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Abstract

A method has been developed to investigate the extent of polymer cross-linking that results following in situ photopolymerization of an acrylate-
functionalized phospholipid assembly adsorbed onto a stabilized, membrane-mimetic film produced from a polyelectrolyte multilayer (PEM) on
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olytetrafluoroethylene (PTFE) grafts. The acrylate phospholipid monomer was synthesized, prepared as a unilamellar vesicle, and
losed-packed acyl chains that make up the PEM membrane-mimetic barrier on the PTFE graft. Both broad band white light and 514
adiation were used as excitation sources for photoinitiation; eosin Y was used as the photoinitiator. The use of 514.5 nm excitation
ime for maximum polymerization of the acrylate lipid from 60 min to 240 s. Infrared spectroscopy was successfully used to analyze
f photopolymerization in simplified model acrylate lipid systems; however, this method could not be used to analyze acrylate polyme
eterogeneous, multicomponent PEM membrane-mimetic barriers on PTFE grafts. A near-infrared Raman microscopy method based
f the integrated areas of the CC and C N vibrations was shown to provide equivalent information to the IR method for analysis of the
f polymerization efficiency in acrylate lipids. In addition, it proved feasible to extend this near-IR Raman method to the in situ analy
xtent of polymerization in a stabilized acrylate lipid membrane on a PEM film in a PTFE vascular graft. This work describes a new
or generating and analyzing the robustness of a membrane-mimetic coating on biomaterial surfaces, and may improve our ability to
ong-term stability of polymeric membrane-mimetic films on implantable medical devices.

2005 Elsevier B.V. All rights reserved.

eywords: Infrared; Raman; Biomaterials surfaces

. Introduction

It is believed that a clinically viable artificial blood vessel
ay be constructed by incorporation of physiologically-relevant
ntithrombogenic mechanisms at the blood-material interface

1–6]. In this regard, investigators have noted for nearly two
ecades that the phosphorylcholine headgroup seems to limit

he induction of blood clot formation on synthetic surfaces
7–9]. Based on this observation, there has been considerable

Abbreviations: ARPC, 1-palmitoyl-2-[1,2-(acryloyloxy)dodeca-noyl]-sn-
lycero-3-phosphocholine; ATR, attenuated total reflectance; EY, eosin Y; FT-

R, Fourier transform infrared; HATR, horizontal attenuated total reflectance;
TFE, polytetrafluoroethylene; TEA, triethanolamine; VP, vinyl pyrolidone
∗ Corresponding author. Tel.: +1 706 542 1950; fax: +1 706 542 9454.

E-mail address: dluhy@chem.uga.edu (R.A. Dluhy).

interest in the use of supported lipid membranes for biose
applications, as biofunctional coatings to protect transpla
cells, or as blood contacting films for artificial organs, includ
prosthetic blood vessels[1,2,10]. Indeed, continued interest
the formation of supported lipid membranes on polyelectro
multilayers (PEM) has been driven by the potential to fur
enhance the versatility of layer-by-layer thin films by offer
an additional mechanism for modulating both surface ph
logical properties and biological activity[11–15].

Supported lipid membranes applicable for these purp
have been constructed by either: (i) assembling a layer of cl
packed hydrocarbon chains onto an underlying substrat
lowed by controlled dipping through an organic amphiph
monolayer at an air-water interface[16], or (ii) by exposure
to a dilute solution of emulsified lipids or unilamellar vesic
[17]. However, a significant barrier to the development of s
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a device has been limited stability outside of a laboratory envi-
ronment. In particular, non-covalently associated planar lipid
assemblies, in and of themselves, are insufficiently robust for
medical implant applications[18–20]. One method that has been
examined to increase the stability of a planar lipid film has been
to polymerize the substrate-supported lipid film. In this regard,
we have found that room temperature photoinitiated polymer-
ization is preferential to heat initiated polymerization due to
the potential to inactivate membrane-associated proteins at tem-
peratures typically required for thermal decomposition of the
initiator [6].

A critical parameter that will dictate the long-term stability of
a supported polymeric membrane-mimetic film is the extent of
polymerization within the lipid assembly. Infrared spectroscopy
is a particularly useful spectroscopic method for deducing the
degree of polymerization in a photo-irradiated polymer sample
[21]. The use of real-time infrared spectroscopy for the mea-
surement of polymerization efficacy relies on the decrease of
the integrated intensity of the CC vibration that occurs with
increased cross-linking after an irradiation period[22–24].

Although real-time IR spectroscopy has been widely used for
quantifying the extent of cross-linking in polymerization studies,
practical difficulties exist in implementing this method for planar
membrane assemblies on PEM supports. For example, IR spec-
troscopy is physically based on a net change in the permanent
dipole moment during a molecular vibration, which fundamen-
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2. Materials and methods

2.1. Reagents

Deuterium oxide was obtained from Sigma Aldrich
(St. Louis, MO). Monoacrylate-PC (1-palmitoyl-2-[1,2-(acr-
yloyloxy)dodeca-noyl]-sn-glycero-3-phosphocholine) (ARPC)
was synthesized as previously described[1].

2.2. Preparation of ARPC for photoinitiation

Monoacrylate-PC (1-palmitoyl-2-[1,2-(acryloyloxy)dodeca-
noyl]-sn-glycero-3-phosphocholine) (ARPC) samples were pre-
pared for photopolymerization as a minimally hydrated lipid
solution. A volume of 3.19× 10−3 mL of deuterium oxide was
added to 7.48 mg of ARPC and heated to a temperature of 40◦C
and then vortexed, in three cycles, to form multilamellar vesi-
cles. The photoinitiator, consisting of 1�L of eosin Y (EY),
225 mM triethanolamine (TEA), and 37 mM vinyl pyrolidone
(VP) in water, was added to the vesicle solution. This was placed
on a 45◦ trapezoidal shaped germanium horizontal ATR crystal
that was cleaned by sonicating for 15 min in a 6:3:1 mixture of
chloroform, methanol, and water followed by a further 15 min
in distilled deionized water.

2.3. Sample irradiation
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ally provides only a very weak IR intensity for the homonuc
iatomic C C bond[25]. Thus, it can be problematic to qua

itatively measure the decrease in the CC vibrational intensity
articularly for multicomponent samples such as the mult
red membrane mimetic samples of interest to our grou
hich this mode may be partially or completely overlapped
Raman spectroscopy offers an alternative approach t

ore established IR methodology for this type of analysis. W
R activity is based on a net change in the dipole moment
olecule, Raman activity is based on a change in the vibra
olarizability[26]. Raman is therefore more applicable than

o the analysis of homonuclear stretching vibrations such a
C stretch that is used in the analysis of polymerization

acy. Raman can also be used to more readily study aq
amples, since water is a relatively weak Raman scatterer

In the present work, we first evaluate the utility of the s
ard real-time IR spectroscopy method for determining
xtent of polymerization of the outermost lipid layer on a PE
upported membrane-mimetic film after photoinitiated polym

zation in minimally hydrated thin films. We then demonst
hat a method based on near-IR Raman microscopy pro
quivalent results to the standard IR method for quantif
hoto-induced polymerization in these model systems. We

hat the use of a laser as the irradiation source substan
ecreases the time needed for maximum polymerization as
s increasing the maximum polymerization efficiency in th
amples. Finally, we demonstrate that this Raman metho
e successfully applied in situ to deduce the extent of ph

nduced polymerization of PEM-supported membrane mim
lms when they are coated onto the interior walls of 4 mm
olytetrafluoroethylene vascular grafts.
e

e

s

s

y
ll

n
-

White light irradiation was carried out using a Dyna-Lite (S
ntific Instruments, Inc., Skokie, IL) source with an intensit
10 mW at the sample. The source was placed∼7.5 cm above

he sample. A Coherent Radiation Innova 90 Series Ar+ laser
Coherent, Santa Clara, CA) provided excitation at 514.5
ypical intensity for photoinitiation was∼100 mW at the sam
le. Light intensity was measured with a Coherent Mode
ower meter.

.4. Infrared spectroscopy

Spectra were acquired using a Digilab/BioRad FTS
ourier Transform infrared (FT-IR) spectrometer (Rando
A) equipped with a narrow-band, LN2-cooled HgCdTe dete

or. Sample solutions of ARPC were placed on trapezo
haped Ge ATR crystals (Spectral Systems, Hopewell J
ion, NY). A horizontal attenuated total reflectance (HAT
ccessory (CIC Photonics, Albuquerque, NM) was emplo

or both sample irradiation and spectral acquisition. ATR
pectra were collected using the following instrumental pa
ters: 512 background scans, triangular apodization, and 4−1

esolution.

.5. Raman microscopy

Near-IR Raman spectra were acquired using a fiber-
nterfaced Kaiser Optical Systems confocal Raman micros
Kaiser Optical Systems, Inc., Ann Arbor, MI). The mic
cope unit is based on an Olympus BX-60 research light m
cope with an integrated, single-mode (Ø∼ 7�m), fiber-optic



228 M.R. Murphy et al. / Colloids and Surfaces B: Biointerfaces 46 (2005) 226–232

input/output module (HoloLab Series 5000, Kaiser Optical Sys-
tems) that delivers the excitation laser light to the microscope
and collects the Raman scattered radiation. A 50× objective
(Carl Zeiss, Jena, Germany) was used on the microscope head
to excite/collect the scattered radiation. The Raman scattered
light is delivered to af/1.8 holographic imaging spectrograph
(HoloSpecf/1.8i, Kaiser Optics Systems) using fiber optics. The
detector on this spectrograph is a liquid-N2 cooled CCD detector
(1024EHRB, 1024× 256 pixels, Princeton Instruments, Prince-
ton, NJ) that is back-illuminated and is specifically optimized for
high QE in the near-IR spectral region (∼35% at 1000 nm). The
holographic grating in the spectrograph simultaneously mea-
sures the spectral range of 100 to 3450 cm−1 at an excitation
wavelength of 785 nm. The 785 nm excitation wavelength was
produced using a Coherent Radiation (Coherent, Santa Clara,
CA) 899 Ti:Sapphire ring laser pumped by a Coherent Innova
300 Series Ar+ laser.

2.6. Software

IR and Raman spectra were collected using instrument soft-
ware supplied by the manufacturers. Post-processing of all col-
lected spectra was conducted using the Grams32/AI spectral
software processing package (Galactic Industries, Nashua, NH).
All spectra presented here were baseline corrected for clarity.
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relies on the use of the ratio of the integrated intensity of the CC
vibration to an internal standard to determine the percent poly-
merization occurring over a given irradiation period. A widely
used internal standard is the CO vibration[21], although any
band that retains constant integrated intensity during irradia-
tion may be used as the standard by which to compare intensity
changes occurring in the CC vibration.

In order to determine whether real-time IR was applicable
to the membrane-mimetic system under study, we initially ana-
lyzed a simplified homogeneous system composed solely of the
minimally hydrated monoacrylate ARPC lipid (Fig. 1B) with
eosin Y photoinitiator. This allowed direct analysis of the IR
spectroscopic regions of interest and yielded results that could
be used in the study of in situ photopolymerization in the more
heterogeneous model consisting of the ARPC lipid supported
on a polyelectrolyte multi-layer (Fig. 1).

A minimally hydrated ARPC lipid solution was employed in
these studies since the CC stretching vibration at 1621 cm−1

in a sample composed of 12 mM lipid vesicles is completely
masked by bulk water (see, e.g.Fig. 2A). Minimum hydration
allows the lipid to retain its full thermodynamic properties[27],
yet provides for less interference from bulk water. In addition,
deuterium oxide was used as the solvent in place of water in
these model lipid samples in order to shift the remaining solvent
bands away from the 1600 to 1750 cm−1 region of the spectrum
(Fig. 2B).
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.7. Vascular graft coating procedure

Polytetrafluoroethylene (PTFE) grafts (WL Gore, Flags
Z, 4 mm i.d.) were initially impregnated with an aqueous s

ion of gelatin (6 wt.%) followed by overnight crosslinking
.5% (v/v) glutaraldehyde. The luminal surface was then co
ith a series of five alternating layers of alginate (0.15 w
nd poly-l-lysine (0.10 wt.%) by serial perfusion of the pr

hesis at a flow rate of 1 mL/min for 120 s. After each perfus
he prosthesis was rinsed with deionized water at 2 mL/
he luminal surface was then perfused with a 0.1 mM terp
er solution (1% DMSO/20 mM NaH2PO4, pH 7.4) at a flow

ate of 0.1 mL/min for 10 min. A 1.2 mM solution of monoac
ate lipid vesicles (20 mM NaH2PO4, pH 7.4, 750 mM NaCl
ontaining eosin Y as a photoinitator was then prepared
erfused through the prosthesis at a flow rate of 1 mL/h fo
t 43◦C. The graft was then irradiated with a 360◦, 1.6 cm side
ring probe attached to a 200 mW argon ion laser (Melles G
pproximately 50–75 mW of laser power was brought into
raft and polymerization was performed by irradiating each
raft segment for 10 min. The graft was then rinsed with w
t 2 mL/min for 10 min.

. Results and discussion

.1. Analysis of photopolymerization in a model lipid
ample using infrared spectroscopy

The most widely accepted method for the analysis of
egree of cure, or percent polymerization, in polymer film

hrough real-time infrared spectroscopy[22–24]. This method
.

d

The minimally hydrated ARPC sample was placed on
urface of a Ge crystal in a horizontal ATR cell within the s
le compartment of the FT-IR spectrometer and a broad b
hite light source was used for the initiation of photopo
erization[1,2,4,6,18–20,28]. The light source was direct

hrough a custom-made quartz window fitted into the top c
f the sample compartment; the power of the incident en
as approximately 6 mW, measured at the sample.
In order to determine the percent polymerization by HA

T-IR, the ratio of the integrated area of the CC vibration to
he ester carbonyl band was determined:

egree of cure= A0 − At

A0
(1)

hereA0 is the ratio att = 0 s of the area of the monoacryl
C peak at 1621 cm−1 to that of the lipid ester carbonyl ba

entered at 1734 cm−1, while At is the identical peak area ra
t a specified timet.

The spectrum of the ARPC lipid taken prior to comme
ng irradiation was denoted as thet = 0 sample. The sample w
hen irradiated for 15, 30 and 60 min using a white light so
ith an intensity of∼6 mW. After each irradiation period, spe

ra were collected and the integrated areas of the CC stretch
t 1621 cm−1 and the lipid ester carbonyl band at 1734 cm−1

ere measured (Fig. 3). The ratio of the two bands was eq
o 7.8× 10−4 (t = 0 min), 2.8× 10−4 (t = 15 min), 1.7× 10−4

t = 30 min), and 1.4× 10−4 (t = 60 min); these ratios corr
ponded to average percent polymerization 0, 62.9, 77.5
5.5%, respectively (Fig. 4). These results confirmed that re

ime IR could be used to monitor polymerization in a simpli
onoacrylate PC model system.
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Fig. 1. (A) Polymeric phospholipid monolayer supported by a polyelectrolyte multi-layer and hydrated cushion. (B) Structure of acrylate phospholipid.

3.2. Analysis of photopolymerization in a model lipid
sample using Raman spectroscopy

Although real-time IR proved feasible for a simplified model
ARPC system, we were unable to conduct a similar analysis
using an ARPC lipid membrane on a polyelectrolyte multilayer.
The relatively weak CC vibration could not be quantitatively
resolved using IR spectroscopy in this heterogeneous, multilay-
ered, membrane mimetic system.

In order to overcome this limitation, we have evaluated
Raman spectroscopy as an alternative method for quantifying the
extent of polymerization in these samples. As previously noted,
Raman is an attractive option to IR spectroscopy for these anal-
yses since homonuclear stretching vibrations (such as the CC
bond) are fundamentally much stronger in Raman than in IR
[26]. Moreover, Raman can also be used to readily study aque-
ous samples, since water is a relatively weak Raman scatterer
[29].

A correlative study between Raman and real-time IR was per-
formed on simplified system composed solely of the minimally
hydrated monoacrylate ARPC lipid with eosin Y photoinitia-
tor. Near-IR Raman microscopy was performed using a 785 nm
excitation wavelength with approximately 60 mW of incident
power measured at the sample position. The ratio of the inte-
grated area of the CC stretching vibration at 1638 cm−1 versus
the C N stretch at 715 cm−1 was used to determine the percent-
age of polymerization in the sample after irradiation. The CN
stretch was chosen as the internal standard because it provides a
sharp well-defined peak for analysis and did not change intensity
following irradiation.

Fig. 5A illustrates the decrease in intensity for the Raman
C C stretching vibration of the ARPC lipid after irradiation.
We observed decreases in the integrated area for the CC
peak similar to those observed during infrared measurements
(cf. Figs. 5A and 3A) while there was virtually no change
in the C N integrated peak area (Fig. 5B). The decrease in
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Fig. 2. (A) FT-IR spectrum of a 12 mM ARPC lipid sample, illustrating the
effects of bulk water in the sample. The CC and C O bands are completely
obscured. (B) The same sample prepared with deuterium oxide. The shifted
bulk water no longer interferes with analysis of the region in question. The band
denoted by the single asterisk (* ) is the C C vibration at 1616 cm−1 while the
band denoted by the double asterisk (** ) is the C O vibration at 1734 cm−1.

the intensity of the CC vibration observed using Raman is
qualitatively similar to that obtained from the HATR FT-IR
measurements.

The percent polymerization was determined using the ratio of
the integrated areas of the CC stretch at 1638 cm−1 versus the
C N stretch at 715 cm−1. The ratio of these two bands was equal
to 6.7× 10−2 (t = 0 min), 2.4× 10−2 (t = 15 min), 1.5× 10−2

(t = 30 min), and 1.2× 10−2 (t = 60 min). These ratios corre-
sponded to average polymerization percentages of 0, 73, 77, and
86%, respectively (Fig. 4). At 30 and 60 min, the differences
in percent polymerization obtained by IR and near-IR Raman
measurements were less than 0.7%. These results indicate that
Raman spectroscopy is a feasible method for monitoring poly-
merization in a simplified monoacrylate PC model system.

3.3. Analysis of photopolymerization in a model lipid
sample using Raman spectroscopy with a 514.5 nm
excitation source

The experiments described above were performed using a
broad-band, white light source for sample irradiation. Since the
absorbance maximum of the xanthene dye eosin Y used here
as a photoinitiator occurs at∼517 nm[30], experiments were
repeated using the 514.5 nm wavelength from an Ar+-ion laser

Fig. 3. (A) Decrease in CC band intensity for the given irradiation times mea-
sured by HATR FT-IR spectroscopy using white light irradiation at∼6 mW
power. (B) Decrease in the ester carbonyl band intensity for the given irradia-
tion times measured by HATR FT-IR spectroscopy using white light irradiation
at∼6 mW power.

as the excitation source in order to assess its impact on polymer-
ization efficiency[31,32].

Minimally hydrated ARPC lipid samples were prepared and
irradiated with∼100 mW of 514.5 nm radiation. The laser out-
put was delivered to the horizontal sample using a 200�m core
silica multi-mode optical fiber (Anhydroguide G, Fiberguide
Industries, Stirling, NJ). The output of the laser from the opti-
cal fiber describes a cone defined by the numerical aperture of

Fig. 4. Percent polymerization of ARPC samples for a given irradiation period
as measured using both near-IR Raman microscopy and IR HATR measurement
m
ethods after samples were irradiated with white light at∼6 mW power.
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Fig. 5. (A) Decrease in integrated area of CC bond during irradiation for given
periods measured with near-IR Raman microscopy using white light irradiation
at∼6 mW power. (B) Constant integrated area of CN bond during irradiation
under above conditions.

the fiber[33–35]. The optical fiber was positioned such that the
entire area of the lipid film, which consisted of several cm2,
was irradiated by the output cone of the fiber probe. Near-IR
Raman microscopy confirmed that the irradiation times required
for maximum polymerization were substantially shorter (240 s
versus 60 min) and the polymerization efficiency significantly
greater (100% versus 86%) when the 514.5 nm laser wavelengt
was used as the excitation source (Fig. 6).

Fig. 6. Percent polymerization of monoacrylate-PC samples for given irra-
diation periods measured by near-IR Raman microscopy after samples were
i

3.4. In situ analysis of photopolymerization in a vascular
graft using Raman microscopy

Based on the results described here, near-IR Raman
microscopy was used to analyze the photopolymerization of a
multicomponent membrane-mimetic film formed directly onto
a PTFE vascular graft (Fig. 1A). Graft samples were irradiated
for various time periods up to 300 s using 514.5 nm light from a
laser-coupled optical fiber inserted into the center of the 4 mm
i.d. PTFE graft. Subsequent to irradiation, the PTFE graft was
cut lengthwise and the interior of the graft was examined using
near-IR Raman microscopy. A non-irradiated sample was used
as a baseline reference to determine zero percent polymerization.

Due to several overlapping bands from the underlying PEM
film components in the 1580–1730 cm−1 region, spectral sub-
traction was performed in order to isolate the CC stretching
vibration for analysis. This was accomplished using the spec-
trum obtained from a PTFE graft sample that included all
of the PEM film constituents with the exception of the outer
monoacrylate-PC and photoinitiator. Representative Raman
spectra for non-irradiated and irradiated samples are shown in
Fig. 7and illustrates the loss of intensity of the monomer ARPC
bands in the region 1800–1400 cm−1 following photoinitiated
polymerization.

Fig. 8 presents the results of the polymerization efficiency
for the ARPC-coated, PEM-supported membrane-mimetic film
o nm
r ncy

Fig. 7. (A) Near-IR Raman spectrum of PTFE graft prior to irradiation. (B)
Near-IR Raman spectrum of PTFE graft after samples were irradiated using
514.5 nm light for 60 s at∼100 mW power.
rradiated using 514.5 nm light at∼100 mW power.
h

n the interior of the vascular graft after irradiation by 514.5
adiation (open circles) as well as the polymerization efficie
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Fig. 8. Percent polymerization comparison between minimally hydrated
monoacrylate-PC samples and PTFE graft samples for given irradiation peri-
ods measured by Raman microscopy. The values indicated by squares represent
the PTFE graft samples.

values obtained from near-IR Raman microscopy of the min-
imally hydrated ARPC lipid model systems (filled circles). It
is clear from this figure that the in situ ARPC lipid adsorbed
onto a membrane-mimetic PEM film achieves a polymerization
efficiency of greater than 90%, with nearly identical irradiation
efficiencies as that of the simplified planar model system.

4. Conclusions

We have demonstrated that near-IR Raman microscopy is
viable technique for the in situ analysis of photopolymerization
efficiency in membrane-mimetic lipid assemblies coated onto
the interior surfaces of PTFE vascular grafts. While IR spec-
troscopy has long been the spectroscopic method of choice fo
the analysis of polymer cross-linking, practical difficulties exist
in the use of IR for the in situ analysis of photoinitiated polymer
cross-linking on biomaterial surfaces. The results presented he
established that near-IR Raman microscopy produced equivale
results to standard IR methods for quantitating photopolymer
ization in simplified polymerizable lipid systems. The use of a
visible laser as the excitation source for photoinitiated polymer-
ization reduced the time needed for complete polymerization
of the membrane-mimetic film to less than 300 s. Significantly,
it was possible to extend the near-IR Raman method to the in
situ analysis of polymerization efficiency in a stabilized lipid
membrane on a chemically complex polyelectrolyte multilayer
fi oly-
m rov
o in
fi
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