Characterization of protein resistant, grafted methacrylate polymer layers
bearing oligo(ethylene glycol) and phosphorylcholine side chains
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Neutron reflectometry was used to investigate the structures of end-tethered protein resistant
polymer layers based on poly(oligo(ethylene glycol) methyl ether methacrylate) [poly(OEGMA)]
and poly(2-methacryloyloxyethyl phosphorylcholine) [poly(MPC)]. Layers having different graft
densities were studied in both the dry and wet states. A stretched parabolic model was used to fit the
neutron data, resulting in a one-dimensional scattering length density profile of the polymer volume
fraction normal to the film. Measured in D,0, the cutoff thicknesses of OEGMA and MPC layers
at high graft density (0.39 chains/nm? for OEGMA and 0.30 chains/nm? for MPC) and a chain
length of 200 repeat units were 450 and 470 A, respectively, close to their contour length of 500 A,
suggesting that the grafts become highly hydrated when exposed to water. It was also found that at
similar graft density and chain length, the volume fraction profiles of poly(OEGMA) and
poly(MPC) layers are similar, in line with the authors’ previous results showing that these surfaces
have similar protein resistance [W. Feng et al., Biolnterphases 1, 50 (2006)]. The possible
correlation of protein resistance to water content as indicated by the average number of water
molecules per ethylene oxide (N,, o) or phosphorylcholine (N,, pc) moiety was investigated. N,, go
and N, pc, estimated from the volume fraction data, increased with decreasing graft density, and
when compared to the reported number of water molecules in the hydration layers of EO and PC
residues, led to the conclusion that water content slightly greater than the water of hydration resulted
in protein resistant surfaces, whereas water content either less than or greatly in excess of the water
of hydration resulted in layers of reduced protein resistance. © 2007 American Vacuum
Societry. [DOL: 10.1116/1.2711705]

I. INTRODUCTION

The development of surfaces which prevent nonspecific
protein adsorption is important for many biomedical and bio-
technology applications including biomaterials, biochips, and
biosensors.' Uncontrolled protein adsorption from biologi-
cal fluids results in the fouling of biointerfaces. In tissue
contacting applications, nonspecific protein adsorption may
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promote the adhesion of macrophages and other cells, lead-
ing to inflammatory and foreign body responses. For devices
in contact with blood, even small quantities of adsorbed pro-
tein may initiate coagulation as well as platelet adhesion and
activation, leading ultimately to thrombus formation. Pre-
venting nonspecific protein adsorption is thus of critical im-
portance in the design of biomedical and bioanalytical de-
vices. For this purpose, the modification of biointerfaces
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with poly(ethylene oxide) (PEO) (Refs. 6 and 7) or with
polymers based on phosphorylcholinegfm (PC) has been
found to be effective.

The mechanisms of PEO- and PC-mediated protein resis-
tance are presently not clear, but it is recognized that poly-
mer chain length, graft density, and the structural arrange-
ment of water molecules associated with the PEO- and PC-
containing layers are important factors in determining the
interactions of the surface with p1r0teins.7’”714 In general,
protein adsorption decreases with increasing polymer chain
length and graft density. More recently, an optimal graft den-
sity giving minimal protein adsorption was found for teth-
ered PEO layers. Densities above as well as below this opti-
mal value gave surfaces of lower protein resistance.> "’
Moreover, neutron reflectometry (NR) experiments have sug-
gested that the water volume fraction in tethered PEO chains
is critical in determining protein interactions.'® Monte Carlo
simulations'® and ab initio calculations’® both predicted that,
for the most part, the ether oxygens in the outermost layer,
and even those ether oxygens adjacent to the outermost layer
in the tethered PEO chains with helical conformation, are
involved in hydrogen bonds with water molecules. These
results agree well with the data obtained by vibrational sum-
frequency generation spectroscopy.21 Ishihara and co-
workers found that there is a larger fraction of “free” water
in PC-containing copolymers than in other water-soluble (co-
)polymers, such as poly(2-hydroxyethyl methacrylate) and
poly(N-vinyl pyrrolidone-co-n-butyl methacrylate). The
highly hydrated layer associated with the PC headgroups is
believed to result in decreased protein adsorption and im-
proved biocompatibility.22 Recently, using polarized Raman
and attenuated total reflection infrared spectroscopies, Kitano
et al. > investigated the hydrogen-bond network structure
of the water molecules in the vicinity of various water-
soluble polymers and calculated the number of hydrogen
bonds per monomer unit in the water which are “collapsed”
(Neoltapsea) by the presence of polymer. They found that in the
case of PEO- and PC-containing polymers, Negjiapsea 18 prac-
tically zero and much smaller than for other polymers, sug-
gesting that PEO- and PC-containing polymers do not sig-
nificantly disturb the hydrogen bonding between water
molecules. Apparently, water plays a crucial role in modulat-
ing the interactions between PEO- and PC-enriched surfaces
and proteins.23’24

Comparison of PEO- and PC-based systems with respect
to their effectiveness in preventing protein adsorption has
been reported previously.25 Silicon (Si) surfaces grafted with
oligo(ethylene glycol) methyl ether methacrylate (OEGMA)
and 2-methacryloyloxyethyl phosphorylcholine (MPC),
which contain, respectively, PEO and PC sidechains of com-
parable size, were chosen as the basis for this comparison.
Using single and binary protein solutions, no significant dif-
ference was found between the MPC and OEGMA surfaces
for a given chain length and graft density.25

Neutron reflectometry is a nondestructive and powerful
tool capable of elucidating the structural details of tethered
polymer layers and has been used widely to investigate
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polymer/solvent interactions under a  variety of
conditions.”**® For example, Yim et al” applied NR to
study the temperature-dependent conformational changes of
poly(N-isopropylacrylamide) (PNIPAM) chains grafted on Si
wafers. They found that at an intermediate graft density, the
long chains of PNIPAM undergo maximum conformational
change between 25 and 30 °C.

Using NR, the objective of the present work was to deter-
mine the thickness and volume fraction profiles of poly-
(OEGMA) and poly(MPC) thin films grafted on Si wafers in
both the dry and wet states. Additional motivation was the
capability of NR to provide information on the average num-
ber of water molecules per EO or PC residue for possible
correlation to protein adsorption behavior.

Il. EXPERIMENT
A. Materials

9-Decen-1-0l (97%), 2-bromo-2-methylpropionyl bro-
mide (98%), trichlorosilane (99%), hydrogen hexachloro-
platinate (IV) hydrate (H,PtCls, 99.9%), 2,2’-bipyridine
(bpy, 99%), Cu(I)Br (99.99%), methoxy poly(ethylene gly-
col) (M,~350 g/mol), ethyl 2-bromoisobutyrate (EBiB,
98%), dodecyltrichlorosilane (99%), and OEGMA (M,
~300; PEO sidechains of n=4.5) were purchased from Al-
drich (Oakville, ON). OEGMA was distilled over CaH, un-
der vacuum and stored at —15 °C. Toluene and methanol
[high-performance liquid chromatography (HPLC) grade]
were obtained from Caledon Laboratories Ltd. (Georgetown,
ON). Toluene was gently stirred over CaH, for 24 h and then
distilled twice prior to use. Si wafers (4 in. diameter, 6 mm
thickness) were obtained from Wafer World Inc. (West Palm
Beach, FL). MPC was kindly provided by Ishihara (School
of Engineering, University of Tokyo, Japan) and used with-
out further purification. All other reagents were purchased
commercially and used as received.

B. Preparation of initiator-functionalized silicon
wafers

The pretreatment of Si wafers followed previously de-
scribed procedulres.30 To graft polymer chains directly to sili-
con oxide, an organosilane containing 2-bromo isobutyrate
was used as the surface-attachable atom transfer radical po-
lymerization (ATRP) initiator. The synthetic procedure for
the initiator 10-(2-bromo-2-methyl) propionyloxy decyl-
trichlorosilane (PDTS), is described in detail elsewhere.’¥
The freshly cleaned wafers were placed in a 2.5 mM dry
toluene solution containing the initiator PDTS or a mixture
of PDTS and the diluting agent dodecyltrichlorosilane (DTS)
for 18 h without stirring at room temperature. The Si wafers
were removed from the solution, subjected to ultrasonication
for 30 min in dry toluene, rinsed sequentially with toluene
and methanol, and then dried with nitrogen gas. Two mole
fractions of PDTS, i.e., 2.5% and 100%, were selected to
produce monolayers containing low and high amounts of the
initiator, resulting in low and high polymer graft densities,
respectively.
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ScHEME 1. Formation of poly(OEGMA)- and poly(MPC)-grafted Si wafers
with different graft densities and chain lengths using surface initiated ATRP.

C. Grafting of poly(MPC) and poly(OEGMA) from
silicon

ATRP grafting of MPC and OEGMA from initiator-
functionalized wafers was carried out in a glovebox purged
with nitrogen following previously described procedures.33’34
For both OEGMA and MPC grafting, Cu(I)Br/bpy was used
as the catalyst and methanol as the solvent. A sacrificial ini-
tiator was added to the mixture for the following reasons: (1)
to provide enough deactivator [Cu(II)Br] through the redox
reaction between Cu(I)Br and the sacrificial initiator, which
in turn better controls the ATRP grafting of polymers from
the Si; and (2) to control the polymer chain length under the
assumption that the chains grown from the Si surface and in
solution have similar molecular weights. EBiB was used as
sacrificial initiator for OEGMA grafting. Oligomeric meth-
oxy polyethylene glycol 2-bromoisobutyrate, which was syn-
thesized by the esterification of 2-bromo-2-methylpropionyl
bromide with methoxy poly(ethylene glycol),35 was used as
sacrificial initiator for MPC grafting. Two different
monomer/sacrificial initiator ratios (60/1 and 200/1) were
used to prepare polymer-grafted Si wafers with different
chain lengths. The two-step surface-initiated ATRP grafting
process is shown in Schemel. In the following sections, the
polymer films are described by the first letter of the mono-
mer (O or M), the graft density, and the chain length, e.g.,
0-39-200 refers to the poly(OEGMA) film with graft density
of 0.39 chains/nm?, and chain length 200.

D. Characterization of grafted polymer layers

The thicknesses of the initiator monolayers and polymer
layers on the silicon substrate were obtained using an ellip-
someter (Exacta 2000 ellipsometer, Waterloo Digital Elec-
tronics, Waterloo, ON) equipped with a He-Ne laser
(632.8 nm). An incident angle of 70° was used for all mea-
surements. A refractive index of 1.5 was used for the initiator
and polymer layers. All measurements were conducted in air
at room temperature. Graft densities were estimated using
the following equation:

hpNA
M

; (1)

g=
where o is the graft density (chains/nm?), & is the layer
thickness (nm), p is the mass density of the grafted polymer
layer [values of 1.30 and 1.15 g/cm?, respectively, were used
for poly(MPC) (Ref. 36) and poly(OEGMA) (Ref. 25)], N,
is Avogadro’s number, and M,, is the number-averaged mo-
lecular weight (MW) of the grafted polymer, assumed to be
the same as the polymer produced in solution using sacrifi-
cial initiators. (It should be pointed out that several studies in
which both surface and solution polymerized samples were
measured independently have shown their MWs to be
similar.*'?7) The MWs of poly(OEGMA) and poly(MPC)
produced by the sacrificial initiator in solution were deter-
mined by gel permeation chromatography (Waters Ultrahy-
drogel™, 7.8 X 300 mm column) using a 0.2M NaNO; and
0.1% NalN; aqueous solution as the mobile phase. Narrow
PEO samples with MW ranging from 970 to 119 000 g/mol
were used as standards to generate a calibration curve. The
monomer conversion in solution was determined from proton
NMR spectra of the reactor contents (Brucker AC-P200
spectrometer, D,O solvent). The characteristics of the
samples used for neutron reflectometry measurements are
given in Table I.

E. Neutron reflectometry experiments

NR measurements were performed using the C5 reflecto-
meter located at the National Research Universal Reactor
(Chalk River, ON). The neutron wavelength (\) was 2.37 A
and the collimation slits were varied during the scan to en-

TaBLE 1. Ellipsometric and GPC characterization of surfaces used for NR measurements.

Monomer  Ellipsometric
conversion thickness Graft density
Sample ~ Monomer Chain length® M, (g/mol) M, /M, (%) (AP (chains/nm?)°
0-39-200  OEGMA 200 49900 1.34 96.9 281.4x2.0  0.390+0.003
0-39-60 OEGMA 60 15500 1.27 98.9 87.7+4.6 0.390+0.021
M-30-200 MPC 200 48 400 1.25 98.5 185.5+1.5  0.300+0.002
0-07-200 OEGMA 200 49700 1.33 97.0 51.9£3.1 0.070+0.004
M-10-200 MPC 200 48 000 1.24 98.5 63.8+2.4 0.100+0.004

“Molar ratio of monomer to sacrificial initiator.
bAverageiSD based on six measurements.

“Calculated from Eq. (1) using ellipsometric thickness.

Biointerphases, Vol. 2, No. 1, March 2007



37 Feng et al.: Characterization of protein resistant, grafted methacrylate polymer 37

TABLE II. Scattering length densities (p) of the initiator layers and grafts employed for the calculation of NR

curves.

SLD
M 2D, d (p)
Species (g/mol) (10 A) (g/cm?) (1070 A-2)

~C,Hy0C(0)C(CH;),— (PDTS) 226 7.44 1.00 0.22
~C,H,5 (DTS) 169 -13.75 1.00 -0.49
Mixed monolayer (2.5% PDTS+97.5% DTS) -0.47
~CH,C(CH;)C(0)OC,H,PO;C,H,N*(CH;); (MPC) 295 40.16 1.30° 1.06
~CH,C(CH,)C(0)0(C,H,0), sCH, (OEGMA) 300 33.55 1.15° 0.78
D,O 20 19.15 1.10 6.34
H,0 18 -1.68 1.00 -0.56
Null-SLD water (8.1% D,0+91.9% H,0) 0.00
Si wafer 2.07
Sio, 3.48
Air 0.00
*Adapted from the mass density of the polymer.

sure that the entire sample was “bathed” in neutrons as its z\2\

footprint varied. Specular reflection was measured and plot- Dpory(2) = (DO,poly(l - (;l) ) ’ (3)

ted against neutron momentum transfer Q,:
Q.= (4 sin O)/\, (2)

where 6 is the angle made by incident neutrons with the
sample. The range of Q_, was from 0.006 to 0.2 A, Mea-
surements were performed over three Q. regions, namely,
0.2-0.1, 0.1-0.04, and 0.04—0.006 A~!. The data were nor-
malized using the incident beam intensity to account for
variations due to slit widths and were corrected for back-
ground by setting 6 to 0.5° off specular reflection.

Reflectometry experiments were carried out using
samples in both the dry and wet states. Prior to measurement
in the dry state, samples were cleaned with methanol (HPLC
grade) and dried over nitrogen to remove any water bound to
the polymer grafts. Samples were then immediately placed in
the sample cell taking care to keep the layers dry. For NR
measurements in the wet state, both pure D,O and a
H,0O/D,0 mixture containing 8.1% D,0O by volume to give
a solvent of null scattering length density (“null-SLD water”)
were employed. Following the measurement in D,0, the
sample cell was flushed in sifu with methanol (HPLC) and
dried in a nitrogen stream for 1 h. Null-SLD water was then
injected into the cell.

The NR sample cells used were described in detail
elsewhere.” For dry samples, the path of the incident neu-
tron beam was from air— sample — SiO, — Si, while in the
wet condition, the incident neutron path was from the back-
side of the sample, i.e., Si— SiO, — sample — D,O (or null-
SLD water). This arrangement ensures total reflection from
Si in both cases. PARRATT 32 (BENSC, Berlin) software was
employed to fit the reflectivity data. In the dry state, a three-
layer model was used, while a two-layer+parabolic decay
model was used to fit the data in the wet state. The parabolic
function can be written as’
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where ®,,;,(z) is the polymer volume fraction at a distance z
from the initiator layer, @, is the polymer volume frac-
tion at distance O (interface between the polymer and initia-
tor layers), & is the cutoff thickness of the polymer layer in
solvent, and « is a fitting parameter. The fitted parameters
were allowed to vary so as to minimize the least-squares (x?)
error function.

From the analysis one can determine the layer thickness
(d), the surface roughness (o), the one-dimensional SLD (p)
as a function of z, and the volume fraction of the polymer
chains (®,,,) within the layers and at the interfaces. SLDs of
the ATRP surface initiator PDTS, diluting agent DTS, and
grafts were estimated from*”

ANy 2 b;
SLD= ——— @)
M

where d is the mass density (g/ cm?) of the component, N, is
Avogadro’s number, M is the molecular weight (g/mol) of
the component, and 2b; is the sum of the neutron scattering
lengths of the atoms in the component. The calculated SLDs
are listed in Table II.

lll. RESULTS AND DISCUSSION
A. Dry state measurements

The initial dry thickness of the grafts in air was deter-
mined by ellipsometry and NR. The thicknesses from ellip-
sometry are listed in Table I and were used to calculate graft
densities using Eq. (1).

Figure 1(a) shows the NR profiles for the dry layers
(Table I). The reflectivity is multiplied by (Q,)* to provide
better resolution in comparing the data and the best fit in the
high Q regime, because bare Si wafer follows the (QZ)‘4
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FiG. 1. (a) Neutron reflectivity profiles for the dry surfaces and their corre-
sponding best fits (solid lines). The curves have been scaled by arbitrary
factors for better viewing. (b) SLD profiles calculated using the best-fit data
for the dry 0-39-200 and M-30-200 surfaces.

decay. Data were fitted to a three-layer model using the PAR-
RATT 32 software: SiO,, the initiator layer, and the polymer
layer. The SLDs of Si, SiO,, the initiator layer, and air (pg;,
Psi0y> Pinits and p,;,) were kept constant at the bulk values
(Table II). All other parameters, i.e., layer thickness (dsio,»
dinit; and dyy), interface roughness (G0 init: Tinivpoly> and
Tpolyrair)s and polymer layer SLD (py,), were allowed to
vary to satisfy the minimum sum of squares criterion (x?).
The best fits to the data (solid lines) are shown in Fig. 1(a).
Kiessig fringes are clearly present in the reflectivity curves

of the high graft density samples (0-39-200, O-39-60, and
M-30-200), indicative of a uniformly thick sample, while the
absence of Kiessig fringes in the low graft density samples,
ie., 0-07-200 and M-10-200, is indicative of nonuniform
thickness or rough surfaces. SLD profiles for the O-39-200
and M-30-200 surfaces are shown in Fig. 1(b).

The model parameters from the data fits for the dry
samples are summarized in Table III. Thicknesses of
13-20 A and 13-24 A for the SiO, and initiator layers, re-
spectively, are in good agreement with the values obtained
by ellipsometry, viz., 17+2 and 20+3 A3 The various
polymer layer thicknesses are also in good agreement with
the values obtained by ellipsometry (Table I). The roughness
parameters show that the SiO, and initiator layers are rela-
tively smooth:othey are of uniform thicknescs with 50, finit
from O to 5.9 A and oypypoly from 2.2 to 7.9 A, values which
compare well with the root-mean-square (rms) roughness of
these two surfaces as measured by atomic force microscopy
(AFM), viz., 1.9 and 4.5 A For the polymer/air interface,
however, the situation is somewhat different. At high graft
density, the poly(OEGMA) (0-39-200 and 0O-39-60) and
poly(MPC) (M-30-200) layers appear very smooth with val-
ues of Tpory/yir from 0 to 2.7 A. The low graftodensity M-10-
200 surface is rougher with a value of 32.6 A, whereas the
0-07-200 surface is relatively smooth with a value of only
8.0 A. In our previous work,”> AFM images of high graft
density surfaces showed smooth surfaces with typical rms
roughness of ~3.0 A. The M-10-200 surface showed peaks
and valleys with rms roughness of 32.0 A, a value much
greater than that of the O-10-200 surface (6.0 A).® The
“roughness” data for the polymer layers, as determined by
NR, are thus consistent with our previous AFM measure-
ments.

B. Wet state measurements

One of the objectives of the present work was to investi-
gate the conformational differences between poly(OEGMA)
and poly(MPC) grafts in water, the medium most relevant to
biomedical applications. Pure D,O was chosen since it pro-
vides good neutron contrast for poly(OEGMA) and
poly(MPC). Figure 2(a) shows the reflectivity profiles ob-
tained in D,O. Compared to Fig. 1(a), the Kiessig fringes in

TaBLE III. Model parameters for grafted surfaces in dry state.

0-39-200 0-39-60 M-30-200 0-07-200 M-10-200
dsio, (A) 13.6 14.0 135 20.8 18.0
Tsioyinic (A) 0.0 1.7 0.0 5.6 5.9
diie (A) 17.0 13.0 23.7 19.5 18.1
Tinitpoly (A) 5.0 7.2 7.9 3.5 22
Ppoty (1070 A2) 0.68 0.74 0.81 0.59 0.67
oy (A) 268.9 85.1 170.4 56.6 66.7
Tporyrair (A) 2.0 0.0 2.7 8.0 326

e 0.014 0.014 0.017 0.005 0.009

Biointerphases, Vol. 2, No. 1, March 2007
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FIG. 2. Experimental neutron reflectivity curves for surfaces in (a) D,0, (b)
null-SLD water, and the corresponding best fits (solid lines) to the data.
Intensities are offset by arbitrary factors to better distinguish the data.

all cases are absent, indicating that at least one of the inter-
facial boundaries, presumably the polymer/water interface,
was diffuse.

While the swelling behavior of monodisperse polymer
brushes in solvents has been widely studied both
theoretically‘u_45 and experimentally,27’28’39’46 little work has
been done on polydisperse polymer grafts. For monodisperse
polymer layers of moderate graft density and polydispersity
(PDI) <1.1, the volume fraction of polymer versus distance
(Ppory(2) vs z) follows Eq. (2).2%%° Based on self-consistent
mean field methods for polydisperse polymer chains, """
®,y(z) vs z profiles can assume parabolic, exponential, or
linear decay forms depending on graft density, solvent qual-
ity, and the distribution of short and long chains. Recently,
Yim et al.”! reported parabolic decays for PNIPAM chains
with PDI of 1.32 and 2.10 in water at 20 °C, a good solvent
for PNIPAM. These PNIPAM chains were grafted from flat
surfaces using surface-initiated ATRP.

Based on these considerations, the parabolic profile [Eq.
(2)] was used to fit the wet state data in the present work. To
reduce the number of fitting parameters, we adopted the val-
ues of dSiOZ’ dinit’ O-Sioz/init’ and o-init/poly from the best-fit re-
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FIG. 3. (a) SLD profiles for 0-39-200 and M-30-200 in D,O and in null-
SLD water. (b) Volume fraction profiles of 0-39-200 in D,O and in null-
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sults for the dry samples. Meantime, pg;, Psio,» and p;,; were
fixed at their bulk values. Figure 2(a) shows the best fits
(solid lines) to the experimental reflectivity data.

To further validate the profiles of ®,(z) vs z, NR mea-
surements were also carried out using null scattering water as
the solvent. Since null-SLD water has a net coherent SLD of
~0, NR is sensitive only to the polymer layer structure. The
null scattering water data were fitted using the parabolic de-
cay model and are shown in Fig. 2(b). The SLD profiles of
0-39-200 and M-30-200 in D,O and in null-SLD water are
shown in Fig. 3(a). A noteworthy feature of the SLD profiles
is the dramatic jump between the initiator layer and the in-
nermost polymer film, suggesting that the initiator layer acts
as a hydrophobic barrier, impermeable to water.

From the SLD profiles presented in Fig. 3(a), the polymer
volume fraction (®,,) as a function of distance through the
film can be calculated. Assuming that the volumes are addi-
tive, the SLD for a binary polymer/solvent system can be
written as

pmix(z) = (Dpoly(z) X ppoly + (1 - q)poly(z)) X Psolvents (5)

where ppic(z) is the SLD of the polymer/solvent mixture at a
distance z from the initiator layer, ®,,(z) is the polymer
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FIG. 4. Polymer volume fraction profiles for surfaces in D,0.

volume fraction at distance z, and ppoy and pPgoiyen; are the
SLDs of the pure polymer and the solvent (D,O or null-SLD
water), respectively. Figure 3(b) compares the volume frac-
tion profiles for 0O-39-200 in D,O and in null-SLD water
calculated using the parabolic decay model. As can be seen,
the two profiles are similar. The volume profiles in D,O and
null-SLD water for the other surfaces were also similar (data
not shown), confirming that the volume fraction profiles of
the polymer layers in water are valid and that the application
of the parabolic decay model is appropriate. The polymer
volume fraction profiles in D,O for all the surfaces are

shown in Fig. 4, while the parameters, @y, 7, and a,
measured in D,O and in null-SLD water, are listed in Table
Iv.

Solvent quality and graft density are two critical param-
eters in determining chain conformation and the values of
@) poy» 71, and . For the 0-39-200 and O-39-60 surfaces,
which have the same graft density of 0.39 chains/nm? but
different chain lengths, the calculated @, for both sur-
faces in D,O and null-SLD water was ~0.63+0.01. The val-
ues of a were also similar at ~3.2+0.1. For O-07-200 hav-
ing a graft density of 0.07 chains/nm?, D poty Was lower at
0.31 and a was higher at 6.07. These results suggest that the
graft density directly affects @, and a, and that the
higher the graft density, the greater the value of @ ., and
the smaller the value of a. Similar effects have been ob-
served by others. For example, Devaux et al>? reported
Dy ,oiy=0.85 for polystyrene (PS) brushes at a graft density
of 1.1 chains/nm? in toluene, a good solvent for PS. Levicky
et al’? reported a=2.5 for dense PS brushes, and Kent
et al.*® found that the exponent « increased with decreasing
graft density. As the graft density increases, it presumably
becomes increasingly difficult for the solvent to penetrate the
layers close to the substrate, leading to an incompletely
swollen state, i.e., a high @ i, value. As shown in Table IV,
the poly(OEGMA) thickness in the wet state decreased with
decreasing chain length and graft density. For O-39-200, 4 is
~450 A, close to the contour length of 500 A, confirming
that water is a good solvent for poly(OEGMA). Comparing
M-30-200 and M-10-200, having the same chain length but

TaBLE IV. Evaluation of NR data for grafted surfaces in D,O and in null-SLD water.

0-39-200 0-39-60 M-30-200 0-07-200 M-10-200
Null- Null- Null- Null- Null-
SLD SLD SLD SLD SLD
D,O water D,O water D,O water D,O water D,O water
q)O,goly 0.62 0.63 0.61 0.64 0.47 0.49 0.31 0.31 0.35 0.35
h (A) 431 452 141 149 467 479 211 211 265 265
a 3.19 3.16 3.29 3.29 2.15 2.17 6.07 6.07 8.83 8.83
Phulk 5.73 0.01 6.04 0.09 6.26 0.00 5.79 0.30 5.54 0.00
(1076 A-2)?
Dsolvent 5.84 0.01 6.36 0.64 6.36 0.00 6.36 -0.27 6.36 0.00
(10° A-2)°
Ppolymer 0.89 1.25 1.01 1.54 0.85 1.23 1.40 1.40 0.46 0.46
(1070 A-2)° 8 8
Tpolyisolvent 35 36 25 35 46 37 47 47 50 50
(A)
X 0.67 0.35 0.20 0.20 0.15 0.03 0.22 0.01 0.63 0.11
6 0 4 3 6 9 3 7 6 8
(f,poly 0.39 L 0.37 0.29 0.16 0.15
N, ko 49 B 54 30.4 16.5 73.6
or
NW.PC
Fg ads. 8+5 10+5 7+3 99+11 62+23
(ng/cm?)?

*SLD of bulk solvent.
"SLD of solvent penetrated into polymer layer.
“SLD of polymer layer.

dFibrinogen adsorption from 1 mg/mL TBS buffer (mean+SD, n=6) (Ref. 25).
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different chain densities, it is again observed that @ ,;, and
h decreased with decreasing graft density. The thickness of
the wet M-30-200 layer is about 470 A, implying that the
poly(MPC) chains are highly extended in water.

For all samples examined, the interface between the poly-
mer chains and water was very rough with oyq1y/501venc TANE-
ing between 25 and 50 A; there are two possible reasons: (1)
the polydispersity of the chains and (2) local motions (fluc-
tuations) of the chain ends, a phenomenon previously ob-
served in monodisperse polymer systems.28’43’44

It is difficult to compare quantitatively the swelling be-
havior of poly(OEGMA) and poly(MPC) brushes in water
because the polymer chains have different MW distributions
and the graft densities of the two are not exactly the same.
However, it appears that both poly(OEGMA) and
poly(MPC) chains swell significantly in water, indicating
strong interactions of these polymers with water. Since the
differences in wet thickness at high o (0-39-200, M-30-200)
and low o (0-07-200, M-10-200) are not significant, it ap-
pears that swelling behavior is similar.

C. Hydration effects

To further investigate the role of water in preventing pro-
tein adsorption to the tethered polymer layers, we calculated

the average volume fractions of the polymer chains (CI_Dpoly) in
the layers in contact with D,O and null-SLD water (Table
IV). The average numbers of water molecules per EO unit
(N, o) or per PC residue (N,, pc) were then estimated based

on the value of (I_Jpoly and on the assumption that water does
not interact significantly with the hydrophobic regions of the
polymers. At high graft density (0-39-200 and O-39-60),
N, o was found to be ~5, increasing to 16.5 at low graft
density (O-07-200). For the poly(MPC) surfaces, N,, pc had a
value of 30.4 at high density (M-30-200) and 73.6 at low
density (M-10-200).

It should be noted that N,, g5 and N,, pc are, respectively,
the ratios of the total number of water molecules to the total
number of EO and PC units in the polymer layers. The N,, go
and N, pc values include water of hydration and bulk (free)
water, in amounts that depend on the graft density. The water
in the hydration layers is different from that in the bulk with
respect to structure and properties. For example, it has been
reported that, in general, the motion of water of hydration is
much slower than that of free water.” In an attempt to cor-
relate Ny, go and N, pc to protein adsorption behavior, the
values were compared with the number of water molecules
in the hydration layers of the EO and PC residues, i.e.,
N, go, and N,/ pc respectively.

Both simulation and experimental data indicate that the
number of water molecules in the hydration layer per EO
unit of PEO, viz., N,,r go, is ~2.55%In the hydration layers
surrounding PEO chains in dilute and semidilute solutions,
water molecules may exist in a variety of states: hydrogen
bonded to PEO (the first hydration layer), “indirectly”
bonded as in the second hydration shell, and “quasifree.” In
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concentrated PEO solutions, where the volume fraction of
PEO is greater than 0.55, the hydration layer contains only
water molecules hydrogen bonded to PEO.”

In this work, N,, go was estimated to be of the order of 5
at high graft density, in good agreement with two recent NR
experiments on PEO monolayers. Fick et al’’ reported a
volume fraction of 0.68 for water in a PEO-terminated self-
assembled  monolayer (SAM) of graft density
0.6 chains/nm? and PEO MW 2000 Da, resulting in N, ko
=5.4. Unsworth ef al.'® investigated the swelling behavior of
a PEO layer chemisorbed on gold of graft density
0.99 chains/nm? and MW 750 Da. The water volume frac-
tion in this system was found to be 0.61, corresponding to
N,, g0=3.8. Both of these PEO-SAMs were strongly protein
resistant. The 0-39-60 and O-39-200 layers reported in the
present work have also been shown to be strongly protein
resistant”, with fibrinogen adsorption from a 1 mg/ml solu-
tion in buffer <10 ng/cm?, a reduction of greater than 98%
compared to the unmodified surfaces.

Unsworth ef al.'® also investigated a PEO layer of MW
750 Da and graft density 1.32 chains/nm”. Protein adsorp-
tion on this surface was much greater than on the surface of
graft density 0.99 chains/nm?. The water volume fraction for
the layer of higher graft density was found by NR to be 0.43
and N, go was 1.8, i.e., lower than the value of 2.5 for
N, po, indicating that there was no free water associated
with the PEO chains.

For the O-07-200 layer, where the graft density of poly-

(OEGMA) was 0.07 chains/nm?, <I_)p01y was found to have a
value of 0.16, resulting in N,, go=16.5, suggesting an abun-
dance of free water in the layer. On this surface, fibrinogen
adsorption from a 1 mg/ml buffer solution was shown to be
~100 ng/cmz, i.e., much greater than on the 0O-39-200
surface.” From the results of this work (and that of others as
mentioned), it appears that the value of N, g is a good in-
dicator of the state of water in the grafted PEO layers. For
N, go>N, go (~2.5), the hydration layer includes hydro-
gen bonded water and bulk water. The bulk water presum-
ably increases the mobility of the PEO chains, thus contrib-
uting to protein resistance. For N, go> N, go, there is an
abundance of bulk water in the layers. Protein adsorption is
then greater, presumably due to the low coverage of PEO.
For N,, go <N, o, the water content is low, thus increasing
the surface hydrophobicity; also the molecules in the hydra-
tion layer are presumably tightly bound to the PEO, thus
reducing chain mobility. Both of these effects would tend to
give surfaces of relatively high protein adsorption.18
Phosphatidyl choline monolayers and bilayers exhibit dif-
ferent phase behaviors depending on their packing density,
water content, film pressure, and temperature.58 The hydra-
tion number of a PC group (N, pc) varies from 4 in the solid
(S) phase to 25 in the fluid (1) phase.59 For poly(MPC)
brushes in water, since their PC groups are present on the
sidechains and are disordered compared to the PC groups in
monolayers and bilayers of phospholipids, hydration behav-
ior is much closer to that in the fluid phase. Based on pre-
dictions by Pandit and co-workers®™®! a dipalmitoylphos-
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phatidylcholine (DPPC) bilayer in the fluid phase has several
hydration layers, e.g., water (N=6.6) which penetrates into
the PC headgroup, water (N=6.0) in the primary hydration
layer, and water (N=13.0) in the secondary hydration layer,
giving N, pc of 25.6. These values are in excellent agree-
ment with calorimetric measurements by Ruocco and
Shipley,62 who found 23 water molecules/lipid residue in a
DPPC bilayer, 12 of which were bound to the PC headgroup
and 11 were trapped within the bilayer. For a monolayer of
DPPC in the fluid phase,59 it was found by NR that N,/ p¢ is
22+2, which again compares favorably with N,/ pc of 25.6
predicted by Pandit et al®' and of 23 by Ruocco and
Shipley.(’2 In another NR study of n-dodecyl phosphorylcho-
line (C,,PC) monolayers, Yaseen et al.”* reported that N, pc
increased from ~15to ~25 when the graft density de-
creased from 2.0 to 1.3 chains/nm?. Moreover, a value of
N, pc=28+5 was calculated from differential scanning
calorimetry measurements based on the equilibrium water
content in MPC block copolymers.22 Based on the available
evidence, it appears that the hydration behavior of a PC
headgroup is similar in bilayers, monolayers, and MPC poly-
mers.

For M-30-200, N,, pc was estimated to be 30.4, in agree-
ment with the value of N, pc reported for MPC block co-
polymers.  For  M-10-200, with  graft  density
0.10 chains/nm?, N,, pc was found to be 73.6, suggesting an
abundance of free water. For this surface, fibrinogen adsorp-
tion from a 1 mg/ml solution was 62+23 ng/cm?, a value
much greater than the 7+3 ng/cm? found for the M-30-200
surface.” Considering the estimated N, pc values and the
protein adsorption behavior, it is concluded that the
poly(MPC)-grafted surfaces are protein resistant when
N, pc~N,, pc (~25). For both graft types it thus appears
that the water barrier effect is due mainly to the water of
hydration.

IV. CONCLUSIONS

Investigation of the structures of grafted poly(OEGMA)
and poly(MPC) layers on Si substrates (dry and wet state)
using neutron reflectometry is reported. For the dry surfaces,
estimates of thickness and roughness from neutron reflecto-
metry data are consistent with ellipsometry and AFM data,
respectively. In the wet state, the best-fit NR data for the
surfaces in D,O and null-SLD water are in agreement. The
parabolic model, with a stretched exponent, adequately de-
scribes the polymer fraction in the layer as a function of
distance from the surface for both high and low graft densi-
ties. From estimates of the average number of water mol-
ecules (N,,) per EO or PC moiety, it appears that the “water
barrier” to protein adsorption is provided mainly by water in
the bound state.
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