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Surface-modified macroporous polymer monoliths that resist the adsorption of proteins have been
prepared using both single- and two-step photografting of hydrophilic monomers. The adsorption of
protein was measured using a fluorescence assay based on bovine serum albumin labeled with fluorescein.
Acrylamide, 2-hydroxyethyl methacrylate, vinyl pyrrolidinone, and poly(ethylene glycol) methacrylate
(PEGMA) monomers were grafted and evaluated for their ability to prevent protein adsorption. Photografted
layers of PEGMA reduced protein adsorption to less than 2% relative to unmodified surfaces. The
sequential two-step photografting process consisted in (i) the formation of covalently bound surface
photoinitiator sites followed by (ii) surface-localized graft polymerization. Monomer concentration and
irradiation time during photografting were found to be the most important parameters for optimization of
the two-step process. For simultaneous single-step photografting, the solvent and the presence of
photoinitiator were the key variables. Initiator-free single-step photografting was less efficient than the
two-step technique, yet resulted in similar prevention of protein adsorption after grafting for an extended
period of time. The utility of photografting as a simple, patternable modification technique was
demonstrated by first creating a hydrophilic surface within the monolith that was subsequently patterned
with a layer of reactive 2-vinyl-4,4-dimethylazlactone polymer chains followed by the immobilization of
green fluorescent protein.

Introduction within the microfluidic channeld? The surface chemistry
) ) . ) and porous properties of the monoliths can be tailored to
A challenge to the implementation of increasingly complex it 5 variety of applications by adjusting the composition

and integrated microanalytical systems is the need for a ¢ e jnitial monomer solution and the polymerization
multiplicity of different surface chemistries to be located o gitionst For example, the porous structure of monoliths
precisely within the different sections of a microfluidic -5, e ytilized to improve mixing in microfluidic channéls,
device. Applications such as microscale chromatographic,,ereas thermally responsive polymer monoliths can operate
separation and solid-phase extraction rely on specific interac- ¢ temperature-actuated microval@ésydrophobic mono-
tions between analyte molecules and the surfaces of thejyg are suitable as supports for solid-phase extraction and
device. In contrast, other applications may require that ;5 5150 he used for electrochromatographic separations in
surface interactions be eliminated. For example, adsorpt'onmicrochips?’HO In addition, enzymatic microreactors capable
of compounds onto microfluidic mixers, filters, supports for ¢ effecting the rapid digestion of proteins can be created in

enzyme immobilization, or the walls of an electrophoresis \icrochannels using monoliths with immobilized tryp&in.
channel should be minimized. The need to reduce surface

interactions in some regions of a device while maximizin
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Patternable Protein-Resistant Surfaces using Photografting

These individual functional monolithic modules now need
to be combined and accurately positioned within a device
to create integrated analytical systems. Preparing such
modules by consecutive in situ polymerizations of mixtures
of monomers containing the desired functionalities would
be quite challenging because of the complexity of performing
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based on localizing the photoinitiator at the polymer surface
so that graft polymerization is favored and formation of
polymer in solution is reduced. Most of these techniques rely
on the simple adsorption of the photoinitiator onto the
polymer. However, physically adsorbed initiator can be
released from the surface when the polymer is exposed to

several polymerization steps in close succession, the necessitthe monomer solution, resulting in solution polymerization

of individually optimizing each polymerization mixture, and
the difficulty of avoiding overlap of chemistries intended
for adjacent areas.

Thus, using a single, optimized monolith as a generic
scaffold for subsequent surface modification via photograft-
ing of monomers that possess the required chemical func-
tionalities is a very attractive approach for creating integrated,
multifunctional devices based on porous polymer mono-
liths.'213 For example, ionizable monomers have been
photografted onto polymer monoliths to create the surface
chemistry needed for electrochromatographic separatidfis.
Because the grafting reaction is initiated by UV light, the
location of grafts can be precisely controlled using photo-
masks, allowing different sections of a single monolith to
be functionalized with different surface chemistries. There-
fore, we used the spatial resolution of photografting to
fabricate monolithic devices with dual functionality that
combined solid-phase extraction and enzymatic digestion.
However, because the original monolithic matrix is hydro-
phobic adsorption of proteins and peptides cannot be
restricted to the desired solid-phase extraction portion of the
device.

In this work, surface modification of polymer monoliths
via photoinitiated photografting with hydrophilic monomers
in order to limit protein adsorption has been investigated
using both single-step and two-step techniques. In our initial
work, we explored a single-step photografting tech-
nique originally developed for flat surfaces by Rartbyn
which grafting is achieved by irradiation of a solution of
functional monomer containing a photoinitiator such as
benzophenon®: %> Upon photoexcitation, the benzophenone
molecules abstract hydrogen atoms from the polymer surface
and the resulting surface radicals initiate surface graft
polymerization. Although very convenient, this procedure
also creates significant amounts of nongrafted polymer within
the solution; removal of the viscous liquid from the small
pores is difficult and, in some cases, permanent clogging of
the pores is observed.

To avoid solution polymerization, researchers have de-
veloped a number of sequential photografting techniques that
address some of the limitations of the conventional single-
step photografting’—2? In general, these approaches are
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and reduced surface grafting. Therefore, Ogiwara et al. used
poly(vinyl acetate) to entrap photoinitiator at the polyethylene
surfacel’ Ulbricht at al. used initiator-saturated monomer
solutions to inhibit the desorption of preadsorbed photoini-
tiator from the polymet€ In addition, photoinitiator has also
been entrapped within the polymer itself by swelling the
polymer with an appropriate solvent-containing photoinitia-
tor2 A superior alternative sequential technique, developed
by Ma et al. for polypropylene microfiltration membranes,
involves the covalent attachment of photoinitiator to the
polymer before monomer is introduc&lThis technique
avoids the use of additional species on the surface or in the
monomer solution and ensures that the initiator is located at
the internal surface of the porous polymer. Using this
sequential photografting technique, as well as other single-
step techniques, we have prepared patterned hydrophilic
regions on polymer monoliths and evaluated their ability to
effectively resist protein adsorption.

Experimental Section

Materials. Acrylamide (99+%, AAm), butyl methacrylate (99%,
BuMA), ethylene dimethacrylate (98%, EDMA), 2-hydroxyethyl
methacrylate (97%, HEMA), 1-vinyl-2-pyrrolidinone (396, VP),
1-decanol (99-%), benzophenone (996, BP), 3-(trimethoxysilyl)-
propyl methacrylate (98%), an@rt-butyl alcohol (99.5%) were
purchased from Sigma-Aldrich. Cyclohexanol 49%) and 2,2-
dimethoxy-2-phenylacetophenone (%%, DMPA) were purchased
from Fluka. Undecaethyleneoxide methacrylate (PEGMA,11) and
triethyleneoxide methacrylate (PEGMA,3) were purchased from
Sartomer. BUMA and EDMA were purified by distillation under a
reduced pressure. The HEMA and PEGMA monomers were passed
through a column containing inhibitor remover beads of basic
alumina (Aldrich). All other reagents were of the highest available
purity and used as received. Fluorescein-labeled bovine serum
albumin (BSA) was obtained from Invitrogen. Green fluorescent
protein (GFP) was a gift from the research group of Professor
Douglas S. Clark (University of California, Berkeley); the His-
tagged GFP had been expresseR.icoli and purified using nickel
affinity chromatography. 2-Vinyl-4,4-dimethylazlactone (VAL) was
a gift from the 3M Company (St. Paul, MN). UV transparent Teflon-
coated fused silica capillary (108m ID) was obtained from
Polymicro Technologies (Phoenix, AZ).

Instrumentation. An OAI Model 30 deep UV collimated light
source (San Jose, CA) fitted with a 500 W HgXe lamp was used
for UV exposures. The irradiation power was calibrated to 15.0
mW/cn? using an OAI Model 306 UV power meter with a 260
nm probe head. Solutions were pumped through capillaries using
a KDS 210 syringe pump from KD Scientific Inc. (Holliston, MA).
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Microscopic evaluations were performed using a Nikon TE200
inverted fluorescence microscope (Scientific Instrument Company,
Sunnyvale, CA). Images were acquired with a Micropublisher 5.0
RTV CCD camera from QImaging (Burnaby, BC, Canada).

Activation of Capillaries. The walls of the fused silica capillaries
were first activated with 3-(trimethoxysilyl)propyl methacrylate to
enable covalent attachment of the monolith to the walls through
the resulting pendent vinyl groups. Capillaries were first rinsed with
acetone and water using a syringe pump and then activated with
0.2 mol/L sodium hydroxide for 30 min at a flow rate of Q&/
min; afterward, they were rinsed with water. Next, the capillaries
were flushed with 0.2 mol/L hydrochloric acid for 30 min at a flow
rate of 0.5uL/min, rinsed with water again, and finally flushed
with ethanol. A 20 wt % solution of 3-(trimethoxysilyl)propyl
methacrylate in 95% ethanol with pH adjusted to 5 using acetic
acid was pumped through the capillaries at a flow rate ofib5
min for 60 min. The capillary was then washed with acetone, dried
in a stream of nitrogen, and left at room temperature for 24 h.

Preparation of Porous Polymer Monoliths. A polymerization
mixture consisting of 24 wt % BuMA, 16 wt % EDMA, 50 wt %
1-decanol, 10 wt % cyclohexanol, and 1 wt % DMPA (with respect
to monomers) was purged with nitrogen for 10 min. The 10 cm
long activated capillary was filled with this mixture, placed under
the light source, and irradiated with UV light for 10 min at a
distance of 30 cm from the UV source. After photopolymerization,
the porogenic solvents were flushed from the polymer monolith
by pumping methanol through the column at a flow rate of 0.5
uL/min for 8 h. The pore size of the monolith wasl.6 um, as
measured by mercury intrusion porosiméefty.

Sequential Two-Step PhotograftingThe monolith in capillary
was flushed with a deaerated 5 wt % BP solution in methanol at a
flow rate of 0.5uL/min for 30 min. The ends of the capillary were
sealed with rubber septa to prevent flow and evaporation, and the
capillary was exposed to UV irradiation through a photomask. The
photomask had 6 openings of 5 mm width spaced equally 5 mm
apart. The exposure times were varied in the different exposed
regions by sequentially covering the different openings of the mask.
After photografting of the initiator alone, the monolith was rinsed
with methanol at a flow rate of 0,6L/min for 20 min to remove
unbound initiator. Next, a deaerated 0.1 mol/L solution of monomer
in water was pumped at a flow rate of Qu&/min through the
activated monolith for 30 min. The column was then sealed and
exposed to UV irradiation through the realigned photomask in the
same regions previously exposed in the first step. The monolith
was then rinsed with water at a flow rate of @B/min for 60 min
to remove the unreacted hydrophilic monomers.

Single-Step Photografting. Two different approaches were
tested. For the first, initiator-free photogratfting, the porous monolith
was flushed with an aqueous 0.1 mol/L solution of monomer at a
flow rate of 0.5uL/min for 30 min. In the second, the photografting
mixture consisted of 15 wt % monomer and 0.25 wt % BP dissolved
in a 75:25 wt % watetert-butanol mixture. After filling the pores
of the monolith with any of these monomer solutions, we sealed
the capillary with rubber septa at both ends and exposed it to UV
irradiation through a photomask. Next, the monolith was rinsed
with water at a flow rate of 0.aL/min for 60 min to remove excess
reagents.

Fluorescence Assay of Protein AdsorptionThis assay was
designed to mimic the conditions used for immobilizing proteins
onto a monolith to obtain an enzymatic microreaé{dfor protein
immobilization, the column is exposed to a relatively high
concentration solution of protein for the duration of the immobiliza-
tion reaction time. However, afterward, only covalently immobilized
protein should remain and there should not be any nonspecific

Stachowiak et al.

Two-Step Sequential Photografting

uv uv
H — —
e Monomer

‘tgn.
. olo j;

Single-Step Simultaneous Photografting

H H
uv uv
H e —— H
Monomer BP, Monomer
Water t-BuOH/Water
H H
Without Initiator With Initiator

Figure 1. Scheme of the single- and two-step photografting procedures.

adsorption of protein. A 0.5 mg/mL solution of fluorescein-labeled
BSA was passed through the monolithr fb h at aflow rate of
0.25uL/min. The pores were then rinsed with water foh at 1.0
uL/min to remove excess BSA. After rinsing with water, we took
micrographs of the capillary and analyzed the fluorescence intensity
across the width of the monolith using ImageJ software (NIH); the
fluorescence intensities were quantified as pixel intensities from
the 8-bit images. The reported intensities were taken from the
maximum (center) of the intensity profiles. In all experiments, each
grafted region was adjacent to non-grafted ones on the same
polymer monolith. The non-grafted regions served as controls for
measuring the relative extent of protein adsorption.

Immobilization of Green Fluorescent Protein.First, a polymer
monolith completely photografted with PEGMA was prepared using
the sequential two-step method. An exposure time of 2 min was
used in the first step (initiator immobilization) and a 0.1 mol/L
PEGMA, 11 solution was photografted for 2 min in the second step.
To enable the specific covalent immobilization of protein onto this
polymer monolith, patterned photografting of the reactive monomer
4,4-dimethyl-2-vinylazlactone was then performed on the PEGMA-
grafted monolith through a photomask (4 min exposure time). The
photografting solution consisted of 15 wt % vinylazlactone and 0.22
wt % BP dissolved in a solution of 75:25 wt #ért-butanol:water.
After grafting vinylazlactone, we rinsed the monolith with acetone
for 1 h at aflow rate of 0.5uL/min to remove excess reagents.
Next, to covalently immobilize GFP onto the monolith, we pumped
a 1 mg/mL solution of GFP through the monolith at a flow rate of
0.25uL/min for 1 h. Finally, the capillary was rinsed with water
at 1.0uL/min for 1 h toremove excess GFP.

Results and Discussion

As indicated in the introduction, our approach consists of
the preparation of a “generic” poly(butyl methacrylate-
ethylene dimethacrylate) monolith with optimized porous
properties followed by the introduction of the desired
hydrophilic surface chemistry via photografting. Separation
of the monolith synthesis and surface modification processes
allows each process to be optimized independently. In this
study, we investigated a two-step photografting approach that
involves covalent attachment of photoinitiator to the pore
surface of the monolith. Specifically, the sequential photo-
grafting technique consists of the two simple steps shown
in Figure 1. In the first step, initiator moieties are formed at
the pore surface by UV irradiation of a polymer monolith
that is in contact with the benzophenone solution. This
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compound abstracts hydrogen from the polymer surface andwaveguide lightmode spectroscopy (OWES)echniques
creates a free radical. However, in the absence of monomershave been used to quantitatively measure protein adsorption
the surface radical and the newly formed semipinacol radical on a variety of flat surfaces but, to the best of our knowledge,
combine to form surface-bound initiator. The second step have not been used within macroporous materials. It should
of graft polymerization is then carried out with a solution also be noted that results obtained with a flat surface analog
containing only monomer. UV irradiation liberates the may not be truly indicative of the actual properties of the
immobilized latent free radicals that initiate graft polymer- grafted surface within the tortuous porous structure of a
ization from the surface. Besides reducing the formation of polymer monolith because of the effect on the grafting
nongrafted polymer in solution (in comparison to the single- process of the very high surface-to-volume ratio of the
step techniques, where both initiator and monomer are polymer monolith compared to a flat surface. Therefore, we
present in solution), the sequential approach provides ad-developed a fluorescence assay that can be performed “on-
ditional control over grafting because the overall process, monolith” and does not require the use of a flat surface
including hydrogen abstraction and grafting polymerization, analog.

is decoupled into two separate steps. Thus, this two-step  photografted regions of the polymer monoliths were tested
sequential photografting technique allows for a greater degreefor their ability to resist protein adsorption by subjecting the
of control over the grafting process. monolith to a solution of fluorescein-labeled bovine serum
Although benzene was used as the solvent for benzophe-albumin (BSA), which served as the model protein for this
none in the original study by Ma et al. concerning the study. Human serum albumin is the most abundant protein
photografting of acrylic acié other reports have shown that  in blood serum and is well-known as an adhesive protein
the choice of solvent has only a small effect on the formation that binds to a wide variety of surfaces; its analog, BSA, is
of immobilized initiator?*#*Indeed, we observed no differ-  therefore often used as a test protein for adsorption stéfdfs.
ence in grafting performance when methanol was used asafter BSA exposure, the columns were washed extensively
the solvent instead of benzene (data not ShOWn). Therefore,with water and protein adsorption was then observed using
methanol was chosen in place of benzene for our experimentsa fluorescence microscope. The extent of adsorption of
because it poses fewer health and environmental hazards an@rotein was characterized using the value of the maximum
is more compatible with the future use of this technique in intensity in the fluorescence intensity profile. It is worth
microfluidic devices fabricated from plastics that may swell noting that the surface concentration of the adsorbed protein
or dissolve in hydrocarbon solvents. is not directly correlated to fluorescence intensity, and thus,
Screening of Monomers for Prevention of Protein  these results are not rigorously quantitative. However, they
Adsorption. The literature is quite rich with descriptions of are certainly useful for comparing different grafting condi-
synthetic polymers that decrease the nonspecific adsorptiontions using a variety of monomers and provide a good
of proteins on surface8.# In particular, neutral hydrophilic  estimate of relative protein adsorption. Successful prevention
polymers have been shown to be very effective in reducing of protein adsorption is indicated by a low intensity of
protein adsorptiof? Therefore, we selected acrylamide, fluorescence. In contrast, high fluorescence intensity indicates
2-hydroxyethyl methacrylate, vinyl pyrrolidinone, and poly-  substantial adsorption of the fluorescent protein and poor
(ethylene glycol) methacrylate monomers to prepare pat- performance of the surface. Whether the degree of adsorption
terned protein-resistant surfaces on polymer monoliths via prevention achieved by the techniques described here is
photografting. adequate for a specific application must be evaluated for that
Many measurements of surface hydrophobicity or protein specific application and is the subject of our ongoing work.
adsorption are not readily adaptable to porous materials such Polymer monoliths were photografted with the different
as our polymer monoliths. Contact angles of water on grafteq hydrophilic monomers using the two-step sequential photo-
planar surfaces are often measured; however, although thigyratting technique and evaluated for protein adsorption using
measurement may indicate the hydrophilicity of a surface, {he fluorescence assay. The results of these in situ tests are
contact angles do not correspond directly with actual ability spown in Figure 2. Under our photografting conditions, both
to resist protein adsorpti(ﬁﬁ.Quart_z crystal microbalan_é‘é, grafted AAm and VP exhibited little, if any, prevention of
surface plasmon resonanté? ellipsometry;® and optical  prgtein adsorption. Fluorescence of the photografted regions
had the same intensity as the nongrafted control regions of
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phoresis2003 24, 3607-3619. 275.
(30) Cavic, B. A.; Hayward, G. L.; Thompson, MAnalyst 1999 124, (37) Roach, L. S.; Song, H.; Ismagilov, R.Anal. Chem2005 77, 785~
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Figure 2. Fluorescence intensity of adsorbed fluorescein-labeled BSA on
regions of a porous polymer monolith photografted with five neutral
hydrophilic monomers using the two-step sequential method. Average
fluorescence intensityn(= 3—4) is plotted as a function of monomer
grafting time for monomers. Conditions: First step, irradiation for 4 min
in the presencefa 5 wt % solution of benzophenone in methanol; second
step, monomer concentrations of 0.1 mol/L in water, irradiation timé 1

Figure 3. Effect of irradiation time in the first step of the two-step
photografting process on average fluorescence interrsityg) of adsorbed
fluorescein-labeled BSA. Conditions: First step, irradiation fe2@0 s in

the presencefa 5 wt % solution of benzophenone in methanol; second
step, irradiation time of 3 min, PEGMA monomer concentrations of 0.1
mol/L in water.

min. 200 g

O
monomers in the prevention of protein adsorption. For :D; i\n\u 5
example, grafted HEMA exhibited only moderate reduction > 1501 2
in the amount of adsorbed protein. In contrast, Figure 2 g f g-g:5MM
clearly demonstrates that both of the PEGMA monomers £ 1004 20:1 M
tested significantly outperformed the other monomers in § v 0.2M
preventing adsorption of the model protein. The effectiveness g ° 403M
of the different monomers is in agreement with studies of 5 501 \
protein adsorption on self-assembled monolayers of al- £ 0\ o—
kanethiols with a variety of different terminal functional o—X 5 : %2 =
groups, including amide, hydroxyethyl, and ethylene glycol 1 2 3 4 5
moieties?> Photografted PEGMA monomers reduced the Monomer lrradiation Time (min)

amount of adsorbed protein by 98% on the basis of the Figure 4. Effect of PEGMA,3 monomer concentration, and grafting time

relative fluorescence intensities of grafted and nongrafted in the second step on the adsorption of fluorescein-labeled BSA on regions
. . of a photografted polymer monolith. Conditions: First step, 1 min irradiation

regions on the same monolith. in the presencef@ 5 wt % solution of benzophenone in methanol; second

Effect of Irradiation Time on Surface Initiator Forma- step, irradiation time 45 min, PEGMA,3 monomer concentrations of

tion. The first step of the sequential photografting process 0-025-0.3 mol/L in water.
controls the number of surface initiator sites that are formed. ) , , i
The final density of initiator sites is determined by both the ©f Protein adsorption after the entire two-step photografting
concentration of the benzophenone solution and the irradia-Process: The density of grafted polymer chains may be less
tion time. The concentration of benzophenone affects the rateth@n the density of surface initiator sites, or the effective
of surface initiator formation. However, selecting a single Préevention of the protein adsorption may not be noticeably
concentration and simply changing the irradiation time IMProved beyond a certain density of grafted polymer chains
represents an effective means for controlling the final surface ©" the pore surface. The protein adsorption for these
density of surface initiator sites. On the basis of previous Photografting conditions remains approximately 98% lower
reports, we selected 5 wt % benzophenone solution for this 120 that for regions that were not photografted with the
study?? This concentration represents a good compromise PEGMA monomers.
between achieving a high rate of surface initiator formation, Effect of Monomer Concentration and Grafting Time
which requires a high BP concentration, and maintaining the on Graft Polymerization. In the second step of the
low UV absorbance needed for transmission of UV light sequential photografting procedure, graft polymerization of
through the entire thickness of the sample. the monomer is initiated from initiator sites immobilized on
The effect of varying the density of surface initiator the surface of the polymer monolith. UV irradiation time
moieties on the prevention of protein adsorption was and monomer concentration are the key variables that can
investigated again by performing protein adsorption assaysbe adjusted to control this step of the photografting process.
on photografted polymer monoliths. The BP irradiation time Figure 4 clearly demonstrates that both variables have a
was varied in the first step, whereas the conditions used for significant effect on the adsorption performance of the grafted
monomer grafting were fixed in the second step. Figure 3 polymer layer. At each particular monomer concentration,
shows that the amount of protein adsorption varied little with increasing irradiation time resulted in a decrease in the
BP irradiation time, even though the density of surface amount of adsorbed protein. The effect of irradiation time
initiator sites was expected to increase with increasing is most obvious at the two lowest monomer concentrations.
irradiation time?? However, our assay does not measure the For example, Figure 4 shows that with a monomer concen-
surface density of benzophenone, but rather the preventiontration of 0.05 mol/L, the transition is made from essentially
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no protein adsorption resistance to almost maximum preven-
tion of adsorption in the range of exposure times measured.

Monomer concentration also has a dramatic influence on
the effectiveness of the grafted layer to prevent nonspecific
protein adsorption. As also shown in Figure 4, grafting with
a very low PEGMA concentration of 0.025 mol/L was
ineffective across all irradiation times, whereas at higher
concentrations of monomer in the range of-623 mol/L,
the protein resistance of the grafted layers is at its maximum
for even the shortest irradiation time. In approaching the limit
of high concentration and long polymerization time, there
appears to be a lower bound to the amount of adsorbed
protein. Studies of protein adsorption on self-assembled
monolayers of alkanethiols with terminal ethylene glycol
oligomers have shown that prevention of adsorption is not
strongly dependent on the PEG chain lergtH: 4 In
addition, other studies indicate that PEG chain density is
more important than chain length in preventing protein
adsorptior?®4243 Thus, the lower bound observed in our
results likely represents the attainment of a fully covered
pore surface with a sufficient density of grafted poly-
(PEGMA) chains. The monomer concentration most directly
affects the rate at which such a layer is formed. At this
apparent lower bound, grafting PEGMA using the two-step
sequential photografting technique reduces nonspecific pro-
tein adsorption to less than 2% of that found for nontreated
monoliths.

Photoinitiator-Free Single-Step Photografting.Only a
very limited number of reports describe photografting in the
absence of any photoinitiator. For example, Uchida et al.
demonstrated the photografting of acrylamide onto poly-
(ethylene terephthalate) film achieved with no initiator
added®* Self-initiated photografting of styrene, maleic

Chem. Mater., Vol. 18, No. 25, 59%%

120
. T —-o-1-Step without BP
3 1004 -a-2-Step with BP
> 8o T
]
: ES
2 60
£
2 N
g 40 %
Q
7]
g 20 \ \% .
=2 4 A —0
o 0 T . . T T
1 2 3 4 5

Irradiation Time (min)

Figure 5. Comparison of the sequential two-step and the single-step
photoinitiator-free photografting methods & 4) on the basis of the
fluorescence intensity of adsorbed fluorescein-labeled BSA onto photo-
grafted regions of polymer monolith. Conditions: First step of the two-
step method, 2 min irradiation in the presendeacs wt % solution of
benzophenone in methanol; second step and the single-step method,
monomer solution of 0.1 mol/L PEGMA,11 in water; irradiation time5L

min.

process in order to achieve a level of prevention of protein
adsorption similar to that obtained in the two-step process.
We hypothesize that the initiator-free photografting ob-
served in our experiments results from photoexcitation of
the carbonyl groups in the monomers and/or in the polymer
monolith matrix. Many photoinitiators, such as BP or DMPA,
are based on carbonyl photochemistry, in which photoexci-
tation of the carbonyl group results in an excited triplet state
that is capable of generating free radicalsdbgleavage or
by hydrogen abstractiot§. Although no photoinitiator is
present in our system, both the monomers and the meth-
acrylate-based monolith contain numerous carbonyl groups
that may generate radicals by various mechanisms. Surface
radicals may be generated directly by excitation of carbonyls

anhydride, and several acrylate monomers onto polyethylenein the polymer monolith and subsequent cleavage of the

films has also been reportétt*” We investigated this
technique as an alternative to the sequential two-step
photografting process. We found that PEGMA could be
grafted onto the polymer monoliths from aqueous solutions
that contained no photoinitiator. We even observed signifi-
cant prevention of protein adsorption in regions of the
polymer monolith grafted using this photoinitiator-free
technique as shown in Figures 3 (for BP irradiation tine

0 s) and 5. However, this initiator-free grafting is not as
efficient as the two-step sequential process, which uses
benzophenone as the photoinitiator (Figure 5). Longer
irradiation times are required for the photoinitiator-free
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10721.

(40) Prime, K. L.; Whitesides, G. Msciencel99], 252 1164-1167.
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200Q 16, 69276936.
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Langmuir2003 19, 9216-9225.
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neighboring carboncarbon bond. Additionally, photoexcited
monomers may abstract hydrogen atoms from the polymer
monolith to initiate surface grafting. To test this mechanism,
we carried out both two-step and initiator-free photografting
while using a glass filter during UV irradiation. The glass
filter uniformly blocks UV light with a wavelength less than
about 300 nm. Because the carbonyl group in benzophenone
is conjugated with two aromatic rings, its UV adsorption
maximum is shifted to longer wavelengths-340 nm)
compared to the carbonyls in the monomers or polymer
(~280 nm)? Figure 6 shows that this shift allows ben-
zophenone to efficiently initiate graft polymerization even
when the far UV light is blocked by the glass filter, whereas
the self-initiating photografting process is significantly
hindered. The prevention of protein adsorption is nearly
identical for the two-step process with or without the
presence of a glass filter during irradiation. This result is
very important, because it demonstrates that the two-step
process is better suited for the preparation of monolith-based
microfluidic devices fabricated from glass substrates.
Single-Step Photografting in the Presence of Photoini-
tiator. In our initial attempts to prepare protein-resistant
polymer monolith surfaces, we used a single-step photo-

(48) Oster, G.; Yang, N. LChem. Re. 1968 68, 125-&.
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) . o o . photografting of PEGMA,11 on the polymer monolith. Conditions: 10 wt
Figure 6. Effect of glass filter during irradiation steps of the sequential o, PEGMA,11; grafting from an aqueous solution (no BP), from atér8
two-step and the single-step photoinitiator-free photografting methods (- pytanol:water mixture (no BP wittBUOH), and from a 1:3ert-butanol:

= 4) based on the fluorescence intensity of adsorbed fluorescein-labeledyater mixture containing benzophenone (BP wROH); irradiation time
BSA onto photografted regions of polymer monolith. Conditions: Firststep 1_g min.

of the two-step method, 2 min irradiation in the presenta & wt %

solution of benzophenone in methanol; second step and the single-step, . . . . .
method, monomer solution of 0.1 mol/L PEGMA, 11 in water, irradiation  (Vide supra), whereas photografting using the typical single-

time 1—6 min. step approach was not, we speculated that the presence of
tert-butyl alcohol in the photografting mixture might control

200] yT——I———y——W——" the extent of photografting. To test the effectteft-butyl
5 S M * ¢ alcohol, we performed an initiator-free photografting of
< PEGMA using the alcohol-water solution as solvent rather
-‘g 1801 than pure water. Figure 8 shows that far more protein was
2 adsorbed on the grafted regions obtained using the mixed
g 1004 o—u . tert-butyl alcohol/water solvent compared to grafting from
£ v 1o . . . .
] an aqueous solution, clearly indicating that the alcohol has
[ ] . . .
g s50- a negative effect on the grafting process. The high concentra-
2 tion of the tertiary alcohol may result in excessive chain
\ o o A transfer from the growing grafted polymer chains to this
o i1 2 3 a4 5 solvent. Additionally, the hydrogen atoms oért-butyl

alcohol are located within methyl groups, which are less
likely to undergo hydrogen abstraction than the hydrogens
—+—PEGMA3  —v—2.step PEGMA3 in the_methylene groups of the monomers or the polymer
—e—PEGMA,11 —o— 2-step PEGMA, 11 monolith surfacé? Yet, hydrogen abstraction from the
Figure 7. Fluorescence intensity of adsorbed fluorescein-labeled BSA on abundant alcohol molecules may still occur and the solvent
polymer Em;olitu p?}otografted with ddifferent monomers using the slingle- radicals that are formed can terminate the growing polymer
step method with photoinitiator. Conditions: 10 wt % monomer solution .
containing 0.25 wt % benzophenone in %e3t-butanol-water mixture; _Chams' Hov_vever’_ although the preser_lcmt_)u_tyl alCQhOI
irradiation time 35 min. Data from Figure 5 for photografted regions of  in the grafting mixture reduces grafting efficiency, it does
PEGMA!! prepared with the two-step method are included for comparison. not reduce performance to the extent seen with the One-step

grafting technique with photoinitiator included in the pho- Photografting technique that includes photoinitiator. Surpris-
tografting solution. We have successfully used this technique INdly, the presence of photoinitiator added to the grafting
to prepare monoliths with pore surfaces grafted with ioniz- mixture further reduces Fhe eﬁectlyenes_s of the photografting
able, polar monomers, such as 2-acrylamido-2-methyl-1- @nd prevention of protein adsorption (Figure 8). We assume
propanesulfonic acid and [2-(methacryloyloxy)ethyl] trim- that the photoinitiator present in the bulk solution facilitates
ethylammonium chloridé!In this more common single- ~ the formation of polymer in solution, depleting the supply
step process, the photografting solution contains both Of monomers and increasing solution viscosity, both factors
monomer and photoinitiator. To prepare a homogeneousthat may reduce grafting efficiency. It is also possible that
photografting mixture, we used a watert-butyl alcohol initiator is incorporated into the grafted layer in a way similar
mixture to dissolve both the hydrophilic monomer and the tO the formation of surface initiator sites in the first step of
hydrophobic photoinitiator. However, Figure 7 shows that the two-step photografting process, thus increasing the
using this single-step photografting method with a variety hydrophobicity of the grafted layer and increasing the amount
of neutral hydrophilic monomers did not result in the desired Of adsorbed protein. Fortunately, the use of the two-step
prevention of protein adsorption. The fluorescence intensity Process avoids both these problems. First, no cosolvents are
of the grafted regions was essentially the same as that off€eded to obtain a homogeneous solution, because the
nongrafted areas exhibiting “full” protein adsorption. monomer and initiator are used in separate solutions. In
Because initiator-free photografting with agueous mono-
mer solutions was effective at preventing protein adsorption (49) Rénby, Bint. J. Adhes. Adhed.999 19, 337—-343.

Irradiation Time (min)

—s—HEMA —o— 2-step HEMA
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form a stable covalent linkage to the polymer monolith
matrix. Indeed, Figure 9B shows that immobilization of GFP
was achieved only in the desired areas, whereas very little
fluorescence is observed for those parts of the monolith that
were masked.

Conclusions

Photografting hydrophobic polymer monoliths with hy-
drophilic monomers is an effective means of reducing protein
Figure 9. (A) Adsorption of fluorescein-labeled BSA on a polymer adsorptlon_. Monomer Concentrathn' grafting time, anc_j
monolith with patterned regions of photografted PEGMA,11. The dark Photografting solvent are the most important parameters in
regions correspond to grafted parts of the monolith that resist protein obtaining a protein resistant |ayer of grafted hydrophilic
adsorption; the bright fluorescence corresponds to nongrafted regions of ; : F
the monolith that adsorb the fluorescent protein. (B) Patterned immobiliza- polymer Ch_a.InS. Interestlng!y, this study demonStra‘,te_c_i that
tion of green fluorescent protein onto a PEGMA and 1-inyl-4,4- the nontraditional photografting approaches, i.e., the initiator-
dimethylazlactone grafted polymer monolith. The monolith was first free and two-step sequentiaj photografting techniques, were

completely grafted with PEGMA, 11 using the two-step method. Patterned ; : ;
regions of vinyl azlactone were photografted onto the modified monolith more effective than the conventional photograftlng approach

and subsequently reacted with the protein. Scale bars are 1 mm. for creating grafted hydrophilic layers that effectively prevent
protein adsorption. This result suggests that these approaches
addition, polymer formation in solution is limited as the may also be better suited for other photografting applications,
photoinitiator is immobilized at the polymer surface. such as grafting ionizable monomers needed for electro-
Patterned Photografting and Protein Immobilization. chromatographic separations, reactive monomers for enzyme
An important benefit of photografting is the ability to pattern immobilization, and hydrophobic monomers for reversed-
the grafted functionality at precise locations within the phase chromatography or concentration. We are currently
monolith. This photolithographic-like approach allows dif- pursuing these alternative photografting techniques and
ferent sections of a monolith to be functionalized with the investigating the effects of solvent and initiator in order to
different surface chemistries required for the fabrication of improve the surface modification of polymer monoliths. The
multifunctional devices. Patterned regions of PEGMA-grafted mechanism of initiator-free grafting, partly elucidated in this
polymer monolith shown in Figure 9A are easily distinguish- report, is also currently under further investigation. In
able from nongrafted regions after a solution of fluorescein- addition, the photografting techniques investigated in this
labeled bovine serum albumin is passed through the monolith.report should be helpful for creating multifunctional mi-
The regions grafted with PEGMA do not adsorb this protein, croanalytical devices. Patterned photografting can be used
whereas the nongrafted hydrophobic monolith is highly to create different chemical functionalities on a polymer
susceptible to adsorption of the fluorescently labeled protein. monolith in order to build up a multifunctional system. In
This demonstration clearly shows the resolution and pat- particular, hydrophilic-grafted monoliths seem well-suited
terning ability of photografting and highlights the effective for use as inert enzyme-immobilization matrices for flow-
prevention of nonspecific protein adsorption on PEGMA- through enzymatic microreactors. The hydrophilic surface
grafted regions of the polymer monolith. modification should help preserve enzyme activity, prevent
Passivation of polymer monoliths with photografted adsorption of substrate and product molecules, and enhance
PEGMA may be useful for the preparation of an inert spatial patterning by reducing nonspecific adsorption of
enzyme-immobilization matrix that can be used for flow- enzyme outside of the reactor region. Hydrophilic photo-
through enzymatic microreactors. As a demonstration of this grafting should also be useful for creating nonfouling surfaces
application, a monolith was first modified with a layer of in applications such as mixers, valves, and filters.
photografted PEGMA. The modified monolith was then
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