1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Acta Biomater. 2011 March 1; 7(3): 967-974. doi:10.1016/j.acthio.2010.10.023.

Three-dimensional laser micro- and nanostructuring of acrylated
polyethylene glycol materials and evaluation of their cytoxicity
for tissue engineering applications

A. Ov3|an|kov1 M. Malmauskas1 S. Schliel, B. Chlchkov1 S. Glttard2 R. Narayan
Lobler K. Sternberg K.-P. Schmltz3 and A. Haverich4

lLaser Zentrum Hannover, Hollerithallee 8, Hannover, Germany

2Joint Department of Biomedical Engineering, University of North Carolina and North Carolina
State University, Chapel Hill, NC, USA

3Institut fur Biomedizinische Technik, Universitat Rostock, Friedrich-Barnewitz-Str. 4, Rostock,
Germany

4Medizinische Hochschule Hannover, Carl-Neuberg-Strasse 1, 30625 Hannover, Germany

Abstract

The natural cell environment is characterised by complex three-dimensional structures, which
contain features at multiple length scales. Many in vitro studies of cell behaviour in three
dimensions rely on the availability of artificial scaffolds with controlled three-dimensional
topologies. In this paper, we demonstrate fabrication of three-dimensional scaffolds for tissue
engineering out of poly(ethylene glycol) diacrylate (PEGda) materials by means of two-photon
polymerization (2PP). This laser nanostructuring approach offers unique possibilities for rapid
manufacturing of three-dimensional structures with arbitrary geometries. The spatial resolution
dependence on the applied irradiation parameters is investigated for two PEGda formulations,
which are characterized by molecular weights of 302 and 742. We demonstrate that minimum
feature sizes of 200 nm are obtained in both materials. In addition, an extensive study of the
cytotoxicity of the material formulations with respect to photoinitiator type and photoinitiator
concentration is undertaken. Aqueous extracts from photopolymerized PEGda samples indicate
the presence of water-soluble molecules, which are toxic to fibroblasts. It is shown that sample
aging in aqueous medium reduces the cytotoxicity of these extracts; this mechanism provides a
route for biomedical applications of structures generated by 2PP microfabrication and
photopolymerization technologies in general. Finally, a fully biocompatible combination of
PEGda and a photoinitiator is identified. Fabrication of reproducible scaffold structures is very
important for systematic investigation of cellular processes in three dimensions and for better
understanding of in vitro tissue formation. The results of this work suggest that 2PP may be used
to polymerize poly(ethylene glycol)-based materials into three-dimensional structures with well-
defined geometries that mimic the physical and biological properties of native cell environments.
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1 Introduction

Tissue engineering is a rapidly emerging field, which is dedicated to the development of
novel technologies that address the challenges of tissue repair. One approach for generating
artificial tissues involves placing cells within natural or synthetic scaffolds [1]. These
scaffolds serve several purposes, which include (a) defining the overall geometry of the
tissue substitute, (b) providing appropriate mechanical support for the seeded cells, and (c)
introducing biological molecules to the seeded cells. Pore shape, size, distribution, and
connectivity play important roles in determining scaffold performance. These factors
influence the regeneration process and define the mechanical properties of the artificial
tissue [2-4].

Using conventional approaches for scaffold fabrication (e.g., freeze-drying, phase
separation, solvent casting, and electrospinning), it is now possible to control pore
connectivity and pore size. Porosity levels of ~90% can be realized, which provide sufficient
pore connectivity for cell attachment and nutrient diffusion.

For control of cell migration and cellular interactions within the scaffold, technologies
capable of producing three-dimensional structures in accordance with predefined designs are
required. In recent years, rapid prototyping methods have been used for scaffold fabrication
[5,6]. These methods include among others stereolithography, selective laser sintering, and
fused deposition modeling. Fabrication of computer-aided design scaffolds with relatively
large pores and spatial resolutions ranging from ten to hundreds of micrometers, depending
on the method and used material, is possible with conventional rapid prototyping methods.
So far, these rapid prototyping methods alone do not satisfy the requirements associated
with mimicking of the natural cell environment. Moroni et al. recently described use of a
combination of electrospinning and three-dimensional fiber deposition modeling for
fabrication of scaffolds. The three-dimensional fiber deposited structure defines the
geometrical and mechanical properties of the scaffold; the electrospun nanofibers within the
channels serve as sieves for cell entrapment and provide topographical cues on the nanoscale

[71.

Photopolymerization of materials provides an important alternative to conventional scaffold
fabrication approaches. For example, aqueous solutions of poly(ethylene glycol) diacrylate
(PEGda) materials can be used to produce photocrosslinkable hydrogels. Furthermore, it has
been demonstrated that PEGda materials can be photopolymerized in direct contact with
cells and tissues [8,9]. In addition, biodegradable formulations may be synthesized by
chemical modification of PEGda materials [10]. Polymeric scaffold materials can be
functionalized using proteins as well as other biological molecules in order to modulate cell
adhesion [11-15]. Local biological molecule attachment in three dimensions within PEG
hydrogels was also demonstrated by means of photopatterning [13—15]. This approach
provides control over material-cell interactions by either preventing adhesion of cells or
promoting adhesion of cells at specific locations. Papavasiliou et al. and Khademhosseini et
al. demonstrated photopatterning of materials in order to obtain three-dimensional scaffolds;
in these studies, conventional ultraviolet lithography and soft lithography methods were
used to produce structures with features on the order of a few tens of micrometers [16,17]. It
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should be noted that both of these methods are inherently two-dimensional and require
layer-by-layer processing in order to prepare three-dimensional scaffolds.

We have previously demonstrated the possibility of producing three-dimensional scaffolds
from conventional photosensitive materials [18] and acrylated PEG materials [19] by means
of two-photon polymerization (2PP). It is a rapid, single-step, and straightforward direct
laser writing technology, which is based on nonlinear processing of photosensitive materials.
The designs of 2PP-fabricated structures can be readily modified by altering computer-aided
design files. The resolution of 2PP can be scaled by utilizing appropriate focusing optics and
laser irradiation parameters. Structures with feature sizes ranging from less than 100 nm to
hundreds of micrometers may be produced using this technique [20]. As such, 2PP allows
one to produce scaffolds containing features at several length scales in a single step.

This work presents several studies involving photostructuring of photosensitive PEGda
materials by means of two-photon polymerization. A minimum feature size of 200 nm is
obtained for both tested materials. An important question for the application of any material
for scaffold fabrication is its biocompatibility. In the case of photopolymerized materials,
residual materials (e.g., photoinitiators or monomers), which are not consumed during the
photopolymerization process, can impair cell viability. An extensive study to evaluate the
cytotoxicity of material formulations with respect to photoinitiator type and photoinitiator
concentration is conducted. A combination of PEGda material and photoinitiator that
provides acceptable cell viability rates is identified.

2 Materials and Methods

2.1 Two-photon polymerization (2PP) processing

2.2 Materials

In this work, we utilize near-infrared Ti:sapphire femtosecond laser pulses (120 fs, 80 MHz,
780 nm) for three-dimensional processing of materials. Similar to multiphoton microscopy,
tightly focused femtosecond pulses interact with materials through the two-photon
absorption process. If there is sufficient light intensity at the focus (i.e., the exposure dose
exceeds the irradiation threshold for polymerization), a free-radical polymerization process
is initiated (Fig. 1).

In the case of a liquid monomer (e.g., the PEGda formulations presented in this manuscript),
the result of this light-material interaction is a localized conversion of liquid material to
solid material. By moving the laser focus within the photosensitive resin, polymerization of
material along the trace is obtained. This process allows the fabrication of a computer-
generated three-dimensional structure with a defined geometry by direct laser “recording”
into the volume of photopolymer [21].

For resolution studies of 2PP nanostructuring, the laser beam is focused into a droplet of
photosensitive material using a 100x immersion oil microscope objective (NA=1.4) (Zeiss,
Oberkochen, Germany). Single polymerized lines, which are supported by two parallel
polymeric walls in order to keep the lines above the glass, are fabricated at different laser
powers (Fig. 2b and Fig. 2c). After fabrication, unpolymerized material is washed away with
distilled water. For the fabrication of scaffolds, an Epiplan 20x microscope objective
(NA=0.4) (Zeiss, Oberkochen, Germany) is used.

In the present study, two different PEGda materials having molecular weights of 302
(SR259) (Sartomer, Paris, France) and 742 (SR610) (Sartomer, Paris, France) are used. Both
materials are transparent to the applied laser radiation. In order to obtain a
photopolymerizable material, a photoinitiator is added. The photoinitiator Michler's ketone
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(4,4’ -bis(diethylamino)benzophenone) (Sigma-Aldrich, St. Louis, MO, USA) is used with
the PEGda materials for 2PP structuring studies. For the cytocompatibility studies, two
additional commercially available photoinitiators, Irgacure 369 and Irgacure 2959 (Ciba,
Basel, Switzerland), are examined for comparison purposes. All photoinitiators presented in
this manuscript are sensitive in the UV range. The photoinitiators are stirred directly into the
poly(ethylene glycol) diacrylate material. All photoinitiator concentrations are determined
by percent weight.

2.3 Sample preparation for cytotoxicity studies and gravimetric analysis

For cytotoxicity studies and gravimetric analysis studies, polymeric pellets having diameters
of 6 mm and thicknesses of 1 mm are used. These samples are prepared from both material
formulations by means of photopolymerization with ultraviolet light.

Material swelling is gravimetrically quantified. Freshly prepared pellets are weighed and
immersed in water. After 24 h, hydrated pellets are removed from the water, patted dry, and
weighed again. It has been confirmed by our experiments that 24 h is a sufficient immersion
time to reach equilibrium water sorption; longer immersion times do not contribute to
further swelling. After drying, the hydrated pellets are placed in a convection oven for 2 h at
60°C; these dried materials are shown to exhibit their original weight. The amount of water
absorbed by the material is characterised by a swelling ratio (100 x (Wswolien-Wary)/Wary

[%]).

2.4. Analysis of material cytotoxicity by the extract test

Elution of cytotoxic substances from the material into the surrounding aqueous medium is
assayed in the extract test. Sterile material pellets are soaked for 24 h at 37°C in cell culture
medium (DMEM) lacking fetal calf serum (FCS) under continuous agitation. A ratio of test
material surface area to cell culture medium of 6 cm? material surface area to 1 mL of
culture medium is used according to 1SO10993. The resulting extract is supplemented with
10% FCS and is serially diluted with cell culture medium. All extracts and extract dilutions
are tested for cytotoxicity in quadruplicate using ATCC L929 mouse fibroblasts (DSMZ,
Braunschweig, Germany). L929 mouse fibroblasts are seeded at a density of 2000 cells/well
in a 96 well microtiter plate; the seeded cells are incubated for 24 h at 37°C, 5% CO, at 95%
relative humidity. The cell culture medium is subsequently replaced with the material extract
solution and the cells are incubated for an additional 48 h. This extract solution will
hereunto be referred to as the extract from freshly prepared material. The extract solution is
then removed and the cells are incubated for 2 h in a solution of 10% CellQuanti-Blue
(BioAssay Systems, Hayward, CA, USA) in cell culture medium. Then fluorescence is
determined in a Fluostar Optima plate reader (BMG Labtech, Offenburg, Germany) at 544
nm excitation and 590 nm emission wavelengths [22]. The fluorescence intensity data is
taken as a measure of cell viability.

Following extraction, material pellets are briefly rinsed with distilled water and then aged
for 6 days at 37°C under agitation in sterile distilled water, which is changed on a daily
basis. The material pellets are extracted a second time in cell culture medium as described
above; the extracts are then tested for their cytotoxic potential. The material pellets used in
the second extraction test will be referred to as “aged” samples for the remainder of this
manuscript.

Extracts from glass, Teflon®, and cell culture medium without any material exposure served
as negative controls. As a positive control, cells are incubated with cytotoxic
tetraethylthiuram disulfide (TETD) (concentration=10"° M) in cell culture medium.
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2.5. Cell viability and adhesion in direct contact with test material

3 Results

For the direct contact test, freshly prepared or aged (soaked in culture medium for 24 h)
material discs (diameter=6 mm) are sterilized by autoclaving. The discs are then placed into
the wells of a 96-well microtiter plate. 4000 L929 mouse fibroblasts are seeded onto the
discs in 200l of cell culture medium per well. After 48h of cultivation, a cell viability test
is performed with the CellQuanti-Blue viability assay (BioAssay Systems, Hayward, CA,
USA). The culture medium in each well is replaced with 200 pl of 10 % cell Quanti-Blue
reagent in cell culture medium; microtiter plates are subsequently processed as described in
section 2.4. A polystyrene microtiter plate and a glass cover slip serve as negative controls.
As positive control, a cytotoxic ZDEC membrane (Hatano Research Institute, Kanagawa,
Japan) and TETD (concentration=10">M) in culture medium is used.

Cell adhesion is further evaluated by a live/dead assay (Invitrogen, Darmstadt, Germany)
and by confocal laser scanning microscopy. Membrane permeable calcein-AM is converted
intracellularly into calcein, which is not membrane permeable; this mechanism is used to
stain the cytoplasms of living cells. At the same time, DNA located in the nuclei of dead
cells is stained with membrane impermeable ethidium-dimer, resulting in a red fluorescence
signal. For the rapid identification of all the cell nuclei, Hoechst 33342 (Invitrogen,
Mountain View, CA, USA) is used to stain DNA in both viable and dead cells, resulting in a
blue fluorescence signal. Fluorescently labelled cells are visualized with a F\VV1000 confocal
laser scanning microscope (Olympus, Hamburg, Germany).

3.1. Two-photon polymerization (2PP) microfabrication

For resolution studies of the 2PP process, a laser beam is focused into a droplet of
photosensitive material using a 100x immersion oil microscope objective (NA=1.4) (Zeiss,
Oberkochen, Germany). In order to determine the minimum resolution for each material,
structures like those shown in Fig. 2b are produced. Two parallel walls support a set of
parallel lines that are sequentially photopolymerized by means of a single scan; various
average laser powers are utilized for the single scans that span the two supports. The
scanning speed is maintained at a constant value of 200 um/s throughout the experiment.
Lower average powers result in smaller illumination doses and smaller line dimensions. Due
to the nature of the 2PP technique, these lines demonstrate elliptical cross-sections, which
are elongated along the laser beam propagation direction. Line heights and line widths are
plotted against average laser power (Fig. 2a). For the SR259 material, the minimum lateral
resolution (200 nm) is obtained at an average laser power of 27 mW. A similar resolution is
obtained for the SR610 material; a lower applied average power (22 mW) is utilized in this
case. Lines produced slightly below these illumination conditions did not survive the
development procedure. In general, cross-sections of single lines produced by means of 2PP
with the focusing optics used here should exhibit aspect ratios larger than 2.5. It is observed
that line aspect ratios are generally smaller for SR610 materials. Since the applied focusing
conditions are not varied in these experiments, this difference can be attributed to the higher
shrinkage of SR610. Residual strain in the structure results in a rather symmetrical line
profile as well as in a reduced aspect ratio. Our previous studies with another material also
confirm that shrinkage in the microstructures tends to be anisotropic [23].

At the upper end of the applied average power range (close to 140 mW), 2PP of SR610
material commonly results in patterns such as the one shown in Fig. 2c. The membrane-like
structure observed in the upper part of the image does not result from direct laser irradiation
since only lines are scanned. We attribute these patterns to diffusion-driven polymerization.
Free radicals, which are produced during processing of the walls and the separate lines
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between them, disperse and cause polymerization outside of the laser-exposed region. Most
of these membranes are not complete and some holes are observed; these features indicate
that the membrane-like structures possess poor mechanical stability.

Fig. 3 shows a prototype of a three-dimensional scaffold structure fabricated by 2PP using
SR610 material. It is composed of 50 um tall hollow cylinders (radius=25um) in a square
arrangement within each layer. Every second layer is shifted by the length of the cylinder
diameter along the diagonal. Most of the cylinders in each layer partially overlap with four
different cylinders of the next layer (Fig. 3c). The presented structure is characterized by
interpenetrating pores with different sizes. Individual cylinders may serve to accommodate
cells; the spaces in between the cylinders may serve to provide routes for fluid transport.
Since the structure exhibits relatively large dimensions, a 20X microscope objective
(Epiplan, NA=0.4) (Zeiss, Oberkochen, Germany) is used to focus laser pulses into the
material during 2PP processing.

swelling ratio

Gravimetric analysis of material swelling shows that SR610 samples swell up to 60% of
their initial weight after immersion for 24 h in PBS. The hydrated pellets are placed in a
convection oven for 2 h at 60°C; after drying they retain their original weight. On the other
hand, no gravimetrically measurable swelling is observed for SR259.

cytotoxicity with respect to photoinitiator type and concentration

Cytotoxicity testing of photopolymer extracts is performed in order to analyze the effects of
material composition on cell viability. The extracts are obtained from photopolymerized
samples, which contain different photoinitiators and photoinitiator concentrations.
Formulations containing large amounts of photoinitiator result in higher levels of
cytotoxicity. Furthermore, aging of samples in distilled water significantly reduces toxicity
levels.

Figure 4 shows the results obtained with SR610 samples that are photopolymerized in the
presence of 2% wt Michler's ketone photoinitiator. It is observed that the viability of L929
fibroblasts is suppressed at an extract concentration as low as 3.125 %. Aging of the samples
in distilled water for six additional days reduces the amount of water-soluble toxic
components such that cytotoxicity occurs at extract concentrations above 12.5 % (Fig. 4).
The inhibitory extract concentration at which the cell viability is reduced by 50% (ICsgp) is
21% for the aged samples.

Samples of SR610 materials with 0.5%, 1%, 2%, and 3% wt Irgacure 369 photoinitiator are
also prepared. Extracts prepared from SR610 containing Irgacure 369 show similar
cytotoxic effects for photoinitiator concentrations of 0.5%, 1%, and 2% wt; a photoinitiator
concentration of 3% wt is clearly more toxic (Fig. 5a). The inhibitory extract concentrations
at which the cell viability is reduced by 50% (ICsg) are 13%, 37%, 56% and 45% for the
formulations containing 3%, 2%, 1% and 0.5% wt Irgacure 369 photoinitiator, respectively.
Cell viability in the undiluted extract from freshly prepared SR610 containing Irgacure 369
is below 10% for all photoinitiator concentrations.

In contrast, extracts obtained after aging the samples for six days in distilled water show
substantially reduced cytotoxic potential values (Fig. 5b). The 1Csq values for extract
concentration are 63%, 83%, and >100 % for formulations containing 3%, 2%, and 1% or
0.5% wt Irgacure 369 photoinitiator, respectively. Extracts from freshly prepared SR610 and
aged SR610 containing Irgacure 369 may be considered cytotoxic.
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Figure 6a presents results of tests performed with SR610 formulations containing 2%
Irgacure 2959 photoinitiator and 0.5% Irgacure 2959 photoinitiator. Again, it is observed
that higher concentrations of the photoinitiator in the freshly prepared samples are
associated with higher cytotoxicity levels. The 1Cgq value for 2% wt Irgacure 2959 is 36%
extract concentration and the I1Csq value for 0.5% wt Irgacure 2959 is 45% extract
concentration. However, both samples may be regarded to as cytotoxic. Aging of the
samples in distilled water for an additional 6 days reduces the amount of the water-soluble
toxic components to levels at which no cytotoxic effect is observed (Fig. 6a). Therefore, the
photoinitiator and possibly other toxic components can be washed out of 2PP-fabricated
structures, providing a fully biocompatible PEGda material.

3.4. Cell viability and adhesion in direct contact

The extracts of aged pellets prepared with the photoinitiator Irgacure 2959 exhibit low
cytotoxicity; material discs of this material (diameter=6 mm) are seeded with L929 mouse
fibroblasts and examined for cell viability. It is observed that freshly prepared samples again
strongly impair cell viability; on the other hand, aged samples are only moderately cytotoxic
(Fig. 6b). In the extract test (Fig. 6a) and the direct contact test (Fig. 6b), cell viability
inversely correlates with the amount of photoinitiator. Confocal microscopy images (Fig. 7)
show that cells grown on aged SR610 samples exhibit rounded morphologies; this cell shape
is an indication of poor cell attachment to the substrate. Confocal laser scanning microscopy
images show both viable and dead cells on the SR610 samples. A quantitative evaluation
was not performed due to an inhomogeneous distribution of cells on the samples.

4 Discussion

Artificial tissues must provide a cell environment similar to that of natural tissues. Scaffold
materials used in artificial issues would benefit from well-controlled topologies, which may
be used to alter cellular behavior in a desired manner. Recent studies have indicated that
micro- and nanopatterned substrates may be used to create direct cell-substrate interactions
and stem cell fate [24-26]. In this work, we present a method known as 2PP for fabrication
of computer-aided design fabricated scaffolds, which exhibit great precision and
reproducibility. A minimum lateral resolution of ~200 nm is obtained for the two PEGda
formulations. Due to the high resolution of the 2PP technique, it is possible to produce
scaffolds with features at several length scales in a single fabrication step. Further control
over cell-scaffold interaction may be introduced via alterations to the surface topographies
of the 2PP-fabricated scaffolds.

Membrane-like patterns, which result from diffusion-driven polymerization, are observed on
structures fabricated from SR610 material. If these features can be obtained in a controllable
manner, membrane-like patterns might find applications in isolating cells within three-
dimensional scaffolds. Recent reports have described isolation of embryonic pancreatic
precursor cells in PEG-based hydrogels for controlling cell differentiation [27,28].
Membrane-like features produced by 2PP may also be used for isolating various types of
cells within a given scaffold.

The water sorption data for 2PP-fabricated PEGda structures provides two interesting
considerations. First, water sorption leads to an increase in volume of 2PP-fabricated SR610
structures. This process will lead to deviations of structures from their original geometries.
Second, water sorption will result in enhanced porosity, which will increase fluid transport
within the scaffold. This result also suggests that clinically-relevant biological materials
(e.g., growth factors or antimicrobial agents) can be delivered to tissues using appropriately
loaded PEGda scaffolds. Both growth factors and antimicrobial agents have previously been
encapsulated within PEGda materials [29-31].
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Photopolymerization of the SR259 material results in rigid structures, which do not absorb a
significant amount of water. This rigid material is useful for applications in which swelling
is undesirable (e.g., biomedical devices and microscale prostheses). A combination of
various PEGda materials with different molecular weights may possess intermediate
mechanical properties as well as intermediate swelling properties.

Cytotoxicity of SR610 with three different commercially available photoinitiators, including
Michler's ketone, Irgacure 369 and Irgacure 2959, was investigated. A comparison of ICs
data indicates that Michler's ketone exhibits the highest cytotoxicity (Fig. 4). It is shown that
the toxicity levels associated with the presence of residual material after
photopolymerization can be significantly reduced by aging the samples in water. The
combination of SR610 and Irgacure 2959 is shown to exhibit the low cytotoxic potential
(Fig. 6). The moderate cytotoxicity of aged samples in the direct contact test is attributed to
residual toxicity and local presence of toxic photoinitiator. Reduced cell viability may also
result from the surface characteristics of the poly (ethylene glycol) material. Poly (ethylene
glycol) exhibits inert, antifouling behavior due to the fact that uncharged hydrophilic groups
in the material are exposed in aqueous solutions; these groups form hydrogen bonds with
water molecules [32]. Polyethylene glycol diacrylate-based materials exhibit nonspecific
resistance to cell and protein adhesion due to these interactions [33-35]. Adding an adhesive
ligand to the formulation may improve cell attachment and cell viability. Since Irgacure
2959 is the only water-soluble photoinitiator that was examined, we conclude that the toxic
effects in the freshly prepared samples are associated with photoinitiator molecules that are
not consumed during the photopolymerization process. This finding is also supported by the
fact that toxic effects are increased in materials containing higher initial photoinitiator
concentrations for all examined photoinitiator types. We anticipate that toxicity may be
minimized by using appropriate solvents as aging media as well as photoinitiators that may
easily be removed through placement in an appropriate solvent. Studies of cell viability and
cell adhesion involving photopolymerized PEGda are in good correlation with cytotoxicity
experiments; cell viability is substantially improved for aged samples. Sample aging and
postprocessing procedures may facilitate biological or medical use of structures fabricated
using PEGda by means of two-photon polymerization.

5 Conclusions

In summary, microscale and nanoscale structuring of poly(ethylene glycol) diacrylate
materials by two-photon polymerization has been examined for the first time to the best of
our knowledge. This work shows that structures fabricated using poly(ethylene glycol)
diacrylate material with relatively high molecular weights are more affected by shrinkage
and have less well-defined geometries upon sorption of water. Swelling of two-photon
polymerization-fabricated three-dimensional structures in aqueous solutions may enable the
development of scaffolds with useful biological molecule encapsulation and release
properties. In the same manner, possible residual materials (e.g., photoinitiator or monomer
molecules) that are not consumed during the photopolymerization reaction may diffuse out
of the polymer and impair cell viability. In this paper, it has been shown that aging of the
photopolymerized materials significantly reduces material toxicity to levels at which these
materials are no longer cytotoxic. These findings demonstrate that poly(ethylene glycol)
diacrylate materials processed by means of two-photon polymerization can be used as
biocompatible three-dimensional scaffolds. The use of two-photon polymerization for the
nanostructuring of poly(ethylene glycol) materials is a combination of a flexible
manufacturing technology and a promising material platform, which may be used to
fabricate structures for a wide variety of medical applications. Due to the small feature sizes
that can be obtained using two-photon polymerization, three-dimensional scaffolds
containing features at several length scales can be produced in a single fabrication step. The
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post-processing protocol described in this manuscript provides the basis for creating
biocompatible three-dimensional scaffolds from photopolymerized poly(ethylene glycol).
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Near-IR light

Figure 1.

Schematic illustration of two-photon polymerization process: polymerization is initiated by
two-photon absorption in a high intensity region that is limited to the focal volume of the
laser beam. By moving the laser focus within the material, three-dimensional patterns may
be generated in a single step.
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a) Line width versus applied average laser power and height versus applied average laser
power for two polyethylene glycol diacrylate formulations. b) An SEM image of a
representative structure used for resolution studies. ¢) An SEM image of diffusion-driven

patterns obtained with SR610 material.
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160 um

Figure 3.

Three-dimensional scaffold fabricated by two-photon polymerization of SR610 material: a)
perspective view SEM image of produced structure; b) top view SEM image of produced
structure; c) schematic illustration of cylinder arrangement.
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Figure 4.

Relative viability of L929 fibroblasts under the influence of extract from freshly prepared
(24 h) and aged (7 d) SR610 samples, which were photopolymerized in the presence of 2%
Michler's ketone photoinitiator. Aged samples exhibit substantially reduced cytotoxic
potential.
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Figure 5.

Relative viability of L929 fibroblasts in response to extract from (a) freshly prepared (24 h)
and (b) aged (7 d) SR610 samples, which contain photoinitiator Irgacure 369 in
concentrations between 0.5 % and 3 %. Relative cell viability correlates inversely with the
amount of photoinitiator; aged samples exhibit substantially reduced cytotoxic potential.
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Figure 6.

a) Relative viability of L929 fibroblasts in response to extract obtained from freshly
prepared (24 h) and aged (7 d) SR610 samples, which contain Irgacure 2959 photoinitiator
in 0.5 % and 2 % concentrations. b) Relative viability of L929 fibroblasts in direct contact
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with freshly prepared (24 h) and aged (7 d) samples. For both tests, relative cell viability
correlates inversely with the amount of photoinitiator.
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Figure 7.
Live/dead assay of cells seeded onto aged SR610 samples containing 0.5 % Irgacure 2959

(A,D), 2% Irgacure 2959 (B, E), and polystyrene (C).
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