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RAbstract

In the preparation of biomimetic materials it is often required that efficient methods of polymerization be used, often

methods that can lead to biomimetic polymers with relatively narrow molecular weight distribution. Living radical

polymerization techniques have successfully been used to create low polydispersity linear polymers by free-radical

polymerizations. Although this technique slows down the polymerization of multifunctional monomers, there is little effect on

the network structure due to the high concentration of pendent double bonds. There are applications of the living radical

polymerization in the synthesis of block copolymers. Essentially, the technique involves polymerizing a single type of monomer

first to create a macromonomer that is capable of acting as an initiator because of the reversible bond between the polymer end

group and the terminating group. This terminating group may be a thiol or a halogen and, under the right conditions, will

dissociate to form radicals. A second monomer is then added to the system and the polymerization proceeds with the second

monomer chemically attached to the polymer of the first monomer. We review methods of creating biomimetic block

copolymers using the iniferter radical polymerization technique. The block copolymers would be used in the synthesis of

micropatterned polymer films for use in biomaterials and other biomedical applications.
D 2004 Published by Elsevier B.V.
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1. Introduction

Micropatterning and nanotechnology are becom-

ing increasingly popular for the development of
ADR-11242; No of Pages 11
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improved biomaterials and drug delivery devices

[1–7]. Tremendous strides have been made in the

micromachining of silicon for numerous biomedical

and pharmaceutical applications. Nanotechnology

and applications of micropatterned surfaces are

being considered for other applications (e.g. chem-

ical sensors) for which silicon may not be the first

choice due to incompatibility or expense. In partic-

ular, numerous researchers focus on the develop-

ment of nanotechnological methods for biomedical

applications.

For example, there is a significant need for elec-

trochemical sensors to be used in in vitro and in vivo

sensing with subsequent therapy. An electrochemical

sensor may be used for blood electrolyte and gas

analysis or for determination of the glucose concen-

tration of a diabetic patient [8] leading to drug release.

In these applications, the sensor ideally would be

portable, inexpensive, and disposable.

The development of immunosensors, or bioanalytic

sensors, is also of extreme interest. These sensors

incorporate biological recognition processes such as

antigen–antibody, enzyme–substrate or ligand–re-

ceptor to identify and quantify biochemical substances

[9,10]. In nature, cells have the ability to monitor

biochemical events.

Ideally, researchers would like to develop man-

made sensors to mimic cells. Significant advances

have been made in this area. However, there are still

several issues to be addressed [8]. These include long-

term stability of enzymes and bioreceptors, biocom-

patibility, nonspecific adsorption of other species and

miniaturization for in vivo applications.

Evolving from the development of immunosen-

sors, other applications of nanotechnology in the

biomedical field are in the area of protein patterning

[11]. For these applications, the goal of micro- and

nanopatterned biomaterials is to organize multiple

biomolecules on surfaces. This is important for

biosensor technology, tissue engineering [12,13]

and studies of cell biology [14–16]. In tissue engi-

neering, it is essential to organize the cells so that

they may create the desired tissue. It is generally

assumed that cellular interactions with the artificial

material occur through adsorbed proteins. Therefore,

much research focuses on the cell-protein-surface

interaction [17]. Recently, Shi et al. [18,19] de-

scribed a molecular imprinting technique to create
ED P
ROOF

a material surface that is capable of specifically

recognizing proteins.

Research on intelligent biomaterials and biochips,

has made numerous surface microfabrication techni-

ques possible in order to create a material for regu-

lating cell functions [14]. Some of the different

methods for micropatterning for the localization of

biomolecules include formation of self-assembled

monolayers [20–22] and photolithography [23,24].

There are several reviews of the different methods

for creating the patterns [11,14,22].

Self-assembled monolayer (SAM) technology

calls for use of microcontact printing in conjunction

with alkylsilanes or alkanethiol molecules. In one

technique, a stamp of poly(dimethyl siloxane)

(PDMS) is created by conventional photolithography

techniques. It is then inked with an alkanethiol and

placed on a gold surface. The pattern is transferred

in the regions of direct contact due to the formation

of a SAM of the alkanethiol on the gold. The stamp

is then removed and the remaining bare gold

substrate is exposed to a second alkanethiol to

generate a surface pattern with different terminal

groups. This technique is fairly easy and can be

used for protein immobilization. The disadvantage

to this technique is that multiple protein patterning

is very difficult [11].

Another technique, photolithography, utilizes con-

ventional photoresist technology. Protein patterning is

accomplished by using chemical linkers with different

pendent groups, typically silane coupling agents. The

advantage to this technique and any technique based

on photoresist technology is that the technology is

well established. In addition, the pendent group can be

varied for selective protein adsorption. However,

these techniques involve the use of solvents and

photoresists, which may denature the proteins.

Patel et al. [25,26] developed a microfluidic

network technique for biomolecular patterning. Al-

though this is an extension of the microcontact

printing technique described previously, it can be

used for a wider variety of substrates. The technique

involved the placement of a PDMS mold in contact

with a suitable surface to form capillaries through

which the fluids may flow. They first created a

surface of PLA-PEG-biotin. Next, they placed the

mold over the material to form capillaries. Avidin

was then flowed through the capillaries to create a
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Fig. 1. General mechanism for iniferter kinetics proposed by Otsu

and Yoshida.
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patterned avidin surface. Biotinylated peptides were

then immobilized on the patterned surface. The

technique was very successful for the immobilization

of the peptides.

These micropatterned surfaces exhibit different

physicochemical properties. For example, if a material

is developed with regions of hydrophobic and hydro-

philic surfaces, cell adhesion can be controlled. Var-

ious polymeric materials may be ideal for these

applications, but there exists a need for an easy

method to fabricate micro-patterned polymer surfaces.

In addition, a wide range of thicknesses and dimen-

sions is desired for applications such as micro-fluid-

ics, ‘lab-on-a-chip’ and controlled drug delivery.

In addition to the need to synthesize regions of

different properties, there is also a need to devise

techniques to form high aspect ratio structures for

micro-fluidics and BioMEMS applications. Matsuda

and coworkers [24,27–29] have successfully fabricat-

ed patterned films using UV free-radical polymer-

izations. They created a photosensitive layer by

immobilizing a N,N-diethyldithiocarbamyl group on

the polymer surface and then patterned the surface

with various monomers by irradiating through a

projection mask. Some of the materials they have

worked with include poly(vinyl alcohol), PEG, poly-

styrene, polyacrylamide and poly(acrylic acid). This

type of polymerization with the photosensitive dithio-

carbamyl group is referred to as a living radical

polymerization, or an iniferter (initiator-transfer

agent-terminator) polymerization.

Other research groups have, in turn, expanded

upon this method for the development of block

copolymers and surface-grafted layers for other appli-

cations [30]. Peppas and collaborators [31–33] de-

scribed the development of a micropatterning

technique, based on free-radical polymerizations,

which can be used to form features of controlled

surfaces and also be used to form high aspect ratio

structures. This work focused on the initial develop-

ment of iniferter polymerizations for micropatterning

of polymer surfaces with application to biomaterials.

Our techniques differ from the technique of Matsuda

in that the iniferter is directly used to polymerize the

base layer instead of just immobilized on the surface.

It is believed that this makes the polymerization and

micropatterning technique easier and transferable to a

variety of monomers.
ED P
ROOF

2. Micropatterning by polymerization methods

with iniferters

Patterning is a method that is now considered in

the pharmaceutical field to develop new types of

microchips for controlled release [33]. In other

papers of this issue of this journal, such applications

are described. Iniferters (initiator-transfer agent-ter-

minator) were originally introduced by Otsu [34,35]

for the purpose of simulating a living radical poly-

merization and creating block copolymers and more

monodisperse polymers. The presence of an iniferter

results in a reversible termination reaction, thus

allowing for more control of the polymerization.

This reversible termination could also be used for

creating block copolymers by polymerizing different

monomers sequentially.

Fig. 1 displays the kinetics of a model reaction in

the presence of the iniferter. Ward et al. [31–33] used

a combination of the iniferter, tetraethylthiuram disul-

fide (TED, chemical structure in Fig. 2) and a con-

ventional, photosensitive initiator, 2,2-dimethoxy-2-

phenyl acetophenone (DMPA). When the DMPA is

irradiated with UV light, carbon radicals are pro-

duced. TED irradiation resulted in small, mobile

sulfur radicals. The carbon radicals initiated the prop-

agation with the functional group of the monomer. It

was assumed that, on the time scale of the reaction,

the sulfur radical would not react with the functional

group of the monomer. However, the sulfur radial

would react with other radicals in the system, termi-

nating the propagating polymer chain. Upon further
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Fig. 2. Chemical structure of TED.
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irradiation, this termination step reversed, thus rein-

troducing a propagating polymer chain (as shown in

Fig. 1). A considerable amount of research has fo-

cused on the kinetics and the role of iniferters in free-

radical polymerization as compared to conventional

polymerizations [36–38].

This reversible termination in the kinetics intro-

duced by the presence of the iniferter can be used to

form block copolymers. Fig. 3 displays the steps of

the block copolymerization. Monomer A is polymer-

ized in the presence of the iniferter, resulting in

polymer chains capped with thiol groups. It has been

shown that upon terminating the UV light source, the

sulfur radicals will react with all remaining radicals in

the system so that there are no trapped radicals in the

system [38]. Polymer A is then irradiated in the

presence of the second monomer, B. The thiol-termi-

nated polymer chains break down and the propagating

polymer chain will react with monomer B resulting in

the polymer A-co-B.
 T
278

279

280

281

282

Fig. 3. Synthesis of block copolymers in the presence of an iniferter.
UNCORREC
3. Patterned films

Patterns can be created on the polymer films using

the previously described method of synthesizing block

copolymers. The process is depicted in Fig. 4. First, a

thin film of polymer A is synthesized in the presence

of the iniferter TED. After polymerization, this film is

coated with a layer of monomer B. In order to create

patterns, a mask is used for selectively irradiating the

polymer film. Upon the second irradiation of polymer

A, monomer B is polymerized onto the film in the

pattern of the mask.

The advantages of this technique include the ability

to make patterns on polymer films of any type of

monomer that can be polymerized by UV free-radical

polymerization. For example, in a biomaterials appli-

cation, the film may be a polymer to which cells

adhere. Another material to which cells do not adhere

can then be patterned onto the original film. Thus,
ED P
ROOF

cells only adhere to the exposed areas. Patterns can be

designed to force the cells to adhere in certain regions

for applications needing precise control of the cell

movement, such as a separation process.

In our work, we developed techniques for making

patterned surfaces using UV free-radical polymeriza-

tion. The monomers studied were PEG 200 methac-

rylate (PEGMA), PEG 200 dimethacrylate

(PEGDMA) and styrene. The iniferter TED, the

photoinitiator DMPA and the thermal initiator 2,2V-
azobis-(2-methylpropionitrile), AIBN, were pur-

chased from Aldrich (Milwaukee, WI).

For the first polymer layer, a sample of monomer

and initiator were mixed and bubbled with nitrogen.

The monomer mixture was then pipetted between two

glass slides separated with 1 mm TeflonR spacers.

The sample was irradiated with UV light in a nitrogen

atmosphere for 8 min at an intensity of approximately

20 mW/cm2. The polymer sample was then washed

with deionized water for 4 h to remove any unreacted

monomer and then dried overnight in a vacuum oven.

After the sample had dried, it was covered with the

second monomer by spin coating or by pippetting the

solution onto the polymer. A mask was then placed

atop the polymer and monomer sample, ensuring

contact in order to prevent oxygen from inhibiting

the reaction. Next, the sample was irradiated with UV

light through a collimating lens for 30 min. Finally,

the exposed sample was washed by ethanol to remove

the remaining unreacted monomer.

The final sample of the patterned polymer was

examined several ways. Microscopic pictures were
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Fig. 4. Synthesis of novel patterned films.
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taken at 4� , 10� and 40� magnification. A

profilometer was also used to determine the height

and profile of the pattern. The instrument runs a

cantilever arm across the surface of the sample.

Finally, a JSM 35 CF scanning electron microscope

was used to examine the patterns formed.

Differential photocalorimetry (DPC) experiments

were also conducted to examine the kinetics of the

copolymerization between the two layers.

In a typical experiment, the monomer mixture in

the pan was equilibrated at 30 jC for 10 min and then

irradiated with UV light set at the maximum intensity

(approximately 30 mW/cm2). The heat evolved was

measured as a function of time. The theoretical

enthalpy of the monomer solution was then used to

calculate the rate of polymerization, Rp, in units of

fractional double bond conversion per second. Inte-

gration of the Rp curve versus time provided the

conversion as a function of time. It was assumed that

in the copolymerization of two monomers, the func-

tional groups had equal reactivity. In other words, the

theoretical enthalpy derived for a comonomer mixture

was an average of the enthalpies of the individual

monomers. Methacrylate groups have an enthalpy of

� 13.1 kcal/mol [39].
C 339

340

341

342

343

344

345

346

347
UN4. Micropatterning for biomimesis: peg-based

systems

We wanted to determine if our micropatterning

method could be used to create micropatterned poly-

mers and to determine the applications and limitations

of the technique. The process could be compared to
ED P
ROOthe development of a negative resist type process

since the exposed regions of the monomer B remain

on the wafer after the polymerization and rinse. In

addition, the bottom layer (monomer/polymer A) is

actually used as a substrate and could potentially

result in low cost micro-devices.

Ward et al. [31] worked with PEGDMA as the

bottom layer (referred to as monomer/polymer A).

Polymerization of this monomer proceeded rapidly

and resulted in a hard, strong, highly crosslinked

polymer with a high glass transition temperature

(above 70 jC). Kinetic studies conducted in our labs

have shown that the polymerization of PEGDMA in

the presence of the iniferter proceeded more slowly

than in the presence of DMPA alone. The prominent

autoacceleration effect typically observed in the po-

lymerization of multifunctional monomers was not

observed in the presence of the iniferter. This indicat-

ed that the thiol radicals were terminating the propa-

gating chains and thus slowing down the reaction.

The second layer (monomer/polymer B) consisted

of 50 wt.% PEGMA and 50 wt.% PEGDMA (see also

Fig. 5). Thus, the second layer was not as cross-

linked, was more flexible, and had a lower glass

transition temperature. The two layers also swelled

to different degrees. The masks used in these studies

were chromium plated glass slides. SEM images

showed the patterns in the polymer. Interestingly, very

deep patterns were achieved. However, there was

some warping of the patterns. This was caused by

the diffusion of monomers during the reaction and by

the change in the density going from a monomer to a

polymer. Profilometry studies were also conducted on

this sample. The tip of the profilometer was not able
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Fig. 6. Profilometer results of the same material as in Fig. 5. The hills befo

likely due to diffusion of the monomer into the polymer and subsequent
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to penetrate the trenches in the pattern fully. The

profile obtained from the profilometer scan did show

slight hills and valleys around the pattern (see Fig. 6),

indicating a slight buildup of polymer, evidence of the

diffusion of monomer.

One concern with this technique was whether or

not the two layers were indeed chemically bonded. To

examine this, samples were formed with the patterned

layers and then submerged in deionized water for

several days. The two layers had different swelling

ratios because of the different amounts of crosslinking

agent, PEGDMA. The top layer, with only 50 wt.%

PEGDMA, swelled more in water than the bottom

layer. Even though the two layers swelled to different

ratios, the two layers remained bonded to each other

throughout the swelling process. If the two layers

were not bonded, it is believed that the force of the top

layer created due to swelling would lead to detach-

ment of this layer. However, this was not observed,

most likely due to the presence of chemical bonds and

due to the entanglements of the PEG chains between

the two layers.

In another method to verify copolymerization be-

tween the two layers, DPC experiments were con-

ducted. A small piece of a layer of PPEGDMA that

was polymerized with 1 wt.% DMPA and 1wt.% TED

was placed in the sample pan. Next, a mixture of the

top layer monomer, 50 wt.% PEG200MA and 50

wt.% PEG200DMA, was placed on top of the poly-

mer. This sample was then irradiated with a high

intensity UV light (approximately 30 mW/cm2). Fig.

7 displays the conversion profile of the monomer.
re every valley represent a possible buildup of polymer. This is most

reaction.
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C

Also included in this figure is a control experiment. In

the control experiment, just the monomer mixture was

placed in the sample pan. Even though there was no

initiator in this monomer mixture, polymerization still

occurred because the UV intensity was so high.

Radicals were generated because the UV light was

able to break down the bonds.

Fig. 7 shows a faster polymerization for the mono-

mer mixture alone than for the monomer mixture on

top of the polymer sample. The rates of polymeriza-

tion for the two reactions are shown in Fig. 8. From

this figure, it is evident that the rate of polymerization

on top of the polymer sample was significantly

slower. These results indicate that indeed there was
UNCORRE

Fig. 8. Rate of polymerization as a function of conversion for the

polymerization of 50 wt.% PEG200MA and 50 wt.% PEG200DMA

on a sample of PPEG200DMA with 1 wt.% TED (1) without a

polymer present (2).
ED P
ROOF

a reaction between the polymer sample and the

monomer mixture. The presence of an iniferter sig-

nificantly slows down the reaction because of the

reversible termination reaction [37]. Therefore, it is

concluded that the sulfur radicals had diffused from

the polymer to the monomer mixture during the

photopolymerization. As the sulfur radical diffused,

carbon radicals were produced on the polymer sample

and the functional groups of the monomer mixture

were able to react onto the surface to form a chemical

bond between the two layers.

In the next set of micropatterning experiments, the

same materials were used only a different mask with a

different pattern was implemented. This was a dark-

field mask, thus all of the patterns on the polymer

were protruding up instead of being trenches. One

purpose of this pattern was to determine the precision

that could be attained with this free-radical polymer-

ization synthesis method. Two different methods of

fabricating the patterns on the polymers were used

with this mask.

In this first method, monomer B was again

pipetted onto polymer A, resulting in a fairly thick

second layer after polymerization. Fig. 9 shows a

section of the pattern containing crosses of various

sizes, from 5 to 20 Am. Profilometry studies were

also conducted on this material. Fig. 10 shows the

results for scanning across a wide square in the

pattern. The results indicated that very deep patterns
Fig. 9. 10� optical top view micrograph of the features

polymerized with a dark-field mask. The monomer/polymer B

thickness was approximately 80 Am. The sides of the cross features

are approximately 20 Am.
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Fig. 12. SEM photo at 700� of the spin coated features shown in

Fig. 11.
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of approximately 60–100 Am were attained with this

method of synthesis.

Patterns with much smaller features were also

produced. Monomer B was spin-coated onto polymer

A at 1750 rpm for 20 s. Here spin-coated samples

were thinner and resulted in finer features. Fig. 11

demonstrates that patterns with a dimension of 5 Am
can be attained with the spin-coated films. These lines

were approximately 5 microns high and were nar-

rower at the top than at the bottom, providing more

evidence of the diffusion of monomers during the

polymerization process. An SEM photo at 700�
magnification of this surface (Fig. 12) clearly showed

the precision which was attained with this method.

These spin-coated surfaces were also smoother,
UNCORREC

Fig. 11. 10� optical top view micrograph of the spin coated

features. These patterns are between 5 and 10 Am thick. The larger

squares are approximately 30 Am wide while the smaller lines are

about 5 Am wide.
O
though there was some roughness along the sidewalls

of the material.
446
ED P5. Micropatterning of multiple biomimetic

polymers

Patterns of two different polymers for biomedical

applications require precise control of cellular

movement. Therefore, micropatterning with various

other polymeric materials has also been investigat-

ed. We were able to successfully polymerize the 50/
Fig. 13. Polymer sample with multiple patterns. After polymerizing

the first pattern, the mask was rotated 90j and a second pattern was

polymerized. Magnification at 200� .
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50 mixture of PEGDMA and PEGMA onto a layer

of polystyrene with 5 wt.% divinylbenzene as a

crosslinker. The polystyrene layer was thermally

polymerized because of degradation that occurred

while photopolymerizing a thin layer. The initiators

used in this layer were 1 wt.% TED and 1 wt.%

AIBN. The monomer mixture was placed between

two glass slides and heated in an oven at 70 jC for

12 h.

The possibility of building a three-dimensional

structure has been studied. In these polymerizations,

a first micropattern of the P(PEGMA-co-PEGDMA)

material (50 wt.% PEGDMA) was formed. This

micropatterned material was then washed with meth-

anol. Another layer of the PEGMA/PEGDMA mono-

mer mixture was pipetted on top of the patterned

surface. The pattern was placed on top of the surface

rotated at 90j from the previous position. The sample

was irradiated with UV light again. This resulted in a

pattern on top of a pattern.

Fig. 13 shows the grid made by patterning lines at

approximately 90j to each other. The crossover of the

second pattern over the first pattern is evident in the

SEM picture. The lines here are very deep, approxi-

mately 50 Am. The high aspect ratio (10 Am wide and

100 Am deep) causes the patterns to become wavy

because the polymeric material is flexible.

Fig. 14 shows the profile from a scan of the

material shown in Fig. 13. The multiple peaks in

succession from 600 to 900 Am are from the probe

scanning directly over the crossing of the two pat-

terns. There is a difference of about 10 to 15 Am
between the height of the second pattern and the

height of the first pattern. The larger peak at 1500

Am corresponded to another crossing of the two

patterns. The average height of the first pattern was
about 30 Am while the average height of the second

pattern was about 45 Am.
 P
ROOF

6. Conclusions

Micropatterned biomimetic polymer surfaces can be

synthesized by iniferter-based, free-radical polymeri-

zation techniques. PEG200DMA and PEG200MA

were successfully copolymerized onto a surface of

highly crosslinked PEG200DMA. Very deep patterns

can be achieved with high aspect ratios. Other

materials, such as styrene and methacrylic acid, can

also be incorporated into the patterns. Exploration of

these polymerizations can lead to the development of

micropatterned hydrogels, which are water insoluble,

environmentally sensitive networks [40–45]. Patterns

of these materials are able to swell or collapse in

response to a change in the environmental pH,

temperature, ionic strength or electromagnetic radia-

tion. Possible applications of this type of material are

for the sustained release of bioactive agents and for

biosensors.
E
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