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Immobilizing a protein, that is fully compatible with the patient, on
the surface of a biomedical device should make it possible to avoid
adverse responses such as inflammation, rejection, or excessive
fibrosis. A surface that strongly binds and does not denature the
compatible protein is required. Hydrophilic surfaces do not induce
denaturation of immobilized protein but exhibit a low binding
affinity for protein. Here, we describe an energetic ion-assisted
plasma process that can make any surface hydrophilic and at the
same time enable it to covalently immobilize functional biological
molecules. We show that the modification creates free radicals that
migrate to the surface from a reservoir beneath. When they reach
the surface, the radicals form covalent bonds with biomolecules.
The kinetics and number densities of protein molecules in solution
and free radicals in the reservoir control the time required to form
a full protein monolayer that is covalently bound. The shelf life of
the covalent binding capability is governed by the initial density
of free radicals and the depth of the reservoir. We show that
the high reactivity of the radicals renders the binding universal
across all biological macromolecules. Because the free radical reser-
voir can be created on any solid material, this approach can be used
in medical applications ranging from cardiovascular stents to heart-
lung machines.
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U nfavorable responses to biomedical devices necessitate inter-
vention, prolong recovery after surgery, and often require
the surgical removal or “revision” of implanted devices. Unfavor-
able responses include: inflammation; encapsulation in a thick
layer of fibrotic tissue, known as the foreign-body response; and
infection in the form of a colony of adherent bacterial cells or
biofilm. The cost of intervention and prolonged recovery, includ-
ing direct cost and that associated with further medical compli-
cations, is so high that any advances that reduce unfavorable re-
sponses are of great importance.

Exposed surfaces of medical devices that come into contact
with body fluids typically promote nonspecific binding of mole-
cules (mainly proteins) that results in a range of complications,
such as the induction of clots and the activation of cellular
immune responses. An inflammatory response, characterized by
increases in the expression of at least ten leukocyte cluster of dif-
ferentiation antigens (1), has been observed during cardiopul-
monary bypass using heart-lung machines in patients undergoing
heart transplantation. Attempts have been made to minimize
these inflammatory responses to the surfaces that exchange the
blood gases by cloaking them with proteins such as human plas-
ma-derived albumin. These attempts have been largely unsuc-
cessful (2), presumably because the albumin failed to bind to the
surface during exposure to blood flow or was denatured.

Foreign-body responses to implantable devices result from the
host’s identification of the implanted material as foreign. When
attempts fail to break down and eliminate the material, a thick
layer of fibrous scar tissue is formed around the implant to isolate
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it from the body. Such a layer of tissue may limit the effectiveness
of the device, requiring its removal (3). For example, thick fibrous
tissue at the electrodes of an implant used to stimulate neurons
increases electrical impedance, resulting in prohibitive power
consumption. Similarly, the formation of a fibrocellular coating
inside a stent will reduce the flow rate through a coronary artery.

Serious infection results when invading bacteria or fungi attach
to an implant surface and form a biofilm (4). The biofilm consists
of the adherent cells embedded and proliferating in a self-synthe-
sized extracellular matrix. Bacterial cells in a biofilm are often
resistant to treatment with conventional antibiotics, so that in
most instances the device must be surgically removed (5).

Inflammation of coronary vessel walls is the primary cause of
coronary artery disease and involves increased extracellular pro-
tein (fibrin) deposits (6) and elevated monocytes, macrophages,
and neutrophils, as well as platelet infiltration (7). There is strong
evidence that bare stents, used to treat the condition, produce
increased inflammation (7). A surface coating for stents that
enables a covalent (nonreleasing) attachment of a patient’s own
native plasma protein would be a valuable method of reducing
the inflammatory potential of stents.

A surface that covalently binds but does not denature protein
could effectively mask the original implant surface, preventing its
recognition as foreign. Hydrophilic surfaces are well known to
preserve the native conformations of proteins (8) by stabilizing
polar amino acid side chains on the exterior of the molecule.
However, hydrophilic surfaces typically do not retain adsorbed
protein molecules (9). In fact, highly hydrophilic surfaces such
as poly(ethylene glycol) are known for their protein-repellent
properties (10). We achieve immobilization on a hydrophilic sur-
face by creating radicals that form covalent bonds with amino side
chains.

Free radicals have been implicated in aging (11) and in many
diseases arising from the malfunctioning of proteins (12). How-
ever, we present evidence that shows that they can be used to
immobilize proteins onto hydrophilic surfaces directly from a
solution while retaining their function. An effective method of
creating buried radicals is to treat an organic polymer with ener-
getic ions (13, 14). After treatment with energetic ions, either
postformation or during their deposition, these surfaces strongly
immobilize proteins (15-29) and provide a means of cloaking
biomaterial surfaces. What is required is a means of controlling
the density of radicals to bind a full protein monolayer that is
not compromised by excessive numbers of covalent bonds, while
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giving sufficient shelf life of the binding property for practical ap-
plications. Here, we develop a deep, quantitative understanding
of how free radicals, embedded in a reservoir below the surface,
interact with protein molecules to control the number of covalent
bonds per molecule and the shelf life of the covalent immobili-
zation capability. We demonstrate a hydrophilic surface that can
be applied with robust adhesion to any implant and is capable
of covalent immobilization of functional biological molecules
directly from solution.

Results and Discussion

We first demonstrate a covalent immobilization capability that
retains protein conformation on plasma-treated hydrophilic sur-
faces. Fig. 1 shows that there is no loss of protein from ion-treated
polymer surfaces after washing with sodium dodecyl sulphate
(SDS), a detergent capable of disrupting noncovalent interac-
tions. Fig. 14 shows this using protein amide peak absorbances
in the infrared, and Fig. 1B shows it using an enzyme-linked
immunosorbent assay (ELISA) to detect the presence of the pro-
tein. This technique is well-established in the literature as a meth-
od for testing for the covalency of macromolecular attachment
and has been reviewed (15). SDS is an ionic surfactant that
unfolds proteins and disrupts the forces responsible for physi-
sorption, while leaving the covalent bonds intact. The complete
removal of physisorbed protein from a more hydrophobic control
is used to ensure that steric hindrance does not prevent SDS
from accessing all physisorption sites. Further discussion and
references are given in Supporting Information. Fig. 1C shows a
characteristic curve describing the resistance to elution by the
SDS washing protocol used by Kiaei et al. (9) to remove albumin
from a range of untreated polymers and plasma polymer surfaces.
A clear trend (shown by the curve) with surface energy is appar-
ent, with the strongest adsorption on the most hydrophobic
(lowest energy) surfaces. Note that the room temperature SDS
protocol employed by Kiaei et al. does not remove all of the
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physisorbed protein. Data from our plasma immersion ion im-
plantation (PIII)-treated polymers (red squares) and untreated
polymers (blue diamonds), where we employ a range of washing
protocols (see Fig. S1 and Table S1), is also shown. Aggressive
SDS protocols at 70-90 C completely elute protein from very hy-
drophobic surfaces such as polytetrafluor ethylene (PTFE). Our
PIII-treated surfaces typically show 50-100% protein retention
despite being hydrophilic. This indicates that physisorption can-
not be responsible for the robust protein attachment observed on
the ion-implanted surfaces and that a covalent linkage is formed.
The ability to covalently immobilize onto a hydrophilic surface is
a key advance that allows the retention of protein conformation
(Fig. 1D) and bioactivity (Fig. 1E). The potential for cloaking of a
biomaterial surface is demonstrated by the full coverage (Fig. 1F)
of the ion-treated surface by protein. Ellipsometry analysis gave
the thickness of the protein layer to be 9 nm, consistent with a
monolayer of horseradish peroxidase (HRP). The refractive in-
dex was around 1.5 showing a normal dispersion with wavelength.
This value agrees with refractive indices reported for proteins,
which vary from 1.4 to 1.6. The thickness of the protein layer
on the untreated surface was 8 nm, confirmed by both ellipsome-
try and atomic force microscopy (AFM), and the coverage of the
protein on the surface was around 25-30%.

In order to show that cloaking in native protein could be ex-
pected to prevent an adverse response in vivo, we have performed
a study using whole human blood under flow conditions that
simulate circulation in arteries. The result is dramatically reduced
thrombosis compared to stainless steel surfaces, a material com-
monly used in stents (Fig. 2C). Fig. 2 shows that platelets adhere
to both the ion-treated plasma polymer film and to the bare
stainless steel when incubated in the absence of blood plasma
proteins (Fig. 24) but that when the plasma proteins are present,
the treated surface recruits a layer of protein from the blood that
prevents the attachment of platelets while the adsorbed protein
on the untreated surface initiates the formation of fibrinogen

B Fig. 1. Attributes of protein immobilized on polymeric surfaces
treated by energetic ions. (A) Infrared (ATR-FTIR) spectra of HRP
enzyme immobilized on PMMA modified by nitrogen ions acceler-
ated by a 20-kV bias at a fluence of 5 x 10" ions/cm? (PMMA back-
ground subtracted). Protein attached during incubation on the
ion-treated surface (black solid spectrum, upward shifted to
top) is retained after SDS washing (black dotted spectrum, upward
shifted to second position) [2% SDS solution, 50 °C for 1 h]. Protein
attached during incubation on the untreated surface (red solid
spectrum, unshifted at third position) is completely removed after
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The white bars indicate the assay background signal without tro-
poelastin in solution. (C) Percent of protein retained after SDS
washing (various solution strengths and temperatures) as a func-
tion of surface energy for various polymeric surfaces. Data is taken
14 from Kiaei et al (9) (triangles) and this work (squares and dia-
10 monds). Points (squares and one triangle) lying above and to
the right of the trend curve typical for physically adsorbed protein
show exceptional protein retention given the hydrophilic nature
of these surfaces. Untreated controls washed with various SDS
protocols are shown as diamonds. (D) Conformation, as deter-
mined by the relative content of p-turns, a-helices, random coils,
and B-sheets in the IR amide peak signal of surface-attached HRP,
is closer to native on Plll-treated polystyrene than when adsorbed
onto untreated polystyrene. (E) Amount (FTIR, solid symbols) and
activity (TMB assay, open symbols) of HRP protein are both higher
on Plll-treated than on untreated UHMWPE at all times of storage
in buffer. (F) AFM images of HRP protein layers on polystyrene
films spun onto silicon. The coverage of protein is incomplete
on the untreated surface (Upper) and forms a densely packed
monolayer on the nitrogen Plll-treated (2.5x 10" ions/cm? at
20-keV bias) surface (Lower).
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Fig. 2. Comparison of hemocompatibility of ion-treated plasma polymers
with bare stainless steel as used in stents. Scale bars, 20 pm. (A) Isolated pla-
telets in buffer adhere to both surfaces. (B) The presence of protein in plate-
let-rich plasma prevents platelets adhering to the surface of the ion-treated
plasma polymer while fibrinogen fibrils and platelets adhere to the stainless
steel surface. (C) Acute thrombogenicity was measured under physiological
flow conditions (80 mL/ min at 37 °C) in a modified Chandler loop. Thrombi
formed in the presence of stainless steel strips (8 mm wide) after 30 minutes
of flow, however, no thrombi formed in the presence of the ion-treated plas-
ma polymer coated surfaces. (D) ATR-FTIR shows that protein from whole
blood is covalently bound to the ion-treated polymer surface and not to
the stainless steel. Protein attached during flow on the ion-treated plasma
polymer surface (black solid spectrum, upward shifted to top) is retained
after SDS washing (black dotted spectrum, upward shifted to second posi-
tion) [2% SDS solution, 70 °C for 1 h, then 100 °C for 1 h]. Protein attached
during flow on the stainless steel (red solid spectrum, upward to third posi-
tion) is completely removed after SDS washing (red dotted spectrum, un-
shifted bottom). The sharp peaks in the top two spectra are due to
characteristic vibrations of the ion-treated plasma polymer, which partially
mask the amide Il protein peak. Amide | is clearly visible in all spectra.

fibrils and the attachment of platelets, representing the initial
stages of clot formation. Attenuated total reflection (ATR)-FTIR
analysis (Fig. 2D) after SDS washing shows adsorbed protein is
covalently attached to the ion-treated plasma polymer surface
and only physically adsorbed on the bare stainless steel.

We now explore the mechanism for the recruitment of a full
monolayer of conformationally stable protein on the ion-treated
surfaces and demonstrate that our process creates free radicals,
which react with the environment at the surface. Free radicals
have an unpaired electron and therefore an associated electron
spin. The electron spin density created by our ion treatment is
quantified using electron spin resonance (ESR; Fig. 3). High con-
centrations of unpaired electrons in both ion-implanted (Fig. 34)
and plasma-deposited polymers (Fig. 3B) are measured for per-
iods of many months after the ion treatment. Long-lived free
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Fig. 3. (A) ESR signal from Plll-treated PTFE showing the presence of free
radicals. The red curve (largest amplitude) gives the signal for a freshly trea-
ted sample (20 min after treatment), the blue curve shows the signal after
28 mo of laboratory storage, and the black curve (smallest amplitude) is
obtained from an untreated control sample. (B) ESR intensity as a function
of pulse bias voltage applied during plasma polymer deposition. Measure-
ments were taken 4 d after deposition (red circles) and 8 weeks after deposi-
tion both before (blue squares) and after (black triangles) reactivation by
annealing. (C) Surface energy, normalized carbonyl group (C=0) absorbance
from ATR-FTIR spectra of Plll-treated LDPE (nitrogen at 20 keV) and ESR in-
tensity of free radicals (R*) as a function of storage time. The surface energy
decreases rapidly in the first few hours as free radicals are quenched at the
surface by oxidation resulting in the appearance of oxygen-containing
groups. Over longer time scales the oxygen group concentration reaches a
plateau, and the surface energy stabilizes at a value much greater than that
of the hydrophobic untreated LDPE surface. (D) Integrated ESR signal data
(R* taken from C) and plotted on a logarithmic time axis to show more clearly
the decay of free radicals in the treated LDPE sample. The curves are fits of
Eg. 1 (blue curve) and to the same equation with an additive constant
(432,000 + 100,000 counts) to represent a residual density of free radicals
remaining at long times (red curve, smaller curvature).

radicals have previously been reported for irradiated polymers
(30). Fig. 3C shows that surface energy and C=0 IR adsorption
bands are correlated with the changes in spin density. The con-
centration of C=0 groups on the surface increases during expo-
sure to atmosphere because of reactions with surface radicals
(31). The surface energy measured at the first time point is sig-
nificantly higher than that of an untreated surface and then
progressively decreases as the radicals decay by recombination in
the bulk and by reactions with the environment at the surface.
A quantitative understanding of the interaction of the free
radicals with surface-contacting protein molecules is needed to
give the control required to form implant surfaces cloaked in
patient compatible proteins. Universality of protein attachment
is a key requirement and is satisfied by the high reactivity of free
radicals with amino acid residues (see Supporting Information).
We now propose and confirm a model in which the covalent
binding takes place via a reaction between an amino acid residue
on the protein and a free radical on the ion-treated polymer
surface that is created by the diffusion to the surface of an un-
paired electron from a reservoir below the surface. This reservoir
of unpaired electrons is created by the ion treatment. The num-
ber of unpaired electrons in the reservoir decreases with time as
they migrate internally and to the surface and are quenched
either in the bulk or by surface reactions with the environment.
We use kinetic theory to derive (see Supporting Information) a
quantitative description of the time evolution of unpaired elec-
tron (radical) number density, n,(¢) in a reservoir of depth A:
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The mean velocity of the unpaired electrons in the reservoir
is 7, S is the quenching probability upon reaching the surface,
and A is the area of the surface. Eq. 1 does not include recom-
bination in the bulk, which is shown to be insignificant compared
to passivation at the surface in Supporting Information.

Eq. 1 describes an exponential decay with time constant 7 = %
and initial radical density of n,. Fig. 3D shows that Eq. 1 gives a
good fit to the decay of free radicals as measured by ESR for PIII-
treated low-density polyethylene (LDPE). The PIII treatment
was carried out in nitrogen plasma with pulsed bias of 20 kV.
The curves show fits of Eq. 1 (R?> =0.96; 7 =9 + 1 d—blue
curve) and of the same equation with an additive constant to re-
present a residual density of free radicals that remains at long
times (R* =0.98; ¢ = 4 4+ 1 d—red curve). The dependence of
the radical decay time constant,z, on the depth, 4, of the reservoir
shows that deep reservoirs retain the ability to covalently couple
protein molecules to the surface for longer periods of time. When
the reservoir is created in an already formed polymer, the reser-
voir depth /& depends on the ion energy used for implantation and
the type of ion used, whereas when the reservoir is a polymer de-
posited from a plasma containing monomeric precursors during
ion bombardment, the depth £ is the thickness of the deposited
layer. We have observed high levels of covalent immobilization
after more than a year of shelf storage.

The covalent attachment process in which radicals diffuse to
the surface and form covalent bonds with physisorbed proteins
is illustrated schematically in the inset of Fig. 44. The first step
is the physisorption of a protein on the surface, and the second
step is the formation of a covalent bond between a protein resi-
due and a radical group. There are two more relevant time con-
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Fig. 4. Testing the predictions of the radical model against ELISA immobi-
lization data. The model is illustrated schematically in the Inset. (A) The
dependence of tropoelastin coverage on incubation time for Plll-treated
PTFE. The lines show the fits of Egs. 2 and 3 to the amounts adsorbed
and covalently immobilized. (B) The time constant for covalent immobiliza-
tion increases with sample age. (C) Tropoelastin physisorbed (open circles)
and covalently bound (closed circles) to polystyrene treated for 10 s in
nitrogen (2 mtorr) plasma discharges created at various rf plasma powers
as indicated. The red line shows the fit of Eq. 4 with fitting parameter
D =0.0034 + 10%. (D) Tropoelastin covalent binding to acetylene plasma-
deposited layers of varying thickness on stainless steel sheet. The data are
plotted against the independent variable time since deposition divided by
layer thickness. The data, taken from two assays, is normalized to the average
amount adsorbed. The red line shows the fit to Eq. 5 with fitted parameters
B =10.065+0.019 d/nm and C =976 + 391 s.
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stants, one for the diffusion of proteins in solution to the surface,
71, and the second for the diffusion of the unpaired electrons
from the reservoir to the surface, 7,. The kinetic theory descrip-
tion of these two processes (see Supporting Information) leads to
two coupled differential equations that are solved (see Supporting
Information) to yield the following quantitative descriptions of
the physisorption and covalent immobilization processes:

Np = vasites(1 —e/n ) [2]
and

N¢ :FNpsiles(l -

e_t/'[l e_[/TZ
ne 72_), [31

(2% Ty — 1T

where N,, is the number of physisorbed protein molecules per unit
area and N, is the number of covalently immobilized protein
molecules per unit area. The time constant 7; depends linearly
on the number density and diffusion coefficient of the molecules
in solution, on the sticking coefficient of physisorbed molecules
on the surface, and on the number of sites available for physisorp-
tion per unit area (see Eq. S9). The time constant 7, depends
linearly on the number density of unpaired electrons, on the
diffusion coefficient of the unpaired electrons in the modified
region of the polymer, and on the number of sites available for
covalent immobilization per unit area (see Eq. S10). This number
is FN pgites, Where Npgies is the number of sites available for phy-
sisorption per unit area and F is the fraction of physisorption sites
that is accessible to radicals diffusing from the interior reservoir.

Experiments were conducted to test the predictions of the
model. We treated PTFE films with a PIII process. Voltage pulses
of 20 kV were applied to a mesh over the films for 20 ps at a
frequency of 50 Hz to provide the energetic ion bombardment
from a nitrogen plasma. To examine protein adsorption, the sam-
ples were incubated in a 20 pg/mL solution of the extracellular
matrix protein, tropoelastin, for a range of times. After removal
from solution, they were washed in fresh buffer, and the amount
of adsorbed tropoelastin was assayed using ELISA. Eq. 2 gives
a good fit to the dependence of optical density obtained from
ELISA (proportional to the amount of immobilized protein) on
incubation time as shown in Fig. 44. This gives a value of the
adsorption time constant 7; of 4.3 £ 1.2 min. The value is con-
sistent with adsorption from a 500 pg/mL tropoelastin solution
as measured in Yin et al. (figure 4 of ref. 20), who found a time
constant 25 times shorter, as predicted by Eq. S9.

In parallel, a group of samples was subjected to rigorous SDS
washing prior to ELISA detection of the tropoelastin to quantify
the proportion of the protein covalently bonded at each stage.
Because the protein detected in this case is covalently immobi-
lized, it would be expected to show the time dependence pre-
dicted by Eq. 3. A fit of this data by Eq. 3 is shown in Fig. 44.
The parameters determined in the physisorption experiments
(Npsites and 7,) were used in the fit of Eq. 3 with F = 1, leaving
only one free parameter, the time constant for covalent binding
7,, which was found to be 35 + 9 min. All fitting parameters are
shown in Table 1. The shape of the experimental curve for cova-
lent attachment is distinctly different from that for physisorption,
especially in its behavior at short incubation times, and is well

Table 1. Results of model fitting to data for binding of
tropoelastin to PTFE

Fitting

equation Nipsites *, m~2 79, S 75, S 7 R?
Eq. 2 1.48 + 0.07 258 + 74 not applicable 0.01666 0.94358
Eq. 3 1.48 258 2,122 + 564 0.00478 0.98568

*Npsites has units of (area)~ and is scaled according to the optical density of
the ELISA for the purposes of fitting the ELISA data.
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reproduced by the model. The presence of two different time
constants in the binding process, one for physisorption and one
for radical diffusion and covalent binding, is confirmed.

To test the predicted dependence of the covalent binding cap-
ability on sample age due to the reduction in the number density
of free radicals in the reservoir over time, we compare in Fig. 4B
the dependence of the amount of protein covalently attached on
incubation time for new and aged (448 d) PIlI-treated PTFE
films. The time constant, 7z, , for free radical binding found by
fitting Eqgs. 2 and 3 to the data for the old sample was 3 £ 1 d,
two orders of magnitude greater than for the new sample (ap-
proximately 30 min, as found above) a result consistent with the
ESR-determined decay constant for radicals (see discussion after
Eq. S10).

In Fig. 4C we test for the effect of changing the initial number
density of free radicals in the reservoir, and in Fig. 4D we test for
the effect of the depth of the reservoir, on the amount of protein
covalently bound. This is achieved by plasma treating polymer
surfaces at a range of plasma powers (Fig. 4C) to vary the density
of free radicals and depositing plasma polymer layers containing
a constant density of radicals to a range of thicknesses (Fig. 4D).
Fig. 4C shows that the amount of protein covalently bound after
1 h of incubation in 10 pg/mL tropoelastin solution increases
with the power used in the plasma treatment. In this case, the
polymer was polystyrene, and it was treated for 10 s in a 2-mtorr
(0.27-Pa) nitrogen plasma at rf powers of 20, 40, 60, 80, and
100 W. Increasing the power is expected to increase the plasma
density and thus the density of unpaired electrons created below
the surface of the treated polymer. Making the assumption that
the relationship between the power and unpaired electron density
is linear (14) (i.e. n, = Kp, where p is the power and K is a con-
stant), the expected dependence of the amount of covalently
bound protein N, (from Egs. S8 and S10) is given by

N¢ Dp(l —e"/fl) 4 e~ Dp/m) _q

= ; [4]
FNpsites DP -1

where p is power and 7, is a constant for this experiment. D = ;—J‘)
is also constant as 7, is proportional to 1/p (see Eq. S10). The fit
(R? = 0.9) shown in Fig. 3C is that produced by Eq. 4 withz = 1 h
(the incubation time in protein solution) and 7; = 8 min (ad-
justed for 10 pg/mL protein solution). The fitted value of D gives
7, =24 £ 8 min at the highest power of 100 W, similar to that
observed for fresh PIII-treated polymers above, implying a simi-
lar number density of free radicals. For the lowest free radical
density at 20 W, the time constant (7, = 118 £ 41 min) is signif-
icantly longer, as would be expected, because of the reduced
number density. The quality of the fit achieved with D as the only
fitted parameter verifies the model.

We now test the prediction of the model for the dependence
of 7, on the thickness 4 and the time of storage after treatment
and prior to incubation with protein, #,. The model predicts the
following from Eqgs. S4 and S10 (see Eq. S11) :

N, (7, — Tle—t/r,) 4 Wi/l‘?h) (e—texp(—tx/Bh)/C _ ])
= = . 151

FNpsites - exp(—t,/Bh)

Fig. 4D shows the amount of tropoelastin covalently attached as a
function of ¢, /h for fixed incubation time, = 1 hand r; = 8 min
(adsorption time constant expected for a 10 ug/mL tropoelastin
solution). Eq. 5 is fitted (R* = 0.88) to the data with independent
variable ¢, /h. The fitted values of B and C give 7, = 20 £+ 14 min
at the lowest value of ¢, /h, which is close to that observed for fresh
PIII-treated polymers. For the highest value of ¢, /A, the covalent
binding time (r, = 5.3 £ 3.7 d) is higher as predicted.
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These results enable fundamental properties of unpaired elec-
trons in the reservoir to be estimated and checked for consistency
with known data. A value of 7, of (7 £ 2) X 10713 m/s is obtained
from B assuming that S, is unity. The fitted values of B and C give
ny through the relation ny = BFN s /C, which can be derived
from the definitions of B and C below Eq. S11. Assuming that all
physisorption sites are available for covalent binding (F = 1) and
that the number of physisorption sites can be estimated by assum-
ing close packing of protein molecules of 10-nm diameter, we find
that the free radical density immediately after treatement is
predicted to be ny = 6 x 10> m™3. This value is consistent with
measured values of n, determined by ESR of 5 x 10 m~3 in our
plasma polymer 1 d after deposition and of 2.7 x 10*6 m~3 in a
similar amorphous carbon material deposited from a plasma (14).
An upper limit for n, is given by the case of 1 spin per carbon
atom, which would give approximately 1 x 10> m~3. All the para-
meters determined from the model are therefore self consistent
and consistent with known values.

The model explains in a natural way what happens when the
connectivity of the polymer is changed so that there are regions
in which unpaired electrons are mobile and regions where they
are not. Carbon-based systems containing extended states, such
as 7 conjugated carbon structures, have mobile unpaired elec-
trons that can move freely throughout the conjugated region
and can hop across small gaps between the regions (32). The in-
clusion of elements that discourage the z conjugation reduces the
mobility of the unpaired electrons. This is observed in plasma
polymer samples with added hydrogen, oxygen, or stainless steel
inclusions (see Fig. S2). In all cases, the covalent binding capabil-
ity is dramatically reduced.

Some polymers, such as polydimethylsiloxane (PDMS) and
Elast-Eon (a PDMS-polyurethane copolymer), which have high
concentrations of silicon, show no and reduced covalent binding,
respectively. The reduced covalent binding correlates with the
reduced concentration of mobile unpaired electrons on carbon
sites. In PDMS, the unpaired electrons are principally on Si-O
or Si sites and are distinguished from those on carbon sites by
a different g value of the electron spin (see Fig. S3). The unpaired
electrons on Si or Si-O are immobile and do not facilitate cova-
lent binding at the surface. In Elast-Eon there are both immobile
and mobile spins. PIII treatment up to a critical fluence increases
the density of mobile spins and then decreases it again as carbon
is selectively etched from the structure and immobile spins asso-
ciated with silicon become dominant. The covalent bonding cap-
ability reaches a maximum and then declines with further
treatment (see Fig. S4).

We have shown that ion treatments create layers containing
unpaired electrons that provide a universal protein binding plat-
form, given sufficient electron mobility within the layer. The free
radicals can covalently link a wide range of amino acid residues
(see Table S2), showing that this technique of covalent immobi-
lization is universal with respect to biomolecules. Because these
layers can be created on any material, they are universal in that
sense also and are versatile interfaces for covalent coupling of
functional biomolecules without the need for specific linker
chemistry. The role of free radicals is underlined by the high re-
activity immediately after treatment (Fig. SS) and the action of
radical blockers (Fig. S6 and Table S3).

We have developed a quantitative understanding of how the
unpaired electrons are effective in covalent surface immobiliza-
tion of protein molecules from solution. The dependences of the
rate of covalent immobilization on the age of the sample and the
density of free radicals show that the irreversible protein immo-
bilization observed is associated with the free radicals. The de-
pendence of the rate of covalent immobilization on the depth
of the free radical reservoir and the connectivity of subsurface
structures in which electrons are mobile, such as regions of z
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conjugated carbon, show that the unpaired electrons come from
the bulk and diffuse to the surface.

There is a need for such surfaces in biomimetic surface coat-
ings for medical implants (33, 34), environmental biosensors (35),
and antibody arrays for early and precise disease diagnosis (36),
all of which require functional (33, 37) immobilized proteins. The
capability of immobilizing the whole range of proteins expressed
in a cell would enable “reverse phase” microarrays (38) to moni-
tor disease progression through changes in protein expression.
“Cloaking” a prosthetic implant with a conformal coverage of
selected bioactive proteins or peptide segments could be used to
elicit an optimal local host response such as adherence of a target
cell type (28, 33, 39, 40). Used on implantable biomedical devices,
such cloaked surfaces would make truly biomimetic implants that
elicit optimum local cellular responses by means of a covalently
immobilized functional protein layer derived from the patient’s
protein present at the site of the implant.

Materials and Methods

Polymer sheets were from Goodfellow, and protein, polyamino acids, block-
ers, and reagents were from Sigma Aldrich. Plll was carried out at 20 kV in rf
plasma. Plasma polymers were deposited from rf plasma containing hydro-
carbon precursors. ESR spectra were recorded on a Bruker Elexsys E500 EPR
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spectrometer; contact angles were measured using Kruss DS10. FTIR spectra
were recorded using a Digilab FTS7000 fitted with Harrick Ge ATR. AFM
images were acquired in tapping mode using a PicoSPM with WSxM software
(Nanotec Electronica). Ellipsometry was used to determine spun polymer and
protein thickness and optical constants (M2000V, JA Woollam). Assays of HRP
activity were performed on 25-pL aliquots using the optical density produced
by tetramethylbenzidene (TMB) at 450 nm, measured with a Beckman
DU530. ELISA was used to complement the FTIR assessments of protein cover-
age. The primary antibody was mouse anti-elastin antibody (BA-4), and
the secondary antibody was goat anti-mouse 1gG-HRP conjugated. Static
thrombogenicity assays were carried out by incubation of surfaces with iso-
lated platelet suspension or platelet-rich plasma in 24 or 48 well plates
blocked with 3% BSA. For assessing thrombogenesis under flow, whole
human blood was circulated over the surfaces being tested in a modified
Chandler loop (41). Further details of all materials and methods are con-
tained in Supporting Information.
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