful in improving adhesion of plasma deposited films to various substrates, there are

25 other substratés (e.g- glass, metal and silicon) in which delamination of the gradient

layered plasma films is observed after prolonged immersion of the coated substrates in

solution. An important aspect of the present invention is the discovery that this

delamination problem can be solved via use of a plasma deposited sub-layer which helps

to bridge the inherent incompatibility encountered between an inorganic substrate (such

30 as glass, metal or silicon) and the gradient layered organic plasma deposited coating. An



allyltriethoxysil ane -Si(OR) 3 5 The above parti al
listing has focused on allyl type conpounds since these materials have
favorabl e vapor pressures and the inventors' experience with other allyl
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obvi ous requir ' Lve
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nucl eophiles with these sarreﬁglreoups If this invention is to be useful in

mol ecul ar surface The insertion phttediMB§Opintstraediate sutFlayerdwtwashdhe glasst Siicaamre of
aqueous ool Ut gl bl Gt UBSIANE She e b fRRs AT aEPRRM1,
nucl eophi | i c demakatslg ves)l i etariglyo achofihg these oater orgfid fitme teakd Yiosbfanichat
5 this reguire t is satisfied for selective surface functional
groups, such égbqtqq@s.gﬁ'%r example, hlms which previously delaminated from these non-organic

10 substrates a few minutes after sample immersion in aqueous solution, have been
observed to remain strongly bound to the substrates, without noticeable changes in
chemical composition, after many weeks of immersion when the HMDSO sub-layer is
present.

As those schooled in the art will recognize, the effectiveness of the intermediate
15 HMDSO sub-layer in improving the adhesion of the organic films to the chemically
different solid substrates is an example of but one of many sub-layers which might be
. employed to achieve this goal. In particular other organo-silicon compounds, such as
silanes and other siloxanes are expected to be particularly effective in this application
(either being used to "silanize" a solid surface of the present invention). Other

20 monomers which are capable of bridging the chemical dissimilarities between organic
and inorganic materials shoﬁld also provide this important function. Examples of such
monomers would include volatile organo-metallic compounds such as tetramethyl tin,
furocene, tetramethyl lead, efc. which are known to provide organo-metallic films under
plasma polymerization conditions.

25 A further aspect of the present invention is to employ the low duty pulsed or low
power CW plasma process to deposit fluorocarbon films of exceptionally high
hydrophobicity on solid substrates. These ultra low energy surface coatings can be
employed directly for specific applications or they could be coupled with simultaneous

deposition of a reactive functional group by combining the fluorocarbon monomer with

30 an appropriate functionalized monomer. In the latter case the plasma generated surface



group illustrated previously. There are many applications
for the technol ogy described in this invention. Certainly one

i nportant applications area will be in the biomaterials field, specifically
provi ding surface nodifications to i nprove bioconpatibility of t hese
materi al s, | n soWe 9138301 of these applications surface nodi RCFHPYS2r e
required to i nprove the adherence of bi onol ecul es (e.g., proteins,
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surfaces which w pronote "t hes I oD
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sequences (e.qg. rfaces is particularly effective in

pronot i ng denv%?é'f’ﬂﬁagf%%ﬁﬁgﬁ% ProfoOSeci fic cells. The process

described in the presghsgebiVdithé present invention iBHRVAiSRYerd Rt GseTY 1
surface attachnent of tﬁseﬂse peptlﬁlges and any ot her peelgtld © emg/nere

this attaclment Pubstiwted indredarhent mmrmmoweldmmptmallwﬂvdmmsuﬁa:dcmtwa)n
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mol ecul es. Thes ep@sxbmemempmvdym degreecthi -CF; content obme\swmg MBAYrhédNtAn

with respect to nol ecul ¢ adsorptjions. Alter ely, it is
clearly possibl e rﬁ%\’/‘g‘ﬂﬁ 83/’%%"3‘8”? thowmdh LG %é"h{cgd’é‘l’i‘“% high-repelutionsG(1s)

pr ot eins, etc.) ESCA s](p(:ctradétf ﬁﬁﬁé&rﬁoﬁ f188 ot?:km&ﬂ Qﬁtﬁ&ﬂé‘c’ ﬁlﬁguré "6&' ﬁ&s?ﬁtté’d a

si npl e coval ent bond for mati on.
sul f hydr y110gr oupperBporahaxenss| &s @mm lasFIanyhgs 1-wa Iclcaewph@ezasd retennon of the -

Simiarly, o CE RN AU SRS B Al PR St e g IR dian

al so bind to theswes detrdassic SANdraatélethe same general indvitased GTFRUPention can be achieved
in this invention can be enpl oyed with

Clearly, the techn escri bed
nol ecul es ot her P‘Ff%ﬁ?%iﬁ? H@éep‘ﬁﬂ%d'é’&ﬁﬁ“ﬁﬂrbp&%ﬁ%m&ﬁ'& BﬁémWerTh%FemffG%ta@
| mproved 30 cletlyohowRat kg hi ty of materials. For exanple, many

bi omat eri al applications require
15 Using the plasma deposition approach and the highly -CF; substituted monomer

it is possible to generate a film whose hydrophobicity exceeds that of conventional
Teflon® surfaces. (see FIG. 4.) Both the advancing and receding water contact angles are
higher than those observed with a conventional Teflon® (i.e., -CF, dominated)
fluorocarbon film. (see FIG. 5).

20 Although the above discussion has been illustrated with perfluorohexene
monomers, those skilled in the art will readily recognize that other highly -CF,
substituted monomers (such as, eg, other volatile perfluorinated compounds,
particularly perfluorocarbons) can be employed under low energy plasma conditions to
ﬁrovide -CF; dominated films. Either the low duty cycle pulsed plasma or the low power

25 CW plasma would be useful in providing retention of the original -CF; monomer content
in the plasma generated films.

By incorporating an appropriate functionalized monomer in with a highly -CF,
substituted monomer, the plasma deposition process may be used to produce a surface
coating which is hjrdrophobic but at the same time, susceptible to covalent attachment of

30 other molecules at the reactive functional group site. The extent of surface coverage by
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bi ol.ogi cally non-fouling surfaces (i.e., surfaces which mnim ze or
elimnate cellular or bi onol ecul e adsorptions). Research from many
| abor at ori es Rggomdageyn t hat surface- attached pol yepbyiSsmesilsy C ot
(PEG nolecules are particularly effective in reducing bi onol ecul e
adsorptions. The surface nodification proc%jure descri bed herein is ideal

5 for this purpose in that PEG nol ectff'es can conveniently be bonded

to the plasm nodi fied surfaces, This may be an aqueous bondi ng
process, taki niisfapetianghgrogp is sasily adjusted by yagiation 9§ |thmrqlqtrtv9 cancepiration of the
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enpl oyed for e"leﬂ?) B g Pﬁ’f&’“ﬁlﬁpl ing zesplting film i, extremeliy hydrpphobicy e d
i n anti-j@or r oShj Eﬂl Ma&%ﬁ:%ht\/ﬁ bilogical molecule§ GARd 'cﬂ&ﬁlcaﬁ’)ﬁﬁdeﬁaéxc@ﬂq’op life! s?tgg ric
coatings, etc. Each such application sinply involves t

attachnent of ecsupied &y Grbr dondse(The Eddpusanctiten bemnfgdrm/bmdwehepemdlm\ﬂnmoehof a
20 partlgﬂ%a% ugiﬂg %\ﬁn %gﬁéﬂg}éﬁﬁp@gﬁl\&mﬂm step approach descri bed

her ei n. ture of the present invention is

the nol ecul ar tail c3urfagesahodifiable by thesaprbeesses xmﬂﬁiee(bﬁedreﬁbl Meited foR polgRIEs, Of
nore than one k]I nd of nol ealé)log [ achi eved. In hi s process,, the

initial plasma® @S Gh § S PRRST:s MFEA ¢ a‘ﬁ’é’ﬁﬂ%q‘yt%pﬂg‘?d( amPosites,

nore funst i onagelBilogeFmY (;?hrﬁb%&rl?f oBRR¥ie Filrhs)a8d p&as. m xtures.
Subsequently, 25 sel ective chem cal attachnent reactions are enpl oyed

to attach different nolecules to
EXAMPLE 1

A variable duty cycle pulsed RF plasma was employed using allyl bromide

20 monomer to deposit a thin film containing C-Br bonds on the surface of a polymer
(Dacron®) substrate. This film was deposited using an RF peak power of 200 watts and

an initial RF plasma duty cycle of 3 ms on and 5 ms off. The monomer pressure was

~35 m Torr and the flow velocity was 3.5 cm’cmin (STP). After 3 minutes of plasma
operation, the RF duty cycle was reduced to 3/15, then 3/45 and finally 3/60 (plasma on

25 to plasma off times, in ms). This procedure provided a gradient layered film with good
adhesion to the underlying Dacron® [polyethyleneterephthalate, (PET)] substrate and

with a relatively high density of surface C-Br groups. (Surface Br atom content was 26%

relative to 74% carbon atoms). Subsequently this surface modified sample was
immersed in an agueous solution which contained the amino acid hexafluoro-DL-valine

30 at a concentration of 20 mM. After 10 hours reaction at room temperature and a pH of



each functional group introduced by the plasma deposition process.

The surface nodification procedures described herein can be illustrated by
reference to specific functional groups as involved in selective surface
attachnent of two di fferent kinds of nolecules. For exanple, the
pl asma process WO ¥Mgsidyed to 30 si mul t aneousl y i nt r oducRCTZUSR7/06528 )
-COCl surface groups via use of an appropriate WO 97/ 33801
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nononer m xture such as allyl brom de and a-cr-yl oyl chloride. The -COO acid

chl ori de b Q0 E t . ' - Br .
groups. For ex ar%?ﬂ’@f‘?ar gdr'\hge;dr B%%gr?@%%{afe% Je%:ﬁgg‘gd;’ ﬁ“%%f%%%g}f Pvgﬂgﬁpﬁl,gf‘g%}ﬂg
but not the car bath brswfactest, soletiomt contditing | dissblyied niSh esodives dodecyl sulfate (SDS),

(02) Sur %35‘?“&& _elgra}-lé lj%ﬁug)u:;\%? }%Eéf‘;é é‘;}tl)&isﬁq‘he ESCA analysis revealed clearly
(3) o6 th ifRiok Gt Rhoul of 1he TRbAAHBe LG BeGRBRNE of

carried out at the acid chlori ] tes. Subsequently, ution
mol ecul es €an beudaeaitegen from the amimy grovp and oxygémGonthoergeaxyli® acid group. The

nucl eophilic re%ﬂﬁm %K S revi. ly d I_b I n
reaction (1). In §01§t%§1hc¢l§a% Wa)g’g éc?rﬁg' %tﬁiécs%ge 1?5&‘1‘%} ﬁf@%ﬁb?&? Etspe
conveni ent |y enpéwgdkthat the amoledulan tdilring of the surfade fidthis/easél thefza8Rh dFYRE dmib
nol ecules to a pa,rthuI ar SLi]’faCE. Further, the relative .
- ‘acid hexafluorovaline, was successfully achieved via the simple two-step process
involving plasma deposition followed by the room temperature derivatization reaction.
10

EXAMPLE 1A

A pulsed plasma process was employed to deposit a bromine-containing organic

film on a PET substrate. However, in this work dibromomethane, CH,Br,. was

15 employed as monomer gas in lieu of the allyl bromide monomer used in Example 1.
Again a gradient layering technique was employed to provide good adhesion between the

plasma deposited films and the underlying solid substrate. The overmost layer of the

plasma generated film contained 19 atom % Br relative to carbon atom content, as shown

by ESCA analysis. This sample was then immersed in a 20 mM cysteine aqueous

20 solution at pH 8.0 and room temperature for 24 hours. Subsequently the sample was
removed from solution, subjected to thorough rinsing with SDS solution and distilled

water, and then vacuum dried. The sample was then subjected to ESCA analysis which

revealed the presence of S, N and O atoms on the surface indicating the presence of
covalently bound cysteine molecules. However the relatively concentration of surface

25 bound cysteine molecules was notably less than that achieved with allyl bromide films.
This example clearly indicates that the monomer precursor employed for the plasma

surface modification does not have to be of the alkenic unsaturated type in order to

provide reactive surface functional groups which can bind covalently to solute molecules.

In this case, the molecular tailoring procedure was achieved employing an alkyl bromide

30 during the plasma modification step.



concentrations of the covalently bonded nol ecules to the surface is easily
control |l ed by sinply varying the relative partial pressures of

the two nononers enpl oyed during the 15 pl asma deposition process. It
shoul d al so be noted explicitly that the R groups denoted in the

above coupl i ngvg #agder ons may al so contain specific functi onapco@iddassyhi ch
could be utilized in subsequent further coupling reactions to the

solid surfaces. As one of many 'ZiCh exanpl es, the R group may
contain an unsaturated bond which could bé& utilized for

addi tional nolecular tailoring reactions. Such a process is illustrated in
reaction 4. 0 20
Surface-COO + HO CH2-CH=CH err] - Surgggmrtg $CH err] CH=CH2 + HCl

(4) Clearly, the al kene appendage now affi xed to the surface
provi des an additional route to further inportant coupling

reactions includin particul arl synt hesis. of catalytic )
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di ver se range bsforadrppsitiomel the evadigatlayese brominacontaining finnabintsobloper film of

enpl oyed in SIS ' A Lvekse. a l.cations.
A Though t he dsubbiRlaRAakS HIDRD) Sins IekAEBodB of ST BB RS aconS

reactions in This sample wae therndérivatizedoapin Examplet Brwphripe theneixeficd-DI-GalinBe
pl asma nodified surfaces, as .those 30 schooled,in the art w |l

readi |y recoghfaBent e same prspftsas spown ipFiGh &> withieexpsriraenial grrary (werg gbtained,

WO 97/ 38801 indicating that the molecular tailoring achieved by this invention is independent

PCT/ US971 06525 8 g Y 1s independent gf the
nature of the solid substrate. Furthermore, the entire assembly was stablc towards
immersion in aqueous solution with no evidence of film delamination after prolonged

testing.
15 EXAMPLE 3

A gradient layered plasma generated film was again deposited on a Dacron®

(PET) substrate using allyl bromide monomer, as described in Example 1. This C-Br
containing surface was subsequently immersed in an aqueous solution containing

20 cysteine. This amino acid was chosen as it contains sulfur as a distinctive label. ESCA
analysis of this film after derivatization and thorough rinsing reveals clearly the presence

of surface attached sulfur, nitrogen, and oxygen atoms. This result clearly reveals

attachment of the cysteine molecules to the surface during the derivatization reaction. -
25 EXAMPLE 3A

A control study was carried out in which an untreated PET substrate was
immersed in an aqueous solution containing 20 mM cysteine at pH 8.0 and room
temperature. After 24 hours immersion this sample was removed, rinsed with SDS

30 solution and distilled water and then vacuum dried. Subsequent ESCA analysis of this



wel | be carried out by vapor phase reactions. For exanple, the reaction
shown above (4) could equally well be carried out using allyl

al cohol vapor. Alternately, the coupling process could initially
utilize an initial plasma deposition of allyl alcohol to provide

surface hydroxyMO%s8H are thus reacted with acryl oyl chlori JBCHEEY06525s
shown bel ow O

11 5 Surface-OH + CH err]=CHCOC [err}y- Surface-O-C -CH=CH err] +
HU (9) (5) In this latter reaction, use is nade of
the high vol ati|fjyreQdalddcleslifble sath@' doifent 6F &ltful Br hifrogen atoms. Tzﬂl% X%ult shows
al cohol . Qbviously, the vapor phase coupling reacti on§ coufn include arich
and di vhatssuceessfiglecosplingeaf tharspluté nolagules go Her substrale suifaves heuirey thace
attached groups and the 10. reactive function roups of, the, vapor
phase material s.P mlzen&tr??gméeof"ﬂftf"(?ﬁlt gr8uRs 3° Agproduce bygtherp jdspRsition featment.

tenperatures of I diso affirhetiatBelsdhutd thoRedhilé ShifbelcOupling\destibed & the BRathplee st s
desirabl e ﬁropor,tl ons. Based on the above description, It

is clear that tHreenHpn Canngt becsimpise phypisabyadeprptipn phenomena jast pp@olute molecule
mul titude of sur @s@ﬁcefiygﬁémxiﬂéﬁﬁa&ﬂﬁw -yglg%jh&g degrees of reactivity.
By 15 carrying out sequentia errvatrzation reactions, a

nol ecul arly-tail ored surface having a nunber of different

coval ent| y-bonded nol ecules is readily CE{ S..é%AI | yl derivatives are
preferred for the plasma depositions of ’g‘gﬁé’ %nt i nvention because of
their ready availability, volatility and | ow costs. They are not,
however, the only possible materi al s. Any vol atil e carbonaceous
conpound K@vi ng an adt fample prepaed e lin Exampleniyap subjetetl topBaction with a solutiod
maj or advant age 2 a r to ptroduc he re Lve
surface groups cfgirn?{r!]lgﬁtﬁg%leﬁ{l% gﬁ@%r’iﬁ%’%"?@%ﬁ Auoro-PL-yalige- 'y tbgeogﬁ?}?]gi(t;h
permits surface analysis of thistdefivaized\girfate seivedlethélearlyathy pfesdrice of atifnk lafd Barboxylic
Addi tionally, I|he plasma pr.ocess provides uniform pin-hole free
coatings and t h«?ﬁ‘dc%ﬂ“pﬁé"’gﬁﬁ?"?téﬂ eéﬁ?‘ﬁ?&“F gf the: WERR perjideq khs ESCA spectra
geonmetri c consi @bfadled Qs attRBmBAESETIGSRRALRAS 19AN6wR Uk FEST Wilidh SRRls &Y
this coating 25 procedure to solids such as polynmers, ceramcs

(i ncl udi n¥ gl as PresenseiofrFQ@H gxrups gt the highibinding energy peak inthe £(1sheneatram [ie., at
silani zed net al ] 0, «-Shl 1 con) carbon and even hydrogel s.
A probl em f requ?ﬁ???%%%ﬁﬁé?ggcéﬁ’f% %?%an deposited coatings is poor
adhesion of these filns under |ow energy plasnma conditions such as those

encou‘nt ered EXAMPLE 4A

20 In a separate study, the peptide RGD was also shown to bind covalently to a PET
substrate initially modified with a plasma deposited allyl bromide film as described in
Example 1. Again ESCA analysis of the surface after 10 hour aqueous solution reaction
of RGD with the C-Br surface groups was employed to rove the surface atiachment of
RGD molecules as shown by surface N and O atoms.

25 The results of Examples 4 and 4A clearly illustrate the utility of this surface
tailoring procedure to bind any peptide sequence to the surface of the solid substrates.



during low duty cycle pulsed and | ow energy plasma conditions. Wile such

films may 30 have uses of their own, separate froma substrate, and
to t-hat extent are a part of the WO 97/ 38801

PCT/ US97/ 06525 - -19-
present i nvenWpPOm3888thesi on to the substrate is a preferred ranesdtoais t he
present invention. The present invention involves the discovery
that the adhesion of these plasma films tgg. t he underlying

substrates can be dramatically inproved via use of a gradient |ayered
technique. In this process, the plas %pi'kt%on Is initiated at a high RF
duty cycle and 5 a high RF power 10 provide an underlying initial
coating strongly grafted to the solid substrate. The RF duty cycle
of the pul sed plaspa i.s the Progressively decreased, with this

decrease provi di ng®iSFEsse sﬁaR’Q 68 el Prepared in whichrasndend chlozide (CHRCH-§IQGIYS,
h ' : = f ' il . hi th
as shown was plasnih Eég%lgg%n{o%x sgﬁstﬁpels alrhokk dgﬁcﬁfﬂé)ﬂg l\‘{/e}ebé(;ﬁr']rbeéi}u% 8\'/% é‘\(l;\"‘%& ©

successi ve plasma depo 1 ar
ot her, Provi diange of plasms oniand plasaioff tinkesydsi wtil as giderl CWiicoriditions. Duride the

monomner functjonal. grougs is sent. The. process is terpmnated at the

| owest RE sad} it g’&f y 5%’?%%§e§‘5dcwolswg?o u@@ Hlsé 8y ﬁf‘@d%‘ﬂ‘i“?‘bd@ﬂeﬁi
density of t héramancully et the RE @ititlcycle and/or the IO ddhii 1694

gradi ent |layering.t echniﬂgtije can geycarri grd gut gﬁggr Q/:S‘f&ﬂﬁ‘&&éﬁ d%@gc}mions

with the RF pisRevtior; ipapicir.dher wes g clsaceus aadveriargmypaletincrpisa smthe degree
R, ol GRS B 14D SRR UL ol o "
desi r edOr eact de¢reasedrivring theel degositin. This observatichiis sihgtradd 41FIC. BUAAFIG. 9. As
on & ui'de r a8 BrPYB PPCEen LD SAE SR ATt et S fSsEets ingtepse inithe ¢ he
art recogni Zerelative surface abundance of the -COC} group (i.e. the peak 289.7 eV) as the RF duty
cycle was decreased in this series of runs at 25 watt peak RF power. Also, as shown in
this Figure, essentjally no -COCI retention was observed in the film deposited at 25 watt
15 CW. FIG. 9 provides vivid evidence for the increased surface incorporation of -COCI
groups as the average power during plasma deposition is decreased.
In particular, there is a striking increase in retention of these surface COCI groups
as the average power employed drops below S watts and, particularly, below 1 watt. For
the sake of completeness, FIG. 10 provides a complete functional group assignment of
20 the deconvoluted C(ls) high resolution ESCA spectra obtained from the acryloyl chloride
monomer. As the results in FIG. 8 and FIG. 9 clearly evidence, it is possible to both
introduce and control the surface density of these reactive -COCI groups using this
pulsed plasma and/or low energy CW surface modification technique.
The acid chloride group accounted for some 11% of the total carbon content of
25 the surface layer. Subsequently this film was immersed in a pH 7.4 buffered solution of
water. After four hours immersion, ESCA analysis revealed slightly increased oxygen
atom incorporation in the film, showing that a small degree of hydrolysis of the surface
coating had occurred. This sample was then immersed in an aqueous solution which
contained cysteine. ESCA analysis of this film after four hour reaction in this amino acid

30 solution and thorough rinsing clearly revealed the presence of surface attached cysteine



that the term"filn may, but does not necessarily, nmean an intact filmin

t he usual sense and may vary in thickness, as a film froml to
3000 Angstrons or may be nore widely 20 di spersed non-interacting
pendant groups. These filns are sufficiently well anchored to the

under | yi ng substwebrmsdio precl ude del am nati on when subj ect ed PEI/EBYI06T§ed
I mmersion in various solvents, particularly including pure water and
aqueous sol uti ons. Al t hough.she gradi ent |ayering technique
descri bed above has been found to be useful in inproving adhesion

of plasma deposited filns,.to varijqu r . Q [
substrates (e. g.m F%@ess, asn%}(’g'ln b ng‘%sﬁ?‘@%g‘% B?‘Ir?g%}]f%ﬂgd%gg%na F(%S%‘P etsfi“telgce
gradi ent attatlayent 6ds §llghtiphighéd than that obosiesdyeeviadstyewitinthelbesrgind containing
i mrer si on of the coated substrates in solution. An inportant
aspect of the pri¥Ha®t invention is the discovery that this

del am nati on probl em can be solved via use of a plasnma deposited sub-Iayer
whi ch hel ps to bridge the inherent inconpatibility encountered
bet ween anSi norganic substrate (such 30 EXAMPIE6gl ass, netal or silicon)
and the gradient |ayered organic plasnma deposited coating. An

WD 97/ 38801

PCT/ US97/ 06525 A sample was prepared in which a pulsed plasma, 10 us on and 1000 g9off, was
exanple of this sub-layer technique is silanizing, the use of a plasma

deposited film fempipyed to depositrasxamert i deisin SQAETPHNED0) PES sybettats using fthe
anchor a pl asma- §n&ga§l§ i BRAbGerd | Ihe ded:osition p(r&:(:gs ilﬁlowephl-%r%&ﬁl iayl'ring
m-de e.g. silic or

amne or allyl br 0 an I norganic substrate
gl ass). | A0t heseaedtmimie cin, which or geutdl chigh Rhaufyi bynlevas dgpdmlly edbcreasedgtat ke

gradient 5 | ayering t I que escraé,%rege rl.ier. . The
i nsertion of théfﬂﬁﬁéﬁqnﬁgéﬂmgﬁéﬂé holo &ng(é‘érf’ft e syrfaces of thip;sagpley,
revealed high -COCI concentration in which this acid chloride group accounted for some

11% of the total surface carbons.

15 EXAMPLE 7

Pulsed plasma deposition studies of acrylic acid (CH,=CHCOOH) were carried to
provide surface active -COOH functional groups. As noted in previous exampies,
reduction of the RF duty cycle during deposition leads to increasing incorporation of -

20 COOH groups in the plasma deposition films. This is shown in FIG. 11 in which the
high resolution C(Is) ESCA spectra from the acrylic acid plasma film are shown at
different RF duty cycles. Clearly, there is a rapid increase in the -COOH content of these
films (i.e., the peak at 290 eV) as the RF duty cycle employed during deposition was
decreased. Additionally, the increased -COOH content of these films is observed by FT-

25 IR absorption spectra of the plasma generated films as shown in FIG. 12.

Plasma synthesized films of acrylic acid (containing surface active -COOH
groups) were subsequently subjected to chemical derivatization reactions. Successful
covalent attachment of amines (via formation of amide groups) and alcohols (via

formation of ester groups) were demonstrated by surface analysis of these films after the



metal surface and the carbonaceous outer |ayer functionalized plasma filns

wor ks remarkably well in strongly anchoring these outer organic
films to the non-organic substrates. For exanple, filns which
previ ously del am nated fromthese non-organic 10 substrates a few

m nut es after w@opisgoai N"er si on i n aqueous sol ution, have beefcrmsonosszs
observed to renmain strongly bound to the substrates, w thout noticeabl e

changes in chem cal conposition, ter many weeks of i mrersion
when the HVDSO sub-1ayer is present . As those
schooled in the art will recognize, the effectiveness ,of the internediate
15 HVDSCSEYBUFaL R reactions,, FhESE Feactinns Watge it iprRothy agueops and IngB- t o
the chem cal | Yaqueous solventéli f ferent solid substrates is an exanple of but one
of many sub-|ayers which m ght be enpl oyed to achieve this goal.
In particular other organo-silicon conpounds, such as si l anes and
ot her sil oxanes are expected to be pargkﬁw]ﬁ%ﬁ% effective in this
application (either being use ' ani ze" a solid surface of

the pressnt invention). Qher 20 nononers whi ch are capabl e of

bridging the chemcal dissimlarities between_ organic and
i norgani ¢ mat eri al sA BWerd Rlasmadspositian of allyhhremideyvas employed tecdeposit armadiesnte s

of such thi : Il § Vipdeatd g LG ounds
Such e t et r antbin, SRERSHARMOE!S: biids s Wasddubdfll OO HIDRO bfo RS AN

are known to pgredientelapergefiremideafiln,casf déscnibednehslier, were emplopédatoTimprove the
Poventt on i s (e oyRBTUmIS fecaless sphrraisy THis il s T mopegoedrin eARgmi o
process 100 depsukdusisbtBoN 6£4hE Ahird Aci® pidin€ Fot BHoufNA kbom MintiRrature and a pH of
hydr ophobi city on solid substrates. ese ultra | ow energy surface coatli ngs

can be  8.0enfbssauently; thisc sample gyas sjnsed tharoughly w&btdiﬁa}ikfl ovaterade SRS d
D o0 D) Ay RS s e U 90 B5h MEPPEIR S 50
functional i zedfilmmnevesied thenptekance aff tbeth anmger iiie. phdsagroyps)eddt edbstylit aekt
groups now present on the surface of this sample, consistent with the attachment of the
15 proline molecules. This provides a further example of the general utility of this surface
modification procedure in that a cyclic molecule (i.e., proline) was successfully attached
to the surface. This example also illustrates the utility of the HMDSO plasma deposited
sub-layer film to improve the adhesion of subsequent deposited films to the glass
substrate. In separate tests, no delamination of the plasma deposited C-Br films were
20 noted after prolonged (i.e. over 3 weeks) immersion of the glass coated samples in

aqueous solution at room temperature.
EXAMPLE 8A

25 A stainless steel (315) substrate was initially coated with an HMDSO sub-layer
plasma film followed by the deposition of a gradient layered allyl amine film. This
sample was then immersed in aqueous solution. No delamination or film compositional
changes were observed after prolonged immersion, as shown by ESCA analysis of the

-NH, surface film before and after aqueous solution immersion.
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consi sts of highly hydrophobic regions, except for those |ocations occupied
by the reactive functional groups. These reactive groups are
avail abl e for sWaewps8mt chemni cal derivati zation reaREVHRYOERS
descri bed previously. An aspect of the present invention is
t he discovery that the use of a highly -CF3.295 substituted

fl uorocarbon nmononer can yield exceptionally hydrophobic surfaces via

plasma deposition. Fofhe%éﬁmkt?o%tfft k{l&:ﬁlwgaﬁm%tﬁfmﬁdﬁ@ Rﬁhegree y.of a

deposition it is o retarn, to'a very
-CF3 content of HNMDSG ajbt-llaytg inimpriowing theradhesion of plasmardppcmted cdrbomacecﬁk*&' Ims,

retention is shown in El G whi.ch vi des hi oI ution

ESCA spectra of mB@PS@‘Sﬁ%@)‘WW‘T"I"ﬁEMM "Ffsg ‘%"6%’?‘?%‘ %re of
substituted 10 per fl uor ohexenes. As shown |n FIG 2. there is a
clear-cut increased retention of the - CF3 groups of the starting
monomer asSthe RF duty cycle enpl oyed dEXANMRIE9deposition was
decreased. Alternately, the sane general increased -CF3 retention can be
achi eved - under CW pl asna deposition conditions by reducing the RF

power. These effects Afplsed plasma depbsitionl yf &heinser Inﬁxiﬁi-é?aof Perfliorinated substituted
Usi ng the pl asrra deposi tiaon approach and t he hi - CF3 substituted

mononer hexenes {Coftygswasi @nnloyeddnay dapesihya upmcwtre% ilmyan » pilisen eybstpate.
ds that of
exceecs hat of PRIVE) %in%%f the plasma de gs&de@ 113 Wah %eecanu&ﬁeaewfmég%gr Pﬁ%i}

t he advanci ng and recedi ng wat er COnt att an es are
t hose obsdPved vemployedabmme ibe depabitide ptosedse r'ﬁ]xs film ehmhﬁf[cenuqllauﬂimy' isatieatly

fl uorocarbon fil t he.abov
di scussi on has b@gﬂ‘(ﬁ?ﬁ% lﬁﬁ&%%cv\)ivgﬁh ﬁ}éo“fsllﬁ%?agf?éx@lﬁﬁm lgcorpom“ &ﬁ‘é?’é duty
those skilled i neyclteeniléyediduting &%@eb&sxﬂicﬁﬁﬁ@lﬁbréﬁeﬂ h&br exdigile, ﬂh‘l ! at a
substi t ut ed m)norrers (such as lgﬁsrﬂ ot her voI atile perfl uor| nat e

p

conpounds, “Ha“rYP Jecafi Ok 3P e Ripsmaa, ptfiaad 0B | WAKE reak eer
| ow ener gy pl asng,ncieQ %Tfa'cgﬁg?stggbél in which 40% ro?medi%rfag &rﬂﬂﬂt&ﬂ& gl ﬂr&&%;as CF

Ei ther the low duty cyc pl asma or the | ow power

woul d be useful groups: dﬂnsjﬁhglsrmedmgbmh)@lﬁonhhbcomlga surface @érgyrmhmhes evmnkmt

in the plasm ge&er al’ e(gF fi Idommated surfaces (such as Teflon® } as shown by water contact angle
measurements (see FIGS. 4 and 5). The CF;- dominated film structure, in fact,
represents a unique new form of fluorocarbon polymer. The advancing water contact
angle was measured to be 127°C,

20 The general reaction system employed in the present work has been described
previously (Panchalingam et al., 1993; 1994). The CgF,; was obtained from PCR™, Inc.
(Gainesville, FL) and consisted of a mixture of three perfluoro-compounds:
2,3,5-trimethylhexene-3; 2,3,5-trimethylhexene-2; and, 2,4,5-trimethylhexene-2. This
mixture was subjected to thorough degassing via freeze-thaw cycles but was not

25 subjected to any further purification. All plasma runs were carried out at a CyF g
pressure of 50 + 2 m Torr and a flow rate of 5.05 + 0.05 cm’/min (at STP). The plasma
generated thin films were deposited on polished silicon substrates and they were
subsequently characterized by XPS analysis. These films were also evaluated using the

sessile drop water contact angle approach (Rameé-Hart type goniometer).



By incorporating an appropriate functionalized nononer in with a highly

-CF3 substituted nononer, the plasnma deposition process may be
used to produce a surface coating which is hydrophobic but at the
sanme time, susceptible to coval ent attachnent of 30 ot her nol ecul es

at the reacti wodnsggii onal group site. The extent of surfacepenu§yragsdsby -
WD 97/ 38801
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this functional group is easily adjusted Eﬁ? variation of the rel atlve
concentration of the added functjonalized nononer in the g

m xture enpl oyed. Samples were prepared| ysing,both qulsed pl %smaems'oemﬁlamusovawemcm

i nvention a f d qsTely

attachnent of ng%a(r)mk*]égu ﬁe’é B?‘%@ epar%ego ﬂtsl?nnsglmé&?unﬁfl%gﬁa‘&?*z&ég’ 5 iS3f
f1uorinated nupizsweronvoi pldsniasofbinies) irt ms) ¢fel 0f3fbarnid| M/300F8 200 batts pedkagbwer mfar Y

nonormer . hi s t entire surf ce co onsi sts of car bon
and fluorine aF Ur’fsat\rfhlabhw‘ftﬁ ¢ LW TunS WIS (Sf %@ é””&étdﬁi BEy9f ¢ he

reacti vesf unctdganalenOwaipes, thpilsdduahs Apréiimate tﬁé‘to‘éal power of the'(fW% @fled S

pl asma deposition of a mxture of bronotrifl uoroet hyI ene and t
substituted averaged withrespeesitetabsiansed times.uFer exampde, phﬂe})ulmdsieposﬁfd)mat 10730

501010, 1o VALt OB O Sl (o, Bl OB 130 S0 €.

bi ol ogi cal nDIecu es and C
occupi ed by C-mmownm; The C-Br can then be used to bind other nolecul es
reaction

RO NI GV
pol ymer g9 and FIGI3RASB (@ﬁnﬁﬁg)cqhe@m%s P@Jkrdsﬁénm%%ﬁ\?ﬂ%}@i;ase on the
sem conductors, wood, conposites, celTulose; filns rtrcularly
pol yneric fil m;yemddpq:a}cdngggieg for ﬂuorocarbon films (Clark and Shuttlerworth, 1980). As
shown in Table I, the F/C atom ratio in the films increases with a decrease in average
power under both pulsed and CW conditions. The atom ratios shown in Table I were
compiited from the deconvoluted bigh resolution C (1s) XPS peaks as opposed to the
15 directly measured F to C values provided by integration of the respective F (Is) and C
(1s) peaks. These latter values show the same trends in F to C ratios as reported in Table
I. However, they provide values as high as 2.26, which appear to be unreasonably high
considering the structures of the C(1s) peaks.- Others have observed comparable results
in contrasting the F to C ratios from deconvolution of C(1s) XPS peaks with the values
20 obtained from the separate F (1s) and C (1s) signals (Clark and Shuttlerworth, 1980). As
shown in Table I and, as is clearly evident in FIG. 2A-2C and FIG. 3A-3B, there is a
notable increase in -CF,; incorporation in the film synthesized at a 0.1/3 duty cycle and
100 watts. The CF, groups represent 40% of the total carbon content of the film. This
compares to a theoretical maximum of 55% present in the starting monomer mixture.

25



EXAMPLE 1 A variabl e duty cycle pul sed RF plasma was

enpl oyed using allyl brom de 20 nmononer to deposit a thin film
containing CGBr bonds on the surface of a polymner (Dacron[err])
substrate. This fil mwas deposited using an RF peak power of 200 watts and
an initial RF plwoma3ssaty cycle of 3 nms on and 5 ns off. The nUPCIMISY7/06525
pressure was -35 mTorr and the flow velocity was 3.5 cnferr]/cmn
(STP). After 3 minutes of plasm opgfation, the Rerr] duty cycle
was reduced to 3/15, then 3/45 and finally 3/60 (plasma on 25 to plasma
off tinmes, in ns). This procedure provi de& dient layered filmwth
good adhesion to the underlying cron?err])

[ pol yet hyl enet er epht hal at e, ( PRElative EDE;} smi-e-CFyctontent of plasda th a rel atively
hi gh density of surface C Br 9roups Surface Br atom content was 26%

relative to 74% carbon at omPPYmsiged fakuimapomers tgrelatiee KauaG ed sanpl e

was | TS $466h doRediiralE Wefe Stk ol by ARG A% cid
hexaf | uor o- DL-val i ne 30 ¢ a concent ra?m ?ﬁggﬁ ﬂ?hj}?s)?{? Ii’oﬁl?s
reaction atd roomtenperature and a pH of WO 97/ 38801
PCT/ US97/ 06525 : =23
8.0, the coated Dacr%“g"ﬁ 0 ‘8“?/\/{35 I?‘lé'\”f"ﬁvedo/" ri nsé‘dcmany/lq mes,F/Cncl alCHg
washi ng a @ act ani(Wakt$)yt i on cor ng di ssol ved 1% sodi um
dodecyl sulfate (SDS) Pulsed runs
10/30 200 5359 4534 1.07 1.18 15
10/300 200 5792 4153 0.55 1.39 24
0.1/3 100 6290 36.60 0.50 1.72 40
CW Runs
50 56.78 42.81 0.41 1.33 19
5 60.78 3840  0.82 1.58 34

The hydrophobicities of these unusual fluorocarbon films were evaluated via both
advancing (6,) and receding (6,) water contact angle measurements. Examples of the
results obtained are shown in FIG. 4, in which 8 values from a ~CF; dominated films are

10 contrasted with values from a standard Teflon® film (Goodfeliow Inc.) sample. The 0
values have an estimated uncertainty of + 3 degrees. As shown in FIG. 4, both the 6, and
O, values for the 0.1/3 duty cycle pulsed plasma generated films are significantly higher
than those obtained for the Teflon® film sample. The 5 watt CW synthesized film
exhibited 6, values which were slightly less than those of the Teflon® film. Additionally,
15 the 6, values for this CW generated film exhibit a slightly higher degree of hysteresis
than the other two fluorocarbon samples. The higher 6 values for the pulsed plasma
generated films would be in accord with the higher -CF; content and the higher F/C
ratios in this film relative to the 5 watt CW sample (Table I). The inventors also note
that the films deposited during the 0.1/3, 100 watt puised depositions differ slightly from
20 the lowest power CW runs with respect to the relative concentrations of carbon atoms not
bonded directly to fluorine (peaks at 286.5 eV, FIG. 2 and FIG.3). These particular



vacuum dried and then subjected to ESCA anal ysis. The ESCA anal ysis

reveal ed clearly the presence of the trifluoronethyl groups of the
fluorovaline along with the presence of 5° surface nitrogen fromthe
am ne group and oxygen fromthe carboxylic acid group. The hi gh
resol ution C(lygofassl spectrumof this sanple is shown in Fl Gerpsorjidese
results reveal that the nolecular tailoring of the surface, I'n
this case the addition of the am no aci d hexafl uoroval i ne, was
successfully achieved via the sinple two- §%2e'p process I nvol vi ng

pl asma deposition followed by the roomtenperature derivatization reaction.
10 carbon atoms appear fo be slightly more prominenhe €W generated films and this

e P10 e g U0 BRSPS G Wi

organic on a
di br omonet haneTheGlifferehdss irethese peak intdrisities mag myiboftard eabanba it ine 3fsin ablatide U

f the allyl bromd d in Exanpl e 1. i di ent
Payering. t sohriass e T sobfitons mpt G anag Sheerve udes nulsdl asemionno
pl asma dgposi ted fithHEXPepdch® in! RIG D MHdIGS 9| coRfire it rr@kssedeea&&éa‘raﬁrmﬂe

| ayer of the pl asma generated film contained 19 atom relative
to carbon at om(daBrams is ehserypdypder more energetip plasmA canditignsi underThvitls pelked el Was

t hen i nmersed } . tel e - tion at . 8. Q. and
room t enper at udr:gl ‘faogr%%?ﬁy hgﬁﬁésﬁgg‘%g’%& u@gﬁvé%sﬁglnls‘%%ha ¥ B 'these figuresny ed
from sol uti on, Thisibbsegtatian i0int deesrdugth Kierahire geswitd bf HMOHoEOsUAiIEOBF AlGkocarbon

distilled wat.er, and then vacuumdried. The sanple was then

subj ected to E@@ﬂ!ﬁ%ﬂd}s‘igy i ch reveal ed the presence of S, N and
O atomsgn the sur f'ﬂﬁ%\h&@ﬂ&?tcyag 100\Gate pRS&N NS generated film gﬁ%‘@#ﬁﬂ% lh}gggro und
cysteine nolecul es. However fthe relatively concentration of surfac

bound cyst ei neGlolcentanteandazrs mere diydsophehic thanzthe dowast aattagev@W picphred| filys.

brom de fil ns. This.examl e ¢l early.indi,cates that th no,
precursor enpl Aotfe’%m? &req rea'tep 'lggrraéngven fess energétt‘ﬁ fopd 'oﬂfjdﬁ"fl?r(;%é’ﬁ Bﬁ%@@rﬁ@t
have to be of donditiahderesaltednifitthié alelaelvély panstableO pliSaé Cand/or exceptiddaly | B
reactive surfa&e f.uncti onal grougf \lﬂgi ch can bind_covalently to solute
nol ecul es. eposition fatgsy,; Copceiyably, lower gnerestic, conditions, when speried wyith oher

StC 2 Ip evedsenpl Oybitened prédeksts aBA W a1 might protide isfight! dfafteARAR HOUF, Gl

on

content. However, the high retention of the monomers' -CF, groups obtained in the
present study indicates there is probably little room for generation of even more
hydrophobic films using this particular monomer mixture.
The availability of these extremely hydrophobic fluorocarbon films, with their
20 high -CF; content, provides a new and more richly fluorinated surface. Significant
decreases in plasma protein adsorptions were observed on these -CF; dominated surfaces,
relative to those previously reported for -CFp-structured surfaces. Other important
distinctions between the properties of -CF;, relative to conventional -CF,-, surfaces will
emerge as comparative studies progress.
25 Previously, the inventors have reported on film chemistry control during pulsed
plasma synthesis of fluorocarbon films (Savage et al., 1991; Panchalingam et al., 1993).
In these studies, relatively large scale progressive changes in film compositions were
observed with sequential changes in the RF duty cycle employed during plasma
polymerization of several perfluorocarbon monomers, all other plasma variables being

30 held constant. These fluorocarbon films exhibited a steady increase in -CF,~-functional
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EXAMPLE 2 The sane plasma treatnent described in Exanple
1 was applied to a polished 5 silicon substrate, in lieu of the ,
Dacron sanpl e ewpl9sp8sa1 i n Exanple 1. However, bef or e REIHE3TRESE of

the gradient |ayered bromne containing film a thin sublayer film of
hexanet hyl di si | oxane (HVDSO was plasma depgsited on the Si sanple

(silanization). This sanple was then derivatized as in Exanple 1,
usi ng the hexaf It qﬁgg,an 5 ﬁg%m
in FIG 6, wt h%ﬁ%’gagheﬁe%#ﬂ%ugrc st W?As/er%g‘ﬂzgﬁ'[}g?“ne " ??&rﬁl%cﬁ? ng at

t he nol ecul ar t &irhont nie dawese \dady tcyclbe‘mempioycé;nt This irsndl mmu@her e€F+film
nature of the solid substrate Furtherrrgrifili t.he entire asse E‘é ﬁif st abl e
t owar ds ncpIpREAtion o a5 demensated s Pt WP WRPROMJS o GORIUA i ipfa
del am nation af LEF,-@hfehO rfluoro-2-butyl @&tkahPdrofuran} as well as with m h

EXAMPLE 3 d @%edpe gl:og()jl erlllt}t I aye?‘gd [r)alm(}lsna gener at egn?nﬁrsm mrslg

agai n depdsi t edlespabundang r@hfgpmgs (e.g., perfluoropropylene and hexafluoropropylene oxide).

The present invention comprises the first evidence for the controlled plasma

synthesis of perfluorocarbon films dominated by -CF; groups. These exceptionally
hydrophobic films were produced by plasma polymerization of a mixture of -CF;
substituted perfluorohexenes [trimer of CoF)3 compounds]. This starting isomeric
10 mixture is dominated by -CF; groups functionalities which account for 55% of the
carbons present in these molecules. Additionally, these molecules contain a
carbon-carbon double bond useful in helping to promote polymerization, particularly

under low energy plasma conditions.
15 | EXAMPLE 10

‘The same perfluorocarbon substituted trimer mixture noted in Example 9 was
mixed with a bromine-containing monomer. Plasma deposition produced a fluorinated

film that also contained C—Br reactive surface groups as shown by ESCA analysis.

20
EXAMPLE 11
A number of PET substrate surfaces were modified using a pulsed plasma
treatment process and allyl bromide monomer, as described previously in Example 1.
25 These samples were employed for a time study of the coupling of cysteine molecules to

the surfaces of the C-Br containing substrates. The extent of surface attachment of the
cysteine molecules as a function of reaction time was determined by ESCA analysis of
the surface N and S content. Reactions were carried out in aqueous solution at pH 7.4
and room temperature. It was observed that the majority of the cysteine attachment to

30 the surface occurred during the first 10 hours of reaction. This result is shown in FIG. 13



(PET) substrate using allyl brom de nononer, as described in Exanple 1.

This C Br contai ning surface was subsequently imersed in an
aqueous sol ution containing 20 cysteine. This am no acid was chosen
as it contains sulfur as a distinctive |abel. ESCA anal ysi s of
this film af twpodggsei/ati zati on and thorough rinsing reveal s pdrRiNot/esid e
presence of surface attached sulfur, nitrogen, and oxygen atons.
This result clearly reveals atta$: ment of the cysteine nol ecul es
to the surface during the derivatization'TEaction. 25

EXAMPLE 3A A control study was carried out in which an

unt reat ed PETWhishshpws thegglative surface content o} aidgeematars 48 adbnation oif jkg me of

cont ai ni ng 20 | (o8 : r 24
hour s i mmer si l(.)ér%% ] ?*E*a%gﬁ“ga&ﬁ sr%g%%%c',fﬁéril n e0 thvﬁ ?‘ﬂmgégﬁgghﬁ Edﬁl@acs‘@f‘&‘?i on
and di sti | | edthaglasmaanmlifiddenrfaczeuemwbiere éuis re@ctipnds)crricd fS@ roamakemperatued. t hi s
WO 97/ 38801
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fil mreweal ed negligible surface contgRAMPLEBY2fuUr or nitrogen atonms. This
result shows t hat successful coupling of the solute nolecules to
the substrate surfaces requires the presence of reactive

functional groups as_jidlkr e .1 h d Lt reat ngnt .
It also affirns thgtp‘{l%g pgo %tééip%gtfotélcu %‘@Er %ecg’géc)%l%‘o?%% YRS rIﬁ%b"‘eﬁlmf‘a‘ﬁ"'t he
Exanpl es of t whith contained carbon-iodine (C-I) bonds. As in previous examples, it was observed

that the relative surface content of the C-I bonds increased with decreasing energy
10 employed during the deposition step. Subsequently, these C-I containing films were
subjected to derivatization reactions utilizing glutamine and cysteine as coupling
molecules. It was observed that the amino acids attach to these surfaces as revealed by
the presence of N and S via ESCA analysis. However, the amounts of N and S
incorporated were less than that observed with the C-Br and C-COCI modified surfaces
15 (Examples 3 and 4, respectively). In a separate study, a PET modified surface containing
plasma deposited C-I groups was immersed in pure H,O for six hours and that subjected
to ESCA analysis. This analysis revealed a decrease in surface [ content and increased O
content relative to the concentrations before H,O immersion. This study indicates that
C-I hydrolysis is occurring during the room temperature immersion study and that this
20 hydrolysis process is competitive with the reaction of the C-I groups with the cysteine
molecules. Use of more concentrated amino acid solutions and/or lower reaction
temperatures would be expected to help promote additional amino acid coupling to the

surface and reduced hydrolysis.
25 EXAMPLE 13

A pulsed plasma surface modification was employed to introduce surface C-Br
groups, as described previously in Example 1. This sample was then immersed in an
aqueous solution which contained dissolved NH,-PEG-OCH, polymer molecules. The

30 functionalized PEG polymeric molecules had a nominal molecular weight of 5000 and



5 I nvention cannot be sinple physical adsorption phenonena as no
sol ute nol ecul e presence is detectable on the unnodified PET

substrate. EXAMPLE 4 10
A sanpl e prepared as in Exanple 1 was subjected to reaction with a solution
cont ai ni ng t he Ye@91/a8801Y| GSR i n pl ace of hexafl uoro-DL-val i ne. PEUST@Es2St

ESCA analysis of this derivatized surface revealed clearly the
presence of am ne and carboxylic agjsd groups consistent with the
attachment of the YIGSR peptide. The ESCA spectra obtai ned after

attachnment of Vi I \ ' 7 i h the 1

presence of - CCD@? 6’3%2‘ 2%? ﬁ%bﬁﬁaéﬂﬂ%d r}nngrg’tcairq%’r 6%522@8?%\%?535‘:&%35“& PET
spectrum [ie., atamples were renl@B@daifisedmdthtSDS bluison SfdCAistildkwdtérgdt then vacuum
EXAMPLE 4A gar ?te st.udy, the peptide RGD was al so

20 .. | ;
shown to bind c&f?ﬁe@f’?@?@srgﬁ?ﬂ”ﬁg’ is of these; filas reygaled; ciearly she surfase pitachment
with a plasma degogiet fflc@dralitedOPRE fityihild m&éuﬁﬁ.scﬁ‘hp%h h Mhigh rFsl?thlltg)rr]lEfgaRl €

1. Again ESCA analysis of the surface after 10 hour aqueous~so

reaction 3 spegifunRoDainied pftertihis Coupling weactioreisgshowpsn FiGQ. 1dnTablecll pravides\ae
t he surface att nt. of no) ecul es .as .sho surface N and
0 atoms. 25 - A mepoure of the, SSed RoRt SoriEne et apA, e dby gorivariation
il lustrate the ueadtibhy of this surface tailoring procedure to bind
any peptide sequence to the surface of the solid substrates.

TABLE II
10 ESCA C(ls) Analysis of Surface Atoms on C-Br Modified Surfaces
Before and After Attachment of NH,-PEG-OCH,

| C Br 9]
Before Derivatization -0.74 0.26
After Derivatization 0.71 0.1t 0.18

As shown in both FIG. 14 and Table II there is a substantial oxygen atom
15 presence on the surface after derivatization. The position and binding energy of the C-O
ESCA peak identifies this oxygen content as arising form ether groups of the type
involved in the PEG linkages. We also note the decrease in surface Br atoms which
accompanies attachment of the NH,-PEG-OCH; molecules, as expected. We also
mention explicitly that the N content of the derivatized surfaces is below the ESCA

20 detectability limit as calculated based on the PEG incorporation
Subsequently these PET-PEG modified surfaces were employed in protein
binding studies using radioactively labeled ('*I) albumin molecules. A dramatic
decrease in albumin surface adsorption (>30 fold decrease) was observed in comparing
albumin adsorption on the unmodified PET substrate with that obtained on the PEG
25 modified PET surface. The results obtained clearly support the utility of the surface
modification procedure of the present invention to provide a new and convenient

approach to manufacturing of non-biologically fouling surfaces.
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EXANPLE 5 A series of sanples were prepared in which
acryloyl chloride (CH err]=CH COC ) was plasma deposited onto Si

substrates. Thesensdsositions were carried out over a W de Ppermsorness8N0de”
of plasma on and plasma off tinmes, as well as under CWconditions. During

t he study it was observed that trr}% conposition of the plasma filns
obt ai ned vari ed dramatically withthe RF duty cycle and/or the RF
power density enpl oyed during the deposition. In particular, there
was a clear-cut and very large scale increase in the degree of
retention of the acid chloride group gxANspLEy the RF duty cycle and power
were 10 decreased during the deposition. This observation is
illustrated in FIG 8 and FIG 9. As shown by the high resolution

| train FI,G 8 there is a dramatic i inthe ..
Cel ol i ve. sur face alHISHHOLER deRnsTioBoRs cippiygd o Seasrelty dessabed idixamping toas
the RF dSity  generate a PHE hiddifed siFBECRvAR ddexthbi@imy high sﬁffaééﬁk?xr?{, of EFY ¢

peak RF power. Al'so, as shown in this Figure, essentia = Cd
retention was E500psrspel aj that ghovn ink1fe g6 sopaining 40% Glat growps. This saGple wasG. 9

provi des vivi Vj ] | neorparatij.o f -
O oups as. 1 he BeSEElS ol pfei ALTARESH ERGMIC TSPLOZY bef oferveron
I n particul ar cohventienal fluarosarbok surfaces) Clregeeral,ra staire décrense §f rxfohﬁﬁ adsoptioace

COd groups s the_average r p! oyed drops, bel ow 5 watts and,
particularly, vffél"BW"ie%\H&tt_ e Cgﬁ&"qglmg(ﬁmf Ff?g‘eg ﬁéat&%sw?ﬂ)%?@ﬁre%@qmqar@ 10
provi degga Corgingle® In'faftiduRna twalfBldedRBbs M EBmiflad<Pption w&sr}fét C%ﬁﬁﬂé/ gg;it ed

C(lI's) high resolution ESCA spectra obtained fromthe ‘acryl oy ori
nononer. As t [fieminatad surfaces relative tg those obtecved @n(IRaalomnated @enTeflon®) sinfaces.

Phose roacti ve issames bt BONEfy S GRS e el SRSt op-pedins,,
ener gy CW sur fbimmolemiti hdsositions t Blaisnitiese CF,- surfaces when coupled with an added
functional group (such as C-Br as noted earlier) can be employed to reduce non-specific
15 biomolecular adsorptions (e.g., blood platelet adhesion, protein binding, efc.) while
simultaneously permitting attachment of specific molecules via the reactive functional
groups.
Citations in the following list are incorporatcd in pertinent part by reference

herein.



The acid chloride group accounted for sonme 11% of the total carbon content

of 25 the surface | ayer. Subsequently this filmwas inmmersed in a pH
7.4 buffered solution of water. After four hours inmersion, ESCA
anal ysis reveal ed slightly increased oxygen atomincorporation in

the film show nyownassola snmal | degree of hydrol ysis of the surfperaisonoss2s
coat-ing had occurred. This sanple was then imersed in an aqueous sol ution
whi ch cont ai ned cystei ne. ESCA anal_%uf?_i s of this filmafter four
hour reaction in this amno acid 30 solution and thorough rinsing
clearly reveal ed the presence of surface attached cysteine

WD 97/ 38801 _
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nol ecul es as shO\I/}/n [l%ytet he sul fur and nitrogen ESCA signals. The cysteine
&

surf ace - PAERRNS.0%S8161 i ght |y hi gher than that obt ai ned
previously wth {€ pReRiTd8 1 i ni ng surf ace. 5

EXAMPLE 6 ’Zg’rsgg%pl e was prepared in which a pul sed pl asnma,
10 [err]s dén andUS)®etehtdNa. 5258f127. was enpl oyed to deposit an outer

chl or1 de mononer CoFERAEBBER I THHE R it Ll B 2h ayer | g 10
techni que in whi Chentficd é1lal.| BibcowjubarerEnatiitai4 Qyal7219%8s gradual |y decreased to
the Massia et al., J. Biomedical Materials Research, 25:223, 1991.

Panchalingam et al., J. Biomater. Sci., 5:131, 1993.

10 Panchalingam et al., J. Appl Polymer. Sci.; Appl. Polymer Symposium, 54:123-141,
1994,

Ranieri et al., int. J. Developmental Neuroscience, 12:725, 1994,

Savage ef al., Chemistry of Materials, 3:575, 1991.

Sigrist et al., Optical Engineering, August, 34(8):2339, 1994.

15 Yasuda, Plasma Polymerization, New York, Academic Press, p. 182, 1986.
* ok ok ok ok
THOSE SKILLED IN THE ART WILL PERCEIVE MANY EQUIVALENTS OF
20 THE PROCEDURES, ACTIVE GROUP-CONTAINING MONOMERS,
PERFLUORINATED COMPOUNDS AND SURFACES SPECIFIED IN THE
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af orenenti oned 10/ 1000 ([err]s) value. ESCA analysis of the s i
sanpl e reveal ed high -COC concentration in which t '“l“ﬁmc“”“llﬁ”"l
chl oride group accounted for sone 11% of the total suffaceLr ®n s =
car bons. 15 EXAMPLE 7

Pul sed pl asma wigpgssedsl on studi es of acrylic acid (CH2=CHCOOHpcwWek&rests! | ed

to - provi de surface active -COOH functional groups. As noted in

previ ous exanpl es, reduction of the RF duty cycle during

deposition | eads to increasing incorporatith of - 20 COOH -groups in

the plasma deposition films. This is showm in FIG 11 in which the

hi gh resolution C(ls) ESCA spectra fromgllﬂﬂelM@ryl ic acid plasma filmare
shown at different RF duty cycles. Cearly, there is a rapid
increase in the -COCH content of these films (i.e., the peak at
290 eV) as the RF duty cycle enployed during deposition was

decreased. Additi onAlprocesstitueatiachkingasgetmaetilsite o silidsurfade, the@sreds dofipribinig:
observed _by FT- 25 | R absorption spectra of the plasma generated
films as3shown in FIG 12. Pl asma synt hesized fil ns of
acrylic acid (cont ajffi; l A B‘%‘n‘n " f

subsequent |y subj eﬁfﬁ%ﬁ?é&%‘%ﬂr&%ﬁ,a@qgg’@ygf zatiilg%pors glgg’t a?é%gp&)gu%@%)ggﬁcavs
coval ent attachment of aeinpesnd having ar reagtivenfunétional geoupr sughs thatinke adactviol s

(via formation Qf .ester dro . were .denonstrated . urface
anal ysis of these filns fg?ctngﬁaltgﬁoe“% sttt ap%%ﬁaﬁg‘gg{a“% an activated
PCT/ US97/ 06525 surface is formed; and

10

reacting a target material directly with the activated surface to form a solid

surface with covalently bonded target material.

15 2. The method of claim 1 where the reacting step is carried out in an aqueous

medium.
3. The method of claim 1 where the reacting step is carried out in a non-aqueous
20 medium.
4. The method of claim 1 where the reacting step is carried out via gas-phase
coupling.
25
5. The process of claim 1 where the reacting step is defined further as being a

solution chemical derivatization reaction in which solution molecules are covalently
bonded to a surface-attached functional group in a single reaction step.
30



- 28- derivati zation reactions. These reactions wer mﬁ“lfnm “ |“|
i n both agqueous and non- aqueous sol vents. ﬂmm

EXAVPLE 8 5 A pul sed pl asma deposition of .al Fyl ¢brlonmi'"de ®
was enpl oyed to deposit an adherent thin filmcontaining C Br
bonds on a gl asweah3ssetat e. The HVDSO sub-| ayer and g Pauiusomocssy er

of bromde film as described earlier, were enployed to inprove the
adhesion of this filmto the glass substratesgThis sanple was then inmersed
ina 20 mv 10 aqueous solution of the am no acid prol ine for 8 hours

at room tenperatyre o] ubse quent this. S
rinsed thoroughl § Wi ?ﬁ offﬁla\'/\t/]'z'at]erh‘m:'fg ﬂg[ﬁﬁxmg SEp mv%l}él? Y %Peg@‘}‘%c},\ge
distilled water pﬁlded]h&sma\/depusimxdrl ed. ESCA and FT-IR analysis of this
filmreveal ed the presence of both nitrogen (i.e. am ne groups) and
carboxylic acid groups now present on the surface of this sanple,
consistent with the attachnent of the 15 proline nolecules. This
provi des a further exanple of the general utility of this surface

nmodi fi cati &n pro@edur €he mpradesst ofi claym| | ovhendie cu llewv (power | coptimious eyaveaplasma is
successfully attach . to the surface. This exanple also
illustrates the ﬁ‘f’?ﬁ?’?‘vn&e FAKINERBRO pl asna deposi t ed sub- | ayer
filmto inprove the adhesi on of subsequent deposited filns to the gl ass
substrate. In separate tests, no del am nation of the pI asma deposited C Br

film were 20 noted after prolonged (i.e. over 3 weeks) inmmersion of
the gl ass coat edgsanpi a S o% P& 3Lk
EXAMPLE 8A 25 ﬁ'espl‘&ess of ¢laim 1 WHESH e dé’? i IBOE TR FeatliCe

initially doat edﬁxmumaagwohhm&ﬁ’mbd atapatrolled concentratrdns.srra filmfol I owed by
the deposition of a gradient |layered allyl amne film This

9. The process of claim 1 where the reactive functional group is an isothiocyanate,
cyanide, benzene, acetate, mercaptan, glycidyl ether, ether, chloroformate, methyl
15 sulfide, pheny! sulfohe, phosphonic  dichloride, trimethylsilane, triethoxysilane,
carbon-halogen, acid halide, acid anhydride, sulfhydryl, phosphide, carbonyl or

carboxylic acid.
20 10.  The process of claim 9 where the halogen or halide is chlorine, bromine or iodine.

11.  The process of claim 1 where the solid surface is a polymer, ceramic, metal,
silanized metal, carbon, fabric, glass, silanized glass, wood, cellulosc, ceramic,

25 composite, rubber, rubber film, polymer, polymer film, semiconductor, paper or
hydrogel.

12. The process of claim 1 where the solid surface is defined further as comprising a

30 plasma-deposited hydrophobic substantially -CF; dominated perfluorocarbon film.



sanple was then i mersed in aqueous solution. No del am nation '
conposi tional changes were observed after prol onged IIJ |E HIM“IIHIH“I
L H *

shown by ESCA anal ysis of the -NH err] surface film

after aqueous sol ution inmmersion. WD 97/ 38801

PCT/ US97/ 0652 W0 97738801 _ PCT/US97/08525

The conbi nation of exanples 8 and 8A are provided o docunent the efficacy
of a HVDSO sub-| ayer in inprovingthe adhesi on of plasma deposited
car bonaceous fil ns, i ncludi ng those deposited at | ow plasna
powers, to soljd ingorganic sybstrates. 5 ] i
EXAMPLE 9 137 ' Yneprocess o c%H’P ea’?‘B‘Fa‘QﬁM@b%?‘{Si eAMROuNd havingea repctiveur e

of perf1 uor i naufdionathsig 1§ Sikyl or alkenyl HARAE1610, Lo Rl ol b, kefRsie SR G S

to a deposit a fluorocarbon filmon a silicon substrate.
content of therhesphidesgrelmposited filmcan be controlled via the RF duty

cycle 10 enpl oyed during the deposition process. This filmchem stry
controllability is clearly illustrated in FIG 2A-2C, which shows
i ncreasifig CF3 fil mincorporation as the RF duty cycl e enpl oyed

during the depgosition is decreased. For exanple, a filmdeposited at a

RF duty cycle ¥f o. . eg?ﬁ‘”ﬁfé& B %%}]?F‘W%‘ﬁff?ﬁﬁt ros?zvaigwmmlmm apegk

power : I . car bon

htoms are pr espé%?ﬁéciseﬁ Cs?:tgé? SinfulaREBOS Uy B off i€ Bar§ e Sus ﬁ)p%ﬂtiseh%emg%
reactive functional group.

10
15.  The process of claim 1 in which a gradient layering technique is employed in the
affixing step to improve adhesion of plasma deposited carbonaceous compound to the

solid surface.

15
16.  The process of claim 15 in which a sub-layer film is employed in the affixing step
to improve adhesion of gradient layered carbonaceous compound to a non-organic solid

surface.

20
17.  The process of claim 1 where the target material is a fluorinated amino acid,
amino acid, protein, peptide, hormone, hormone receptor, polynucleotide,
oligonucleotide, carbohydrate, glycosaminoglycan, polyethylene glycol or polyethylene
oxide.

25

18.  The process of claim 1 in which the target material contains one or more
additional functional groups available for further processing steps after attachment to the
solid surface.

30



15 groups. This filmis exceedingly hydrophobic with a
which is even | ess than of -CF[err]- dom nated surfem“imﬂ mﬂgﬂrgml
Tefl.on@ as shown by water contact angle measurenent s ( seew

and 5). The CF3- dominated filmstructure, in fact, represents a

uni que new for mWO 97/388@r ocar bon pol yner. The advanci ng wat er C@®eoTas$7/06525
angle was neasured to be 127[err]C. 20 The general reaction
system enpl oyed in the present work has beenydescri bed previ ously
(Panchal ingamel al., 1993; 1994). The COF[err] was obtained fromPCR err],

I nc. (Gainesville, FL) and consisted of a m xture of three

per fl uor o- conpounds: 2,3,5-trimethyl hexene- 3;

2, 3, 5-trinmet hyl hExeneFhg; praceds o2 claith- I rdefibdd fiirfheix &9 @roducihfisS surface with reduced

m xture was subjegted to thorgﬁﬁp%tmﬁassi ng via freeze-thaw cycles but was

not 25 sub aee fopbigleg purification. All plasma runs were
carried out at a (Jerr]F[err] pressure of 50 2 mTorr and a flow
rate of 5.05 0.05 cnferr]/mn (at STP). The plasm generated thin

films wereSdeposited on polished silicon substrates and they were

subsequently ch ct zed b P s. .,These filng_were al so eval uat ed
usi ng the el 5%/8?3?%'?‘ %ﬁ'ﬁf targgt atanial o pAlvethulere i9xide o

t ype goni onet er)polyethylene glycol WO 97/ 38801

PCT/ US97/ 06525 - 30-
Sanmpl es were prepared using both pul sed plasma and conti nuous-wave (CW
pl asma operation. The pul sed plasma depositions involved RF duty cycles

(i.e., ratio of pl asma on to plasma off times, in ns) of 10/30 and
10/ 300 at 1200 we2l s p%adhdpmmﬁacre Iaavihg a plasma destxfbﬂCﬁhatwnﬂlDﬂlenﬂéalll? reaktiGe padamn'S
were carried out, atﬁ nd 5 ts In terns of

iso! mcyana e, cyant benzene, acetate, mercaptan, glycidyl ether, ether,

chloroformate, methyl sulfide, phenyl sulfone, phosphonic dichloride, trimethylsilane,
triethoxysilane, carbon-halogen, acid halide, acid anhydride, sulfhydryl, phosphide,

carbonyl or carboxylic acid groups.

15
22. A solid surface having pendant perfluorinated groups where the carbon in CF,
represents the major form of carbon present.

20
23.  The solid surface of claim 15 where the CF, is at least 15 to 40% of the total
carbon present.

25 24. A surface having a pendant perfluorinated carbonaceous compound and a water

contact angle greater than about 120 degrees.

25.  The surface of claim 16 where the perfluorinated carbonaceous compound is CF,

30 substituted perfluorinated hexene.



5 equi val ent wattages, the pul sed runs approximate the total power of
the CWruns when averaged with respect total el apsed tines. For
exanpl e, the pul sed deposition at 10/ 30 and 200 watts corresponds
to an equival ent (or average) power of 50 watts (i.e., 10/ 40 x
200) . woorisseihe XPS fil m anal yses are sumari zed i n Bcisyro6sand
FI G 2A-2C (pul sed runs) 10 and FIG 3A-3B (CWruns). The C(ls) XPS
peak assignnment shown are based on the accepted peak identities
for fluorocarbon filnms (O ark and Shuttlerworth, 1980). As shown
in Table I, the F/C atomratio in the fiﬂgﬁgincreases with a decrease in
aver age power under both pul sed CWconditions. The atomrati os
shown in Table | were conputed fromthe deconvol uted high
resolution C (1s) XPS peaks as opposed to the 15 directly measured F
to C val ues provided by |ntegrat|on of the respectlve F (Is) and C.

(1s) peaks. These latter vHl \ C ratios as
reported in Table hi gh as 2. 26,
whi ch appear to be unredBorgs dering the] structures of
the C(1 s) peaks. ther§th: e observed conparablfe fesults in
contrasting the F to C rm.t| f CfBrackchivol utigh off C(1s) XPS peaks with

t he val ues 20 |£$ ) 5) and C (| s) signals
(A ark and Shot'tfer / n Table Ijand, as is
clearly evident in FIG. A- ] i s a not abl e
increase in -CF3 incorporatd ) (4 1/ 3 duty
cycl e and 100 watt 40% of | t he total
carbon content of the fil mO-trMms 0 FoTeti cal maxi num
of 55% present in the start28y ntﬂ%rrer aﬁ?xturﬂ 25 278 276 VO

97/ 38801 Binding Energy, eV
PCT/ US97/ 06525

"e values as

-t
(=]

P P Y

C/Br=4.76
FIG. 1B

sl o

N(E)/E, Shf

P T

Nc

86 284 282 280 278 276
Binding Energy, eV
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-31- TABLE |
Rel ative F, C, and CF[err] content of plasna

pol ymeri zed CJerr]F,[err] nononers. the relative F and C atom
concentrations were conputed from deconvol ution of the C (1s) xps peak. 5
on tine/off timawo9138seler % F % C % 0 F/I C % CPBT/US97/06525
(Ms)- (watts) Pul sed
runs 10/ 30 200 53.59 45.34 1. 07

1.18 15 10/ 300 200 57.92  41.53 0.55
1.39 24 0.1/3 2/16 100 62.90 36.60

0. 50 1.72 . 40 cw
Runs 50 56.78 42.81 0.41

1.33 19 5 60. 78  38.40

0.82 1.58 34 10 The hydrophobicities of these

unusual fluorocarbon filnms fere evaluated via bo advanci ng (0a)

results obtained are shogw-,ln FIG 4, in which - CF3

dom nated filns are 10 co f Wi th vy ndar d

Tefl on[ err] fEr'ﬁ( fddd x In(g?I?P‘:-z?ﬁgﬂe. The es have an
estimated unc i ofty Fldegrees. As shown 4, bothf the O[err]
and 0, values f& g % d gener at ed
filnme are significantly higl3er _ or the
Teflon[err] filmsanple. Thd 5 watt CW sy 2 exhi bi ted
O[ err] val ues which were slpijeghduas o505 00 i Npgaadaddon fil m

Addi tionally, 15 the [e286] r \288ues 282 t h280 CWay8nera?#d fil mexhibit a
slightly higher degree of hysteresis Binding Entfy) eé\he other two

fl uorocarbon sanples. The higher 0 values for the pul sed plasma

generated filnms would be in accord with the higher -CF3 content and the

hi gher F/C ratios in this filmrelative to the 5 watt CWsanple

(Table I'). The inventors Ig 0 note
8
7
= 61 C/Br=2.86
FIG. 1D 5
. g 4
S}
<1
0
286 284 282 280 278 276

Binding Energy, eV
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that the filnms deposited during the 0.1/3, 100 watt pul sed depositions

differ slightly from 20 the | owest power CWruns wth respect to the
rel ati ve concentrations of carbon atons not bonded directly to
fluorine (peaks at 286.5 eV, FIG 2 and FIG 3). These particul ar

WO 97/ 38801 WO 97/38801 PCT/US97/06525
PCT/.US97/ 06525 - 32-
carbon atons appear to be slightly nore prom nent in the CWgenerated fil ns
and this factor may al so contribute to the differences in

hydr ophobi cities of these two sanples. 3/1§ The differences in these
peak intensities may arise from enhanced™ T I'Uori ne atom abl ati on
processes under CWconditions relative to those observed under pul sed

operation. 5 The XPS spectra in FIG 2 and FIG 3 confirm
that increased destruction of the -CF3 groups is observed under
nore energetic plasma conditions under pul sed and Cw
conditions. This leads to nore highly ((::%E -linkedJfilma QQEIM in these
figures. Thi s observatio%l:is inNaccord WtR | i#erature results of
previous studies of fluorocarbon 2 f i grs jpata, 85). 10

The | owest duty cycle 100 WatGanuI S 3Ny have slightly
hi gher -CF3 content agd aré han t he | owest
wat t age CW prepared fil ns. : Ate filns at even | ess

energetic conditi , under bot condi tions,
resulted in the r timel y unst g ‘ eptiomb%dfow
deposition rates. ncei vabl y, fons, 3pl ed

wi th other 15 omer m ght provide slight
enhancenents in - 943 hi gh retention of

the nononers' -CF3 groups obtg

208 206 204 292 200 268 286 284
Binding Energy, eV

FIG. 2A

10
3—0'0 ms
200 watts

24% CF4

208 206 294 202 200 288 286 284
Binding Energy, eV

FIG. 2B
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present study indicates there is probably little roomfor generation of

even nore hydr ophobic filns using this particul ar nmononmer m xture.
The availability of these extrenely hydrophobic fluorocarbon filns, wth
their 20 hi gh -CF3 content, provides a new and nore richly

fl uori nated surtwocenssigni fi cant decreases in plasm P;S-’er@S?i"ﬂﬁﬁs

adsor ptions were observed on these -CF3 dom nated surfaces,
relative to those previously reported for -CF2-structured surfaces. O her

i nport ant di stinctions between the properties of -CF3, relative to
conventional -CF2-, surfaces will 4/1@merge as conparative studies
progress. 25 Previoyggly, the inventors have reported on film

chem stry contr ol during pul sed § pl asma synt hesi s of fluorocarbon
films (Savage et al., 1991; Panghglingamet al., 1993). In these
studi és, relatively | arge scal efpRogressive changes in film conpositions

wer e observed with sequerngi changes in the RF duty cycle

enpl oyed during pl asma everal perfluorocarbon
nononers, all other plasnma varifabl gk ) hel d constant. These

fl uorocar bon fiIna.Fxhibited a ste-al., SR IMWINCF[ err] - functi onal

WO 97/ 38801 u.1
PCT/ US97/ 06525 3 S 40% Cka
ges enployed. This

content as the plasma duty cyg
surface energy ﬁ) %SfIHTB at the

trend towards higher -CF[err i on was denonstrat ed
both with nononers cont i ‘, tent (e.0.,
perfluoro-2-butyl tet L-“-.‘»“. . oy
| ess abundant - CF[ err28&r ode (89

hexaf | uor opr opyl ene oxi de). . Bmdmg Energy, eV

FIG. 2C
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The present invention conprises the first evidence for the controlled

pl asnma synt hesis of perfluorocarbon filns dom nated by -CF3
groups. These exceptionally hydr ophobic filns were produced by
pl asma pol yneri zation of a m xture of -CF3 substituted

per f | uor ohexeneswiptoridsser of COF[err] conpounds]. This starti ngpdraumewesses 10 °
m xture is domnated by -CF3 groups functionalities which account for 55%

of the carbons present in these nolecules. Additionally, these
nol ecul es contain a car bon-carbon doubl e bond useful in helping to
pronote polynerization, particularly 5/16 under | ow energy plasm

condi tions. 15 EXAMPLE 10

The sane perfluorocarbon substituted trimer mxture noted in Exanple 9 was
m xed with a brom ne-contai ning nononer.gPl asma depqsiti on produced a

fl uori nat ed filmthat also conthi ‘i-active surface groups
as shown by ESCA anal ysis. 20 '
EXAMPLE 11 A nunb, I 1 ol afle surfaces were

nodi fied using a pul sed plasna MY Jr ogess and allyl brom de
~mononer, as described previously i These sanpl es were

ent of surface

, tion of reafQt

he sturface N and S%pGF3
i at pH 7.4

of the cysteine
St 10 hours of

t he surfaces of the G Br containi}
attachnent of the cystei
time was determ ned by ESCA anal
content. Reactions5patisarried
and roomtenperature. It was obsk
attachnent to 30 t he surfacg
reaction. This result i

298 296 294 292 86 284 282
Binding Energy, eV

FIG. 3A

34% CFg

Binding Energy, eV
FIG. 3B
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- 34-

whi ch shows the relative surface content of nitrogen atons as a function of

the time of

EXAMPLE 12

was enployed to provide a surface
As in previous exanples

(G 1) bonds.

rel ati ve surface content of the C-I

10

containing filns were

utilizing glutam ne and cysteine as coupling

reaction.
of the am no acwb exsghi ng reaction to
surface even where this reaction is carried out at

enpl oyed during the deposition step. Subsequently,

This result clearly shows the efficiency
t he pl asna Poriv$s7e6s2s
roomtenperature. 5

A pul sed plasma deposition of allyl iodide
whi ch cont ai ned car bon-i odi ne
observed that the
bondg creased with decreasi ng energy
t hese C-|
subj ected to derivatization reactions
nol ecul es. It was

observed that the am no acids attach to these surfaces as reveal ed by

the presence of N and S via ESCA anal ysi s.

However, the ampunts of N and S

i ncorporated were | ess than that observed with the CGBr and G COCO nodified

sur f aces 15

PET nodi fied surfacfy
i mersed in pure H20 f o
Thi s anaIyS|s

anal ysi s.
i ncreased O
H err] O i nmersi on

occurring during the raj

hydrol ysi s process
the cysteine

Water contact angle (degree)

(Exanpl es 3 and 4,

12 i 9
quiix hours and that subjected

reveal ed a decrease in surface |

1|':?’|I S1
190 ¢

—t
o)
o

Il J‘LJ;

90
80 -]

70 -

60

ni.na

respectively). In a separate study, a
pasa—deposi-ted-—-~ groups was

} cont ent
study i

relatlve to the concentrations

to ESCA
and
pef ore
C- 1 hygirolysis is
and that this 20
Jr oups with

cont ent

- 0.1/3ms, 100w
-~ Teflon sheet

8 12 16
Water drop volumes (ulL)

FG. 4

20
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nol ecul es. Use of nore concentrated am no acid sol utions and/or | ower
reaction t enperatures woul d be expected to help pronote

addi tional am no acid coupling to the surface and reduced

hydr ol ysi s. 25 EXAMPLE 13 )
A pul sed pl asnawswrizgeoe nodi ficati on was enpl oyed to i ntroducPERPHES2LT- Br
groups, as described previously in Exanple |I. This sanple was then inmersed
i n-an . aqueous sol ution which contained dissolved NH2- PEG OCH3
pol yner nol ecul es. The 30 functionalized PEG pol ynmeric nol ecul es
had a nom nal nol ecul ar wei ght of 5000 ayyqs WO 97/ 38801

PCT/ US97/ 06525 - 35-

wer e purchased from Shearwater Pol yners aker 24 hours of reaction,

t hese PET sanpl es were reno
distilled water and then vacuum
these filnms revealed clearly the s
functionalized PEG pol yner nol ecul 88
spectrum obt ai ned after this coup
Il provides a qguantitati
before and after the derivatizati

3 \S\\q SDS sol ution and
\;§Qf§§§§5§cuent ESCA anal ysi s of
.\\\\\.\\ of the
hi?ﬁbﬁgsolution ESCA 5
NN 42 70s $§3§§ in E,G 14. Table
\ XaceAt om cont ent

(A) PET-----> Allyl Bromide ---->Hexafluoro-DL-Valine**
(3/45 ms, 200w)  (pH=8.0, 23 C, 24 hrs)

N(E)/E, Shf

294 292 290 288 286 284 282
Binding Energy, eV

FIG. 6
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TABLE Il 10 ESCA C(1s) Analysis of Surface Atons on C Br

Modi fi ed Surfaces Before and After Attachnent of
NH[ er r] - PEG OCH3 [err] As shown in both FIG 14 and
Table Il there is a substantial oxygen atom 15 presence on the surface

after derivati m0bpw3s801The position and binding energy of the ECEHUSIN06525
ESCA peak identifies this oxygen content as arising formether groups of

t he type involved in the PEG | inkages. W al so note the decrease in
surface Br atons which acconpani es attachment of the

NH2- PEG OCH err] nol ecul es, as expect edsn's al so mention explicitly
that the N content of the derivatized surfaces is bel ow the ESCA 20

detectability limt as cal cul ated based on the PEG i ncorporation

o ndi no. studi es uoABg PEIasae DA BJOMBEEe > YEBBRY 51 it ot ccul eo. A

dramatic decrease in ' |)W)ce gﬁsn& 0i 88 (>324f decr ease)
was observed in conparing (@/4§W2|Bbggi n ads(orptpgn’ on the unhrflggi fied PET
substrate with tff@t obt ai ned on the PEG 25 nodi fi ed PET surface. The
results obtained'tljearly support the utility of the surfce

nodi fication proc@dqure of the present invention to proyi§e a m and
conveni ent approach to nmanufacturing of non-bifofqdgica Yg)f oul i hg
sur f aces. 81

N(E)/E, Shf

Binding Energy, eV
FIG. 7

N(Is)

288 286 284 282 280
FIG. 7A
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WO 97/ 38801

PCT/ US97/ 06525 - 36-
EXAMPLE 14 A pul sed plasma deposition was enpl oyed as
general ly described in Exanple 9 to 5 generate a PET nodified

surface havi ng woomgseraor di nary hi gh surface density of CF3- PCTMUS97/06525
groups, such as that shown in FIG 2C containing 40% CF3 groups. This
sanpl e was then used to neasure protein adsorption (as in Exanple
13) vis-a-vis that observed on conventional fluorocarbon surfaces.
In general, a sharp decrease in proteing?qeprption was observed on
the CF[err]-domnated filns relative to that observed on other fluorocarbon
10 sanples. In particular, a two-fold reduction in album n adsorption
was noted on the CF3- dom nated surfaces relative to those
observed on CF2-dom nated (i.e., Teflon[err]) surfaces. Thi s
exanple illustrates the utility of the unique CF3-surfaces in reducing
non-speci fic bi onol ecul e adsorptions. Thus, these CF3- surfaces
when coupled with an added functional group (such as C-Br as noted
earlier) can be enployed to reduce non-specific 15 bi onol ecul ar
adsorptions (e.g., blood platelet adhesion, progein binding, etc.) wi( e

simul taneously permtting attachnent of specig nDIeculesdgqa_nﬁavﬁfactive
f uncti onal gr oups. C i ons in t 120 ngy | i st

are incorporated in pertinent part by referg her ei n.

I
c—Cl _
o
FIG. 8A 1 : A 25W 10/1000 ps
293 291 289 287 285 283 281
BINDING ENERGY, eV
0
CHy=CH-
Cl
FIG. 8B 25W 10/200 ps

203 291 289 287 285 283 281
BINDING ENERGY, eV
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PCT/ US97/ 06525 - 37-
REFERENCES U S. Patent No. 5,055, 316. U S. Patent No.
5,178,962. 5 U S. Patent No. 5,258, 127. C ark and

Shuttl erworth, Wwes8073ss Polym Sci., Polym Chem Ed. 18 27. PCT/US97/06525
Cl enence et al., Bioconjugate Chem, 6:411-417, 1995. Massi a et
al., J Bionedical Materials Research, 25:223, 1991. Panchal i ngam
et al., J. Biomater. Sci., 5:131, 1993. 10 Panchal i ngam et al., J.
Appl . Polynmer. Sci.; Appl. Polyner Syrrpm 54:123- 141,

1994. Ranieri et al., Int. J. el Opnent al Neurosci ence, 12:725,

. 1994, Savage et al., Chemi stry of Materials, 3:575, 1991.
Sigrist et al., Optical Engineering, August, 34(8):2339, 1994. 15
Yasuda, Plasnma Pol ynerization, New York, Academ c Press, p. 182, 1986.
THOSE SKI LLED IN THE ART W LL PERCEI VE MANY EQUI VALENTS OF

/0
(:H2=CH-C:Cl

FIG. 8C | 25W 10/50 ps

293 291 289 287 285 283 281
BINDING ENERGY, eV

_0
: Chp=CH-C__

FIG. 8D | 25W CW

203 291 280 287 285 283 281
BINDING ENERGY, eV
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20 THE PROCEDURES ACTI VE GROUP- CONTAI NI NG MONOVERS
PERFLUORI NATED COMPOUNDS AND SURFACES SPECI FI ED I N THE

FOLLOW NG CLAI V5, _ WD 97/ 38801

PCT/ US97/ 06525 - 38-

I CLAI M5 WO 97/38801 A process for attaching target natemMCITUSITRSSES
sol-id surface, the process conprising: 5 affixing to a

surface, by | ow power plasma deposition, at |east one carbonaceous

conpound having a reactive. functional group, such that the reactive
functional group substantially retains emam'sal reactivity and an activated
surface is forned; and 10 _ reacting a target material
directly with the activated surface to forma solid

surface with covalently bonded target material.
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15 2. The nethod of claim1 where the reacting step is carried out
I N an aqueous medi um 3. The nmethod of claiml
where the reacting step is carried out in a non-aqueous 20 medi um

4. °  The nmethod of claim1 where the reacting step is carried out via

gas- phase wo 973g80pl i ng. 25 5. The process JICTAISTHRSAS
where the reacting step is defined further as being a sol ution
chem cal derivatization reaction in which solution nolecules are coval ently
bonded to a surface-attached functional group in a single reaction step. 30
WD 97/ 38801 12/16

PCT/ US97/ 06525

287
BINDING ENERGY, cV
FIG. 10

291
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- 39- 6. The process of claiml wherein the affixing step

I nvol ves a variable duty cycle pul sed plasma deposition

7. The process of claim | wherein a | ow power continuous wave plasma is
enpl oyed in the affixing step. 8. The process of claim 1
wherei n the cammwywessmus conpounds with reactive 10 f uUnBET/USRAIO6RB oupsS
are affixed at controll ed concentrations. 9. The process of
claiml1 where the reactive functional group is an isothiocyanate,

cyani de, benzene, acetate, nercaptan, glycidyl ether, ether, chloroformte,
met hyl 15 sul fide, phenyl sulfone13pf§sphonic di chl ori de,
trimethylsilane, triethoxysilane, ar bon- hal ogen, acid halide,
aci d anhydride, sulfhydryl, phosphide, carbonyl

aci d. 20 10 —=6 D06 a9

or carboxylic
is chlorine, brgnine or

hal i de

i odi ne.

006 294 292 200 288 286 284
Bindirig Energy, eV

FIG. 11A

086 285 284 283 282 281 280 279 278 277 276
Binding Energy, eV

FIG. 11B
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11. The process of claiml| where the solid surface is a polyner, ceramc,

net al , silani zed netal, carbon, fabric, glass, silanized glass,
wood, cellul ose, ceramc, 25 conposite, rubber, rubber film polyner,
pol’'ynmer film sem conductor, paper or hydr ogel . 12.
The process of wDaiast where the solid surface is defined fur PREAISEHO6S2S
conprising a 30 pl asma- deposi t ed hydrophobi ¢ substantially -CF3

dom nat ed perfluorocarbon film [err] WO 97/ 38801

PCT/ US97/ 06525 - 40-

13. The process of claiml| where the qagﬂqpaceous conpound having a
reactive . functional group is an alKyl or al kenyl halide, acid,

acid halide. al dehyde, ketone, thiol or phosphi de group.

1 v 1 v T 1 4 )

296 294 292 290 288 286
' Binding Energy, eV

FIG. 11C

v T w T T T v T v T T T Y T v 1
286 285 284 283 282 281 280 279 278 277 276
Binding Energy, eV

FIG. 11D
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5 14. The process of claim1l where at |east two different

reactive functional groups are pl asma deposited sinultaneously by
use of nultiple carbonaceous conpounds having a reactive
functional group. 10 15. The process of claiml1l in which a
gradi ent | ayeriwgowsssbni que i s enployed in the af f i xi PGTHISSTO6525
i nprove adhesi on of plasma deposited carbonaceous conpound to the
solid surface. 15 16. The process of claim15 in which a
sub-layer filmis enployed in the affixing step to i nmprove adhesion
of gradient |ayered carbonaceous conpoqungia non-organi ¢ solid
surface. 20 17. The process aiml| where the target
material is a fluorinated am no acid, am no acid, protein, peptide,
hor nrone, hornone receptor, polynucleotide, ol i gonucl eot i de,
car bohydrate, glycosam noglycan, polyethylene glycol or polyethylene
oxi de. 25 18. The process of claim | in which the target
material contains one or nore - addi ti onal functional groups
avail abl e for further processing steps after attachment to the o
solid surface. 3 =
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19. The process of claim 1l defined further as producing a surface with
reduced adherence for biological materials. 5 20. '
The process of woeisgsid0 where the target nmaterial is pol yet hy PEIUSe658 oOr
pol yet hyl ene gl ycol. 10 21. A solid surface having a plasna
deposited filmwith chemcally reactive pendant i sot hi ocyanat e,

cyani de, benzene, acetate, nercaptan, glycidyl ether, ether,
chl orof ormate, nethyl sulfide, phenyl Sﬁqugg, phosphoni ¢ di chl ori de,
trimethyl sil ane, tri et hoxysil ane; r bon- hal ogen, acid halide,

aci d anhydride, sulfhydryl, phosphi de, carbonyl or carboxylic acid
groups. 15 3.5 7 ; —

+

o - N
)] - o N o w

Relative surface N atom content (%)

0 ll|l|llll|lll!llllll_'llllllll"rlllllll

0 10 20 30 40 50 60 70 80
Time of reaction (hr)

FIG. 13
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22, A solid surface having pendant perfluorinated groups mherqegb&ggﬂ bon
20 :

fn CF3

5523;_ The sélid surface of claim15 where the CF3 is at least 1

represents the nmajor formof carbon present.

0 40% of

AT

the total carbon present. 25 24. A surfacg®iRN ng a
pendant perf| uorim car bon%&%%ma%ng&N%&J WMEont act
angl e greater tha out 120 degrees. Intemational Burcan 25. The surtace of
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process. Solute molecules are attached to the surface during this second step. This simple two-step process is of general utility in that
both the nature of the plasma introduced surface group and the nature of the solute molecules can be varied. Additionally it is possible to
provide exact control of the surface density of reactive groups introduced during the plasma process and thus the concentration of solute
molecules coupled to the solid surfaces. A particularly significant aspect of this invention is that the second step chemical derivatization
reactions can be carried out using aqueous solutions at room temperature. The RF plasma polymerization of substituted perflucrohexenes
is shown to produce films having unusually high -CFs content. These films are produced under both pulsed and continuous-wave plasma
deposition conditions. The relative -CF; content of these polymers increases with decreasing average RF power absorbed during the film
formation processes. The films produced under the least energetic condition (i.e., pulsed plasma, 0.1 ms on/3.0 ms off and 100 watts peak
power) are exceptionally hydrophobic, exhibiting advancing and receding water contact angles in excess of those observed with Teflon®
surfaces. The most hydrophobic films have a -CF; content which represents 40 % of the carbon atoms present in the sample.
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