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 The natural extracellular matrix (ECM) represents a complex and dynamic 
environment. It provides numerous spatio-temporal signals mediating many 
cellular functions including morphogenesis, adhesion, proliferation and 
differentiation. The cell–ECM interaction is bidirectional. Cells dynamically 
receive and process information from the ECM and remodel it at the same 
time. Theses complex interactions are still not fully understood. For better 
understanding, it is indispensable to deconstruct the ECM up to the point of 
investigating isolated characteristics and cell responses to physical, chemical 
and topographical cues. Two-photon polymerization (2PP) allows the exact 
reconstruction of cell specifi c sites in 3D at micro- and nanometer precision. 
Processing biocompatible synthetic and naturally-derived hydrogels, the 
microenvironment of cells can be designed to specifi cally investigate their 
behavior in respect to key chemical, mechanical and topographical attrib-
utes. Moreover, 3D manipulation can be performed in the presence of cells, 
guiding biological tissue formation in all stages of its development. Here, 
advances in 2PP microfabrication of synthetic and naturally based hydrogels 
are reviewed. Key components of photopolymerizable hydrogel precursors, 
their structure–property relationships and their polymerization mechanisms 
are presented. Furthermore, it is shown how biocompatible 2PP fabricated 
constructs can act as biologically relevant matrices to study cell functions and 
tissue development. 
  1. Introduction 

 In human tissues, most cells are embedded within an intricate 
meshwork of interacting collagens, proteoglycans and adhesion 
proteins. [  1  ]  They receive numerous signals from their natural 
surroundings, the extracellular matrix (ECM), which infl u-
ence their behavior. The ECM functions as a scaffold for tissue 
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morphogenesis, provides cues for cell pro-
liferation and differentiation, promotes 
the maintenance of differentiated tissues 
and enhances the repair response after 
injury. [  2  ]  It serves as a reservoir for sign-
aling molecules and 3D substructures for 
cell adhesion and proliferation. For tissue 
engineering, researchers have focused 
on mimicking key characteristics of the 
ECM to study cell responses to different 
mechanical, chemical and topographical 
cues. The composition of the natural 
ECMs was considered in the design of 
artifi cial biomaterial constructs. [  3  ]  

 As different tissues require different 
ECM composition and physical proper-
ties, a rational design of artifi cial cell envi-
ronments requires various considerations. 
Appropriate cell support for colonization, 
migration, growth and differentiation has 
to be ensured. Furthermore, the construct 
must have the necessary physiochemical 
properties, an adequate morphology and 
ensure proper degradation kinetics. [  4  ]  
FDA approved biomaterials are based 
on poly lactic acid, polycaprolactone, or 
poly(lactid-co-glycolide) providing good 
mechanical properties and controlled 
degradation behavior. [  3  ]  Although these materials have advan-
tages related to their mechanics, they are rather stiff and hydro-
phobic and do not provide the ideal environment for cell–ECM 
interactions. [  5  ,  6  ]  

 Being structurally similar to the ECM, hydrogels are an 
appealing material for various biomedical applications such 
as drug delivery devices, [  7  ]  contact lenses [  8  ]  and wound healing 
bioadhesives. [  9  ]  They contain a high content of water and hold 
their shapes while still being able to deform. [  10  ]  Moreover, the 
mechanical properties (especially the stiffness) of hydrogels are 
comparable to many biological tissues. [  11  ]  Due to their capa-
bility of suspending cells in 3D, supporting nutrient diffusion 
through their open network, [  11  ,  12  ]  hydrogels are one of the most 
promising materials for tissue engineering. It has been reported 
that substitutes for skin, [  13  ]  tendon [  14  ]  and cartilage [  15  ,  16  ]  could 
be successfully fabricated from synthetic hydrogel constructs. 

 In tissue engineering, the general approach is to seed cells 
onto prefabricated scaffolds that support diffusion of oxygen 
and nutrients as well as larger ECM molecules such as col-
lagen. For this, a wide range of hydrophilic and hydrophobic 
1wileyonlinelibrary.com
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precursors can be used. The fabrication process may involve
harsh solvents, toxic reactants and may proceed under nonvi-
able environmental conditions (e.g., high temperature or non-
physiological pH value) as long as the fi nal product is biocom-
patible. [  17  ]  Cells are introduced to migrate into and populate the
inner regions of the produced parts. [  18  ]  However, the seeding
approach makes it hard to control the density and the distri-
bution of cells. [  19  ,  20  ]  Using hydrogel precursors crosslinked via
biocompatible mechanisms, though, it is possible to form these
materials in vivo, in the presence of cells and tissues, allowing
to encapsulate cells during the fabrications process.   

 2. Cell-Encapsulation in Hydrogel Constructs 

 Cell-encapsulation offers several advantages compared to the
seeding approach. Apart from achieving homogeneous cell
distributions with high initial density, liquid precursor solu-
tions with suspended cells can be directly shaped at the site of
interest. The formed constructs can adhere to the surrounding
without requiring adhesives or sutures. [  17  ,  21  ]  To exploit these
advantages, the gelation process must be mild and cell friendly
and the fi nal construct suitable for cell survival and tissue for-
mation. Furthermore, the material must degrade and the degra-
dation product must not affect cell viability. As the natural ECMs
assemble and disassemble interacting with their inherent cells,
researchers have tried to mimic their properties using naturally
derived materials, such as fi brin, [  22  ]  alginate, [  23  ]  chitosan [  24  ]  and
hyaluronic acid (HA) [  25  ]  as well as synthetic materials such as
poly(ethylene glycol) (PEG) [  26  ]  and polyfumarate. [  27  ]  To control
the properties of these gels (crosslinking density, hydropho-
bicity, swelling rate, permeability, degradability and mechanical
strength), various stimuli facilitating hydrogel crosslinking in
the presence of cells and tissue have been explored. [  10  ]  These
include physical stimuli such as temperature, pressure and
solvent composition or biochemical stimuli like pH changes or
ions. [  28  ]  Light is of particular interest since it can be controlled
with great ease and convenience. [  10  ]  In this regard, ECM ana-
logues were built incorporating modifi ed proteins and glycosa-
minoglycans into a single polymerized matrix. [  21  ]  Encapsulating
mesenchymal stem cells in these matrices provided superior
tissue regeneration mimicking the native mechanical proper-
ties and architecture of cartilage. [  29  ]  This shows that hydrogels
offer great promise in designing suitable environments that
provide mechanical and chemical cues to promote cell prolif-
eration, differentiation and tissue growth. However, transport
requirements for nutrients, oxygen and large ECM molecules
such as collagen increase with high cell density. [  16  ,  17  ]  Through
the bulk of thick hydrogels with encapsulated cells, transport
may be limited potentially compromising the cellular activity.
Moreover, in thick samples, light attenuation becomes critical.
To ensure complete conversion of precursors to polymer, poten-
tially cytotoxic light intensities and high initiator concentrations
may be necessary. [  16  ]  A metabolically appropriate setting, suit-
able for maintaining physiologically high cell densities, requires
a more sophisticated scaffolds design [  30  ]  and biocompatible
polymerization conditions. [  16  ]  Besides chemical and mechanical
cues, an effective ECM analogue, thus, also requires topograph-
ical similarities. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
   3. Additive Manufacturing of Hydrogels 

 To overcome the mass transport limitations, researchers fabri-
cated porous architectures in hydrogel structures with highly 
interconnected pore networks. [  31  ]  Additive manufacturing (AM) 
provides an effective control of complex, ECM similar architec-
tures. In a very recent report, AM was used to create perfus-
able channels in ECM analogues creating vascular architectures 
aligned with endothelial cells and perfused with blood under 
high pressure. [  30  ]  

 To create similar architectures directly in the presence 
of cells in a one-step approach, stereolithography (SLA), a 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203880
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lithography-based additive manufacturing technology (AMT) 
has been extensively used. [  19  ,  32–35  ]  In SLA, a thin fi lm of a photo-
reactive formulation is exposed to UV light locally, which causes 
its photopolymerization. A Z-stage repetitively stacks polymer 
layers on top of each other. In this layer-by-layer manner, a 3D 
part is created according to a computer-aided design (CAD). [  36  ]  
The ability to easily create constructs according to data from 
clinical imaging like magnetic resonance imaging (MRI) or 
computer tomography (CT) renders this technique useful for 
biological applications. [  19  ]  Complex hydrogel constructs with 
well-defi ned porous architectures and desired mechanical func-
tions as well as appropriate mass transport characteristics have 
been created leading researchers to a better understanding 
of cell-matrix interactions in 3D. [  37  ]  As the resolution can be 
adjusted down to a few micrometers, [  38  ]  it is possible to produce 
hydrogel scaffolds with features in the order of 10–400  μ m to 
control the structure cluster of cells as well as features  > 400  μ m 
to control the interactions between multiple cell clusters. [  39  ]  It is 
possible to provide design criteria for zonal density variations 
of cells as existent in articular cartilage or meniscal- and osteo-
chondral tissues. [  40  ]  

 Pore sizes obtainable with SLA, are relatively large com-
pared to the dimension of a cell. [  41  ]  This can result in cell isola-
tion and makes it necessary to cluster cells. [  42  ]  To control the 
environment of individual cells, resolutions in the order of 
0.1-10  μ m are necessary. [  39  ]  In this respect, electrospinning is 
a diverse technique capable of producing fi bril networks with 
fi ber diameters in the sub- μ m region. Encapsulating living 
cells during the fabrication process has also been reported. [  43  ]  
However, despite signifi cant progress in controlling the fi ber 
orientation, [  44  ]  electrospinning does not allow the exact reca-
pitulation of the entire matrix architecture. [  45  ]  The fabricated 
scaffolds are ideal substrates for growing and implanting cell 
monolayers. However, constructs with larger pore sizes, suit-
able for cell invasion after seeding, have poor mechanical sta-
bility. To be effective as a scaffold, an ideal construct provides 
micro-features that exist in an organized 3D environment pro-
ceeding from the micro- to the macroscale facilitating effective 
cell migration and proliferation. [  46  ]  Due to the uncontrollable 
nature of electrospinning, this technique does not meet the 
necessary requirements. [  35  ]  

 Electrospun fi bril networks have been introduced in SLA 
fabricated scaffolds to “sieve” individual cells. [  40  ]  It could 
be shown that bovine primary chondrocytes were more effi -
ciently retained on AMT scaffolds containing an electrospun 
fi bril network than on those without. However, this two-step 
approach increases the complexity of the fabrication process, 
sets new limitations and reduces reproducibility. [  35  ]  A com-
plete understanding of the cells’ behavior in respect to topo-
graphical cues requires a one-step fabrication process that is 
capable of reproducibly producing defi ned 3D structures at 
multiple length scales, high resolution and in accordance to a 
specifi c design. 

 Two-photon polymerization (2PP) is a method based on 
localized crosslinking of photopolymers, induced by femto-
second laser pulses. [  35  ]  This technique allows the fabrication 
of feature sizes from 65 nm [  47  ]  to close 1 cm [  48  ]  according to a 
geometry defi ned by CAD. It is the most effective multi-photon 
process and relies on the principle of two-photon absorption 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203880
(2PA). In this process, a photoinitiator (PI) absorbs two-pho-
tons to be excited to an energy state similar to an excitation 
with one photon of higher energy. [  49  ]  The probability of this 
effect depends on the photons interacting with a molecule 
nearly simultaneously (within a time frame of 10  − 16  s) and 
scales quadratically with the applied laser intensity. Under 
tight focusing of a pulsed laser, the absorption is limited to the 
focal point as the number of molecules excited decreases rap-
idly with the distance from the intensity maximum. [  49  ]  Thus, in 
contrast to SLA, polymerization is not limited to the surface of 
a formulation. The materials used are essentially transparent 
for the wavelength of the utilized laser. [  35  ]  2PP offers true 3D 
polymerization without the need of a layer-by-layer fabrication 
procedure. All shortcomings related to the surface formation, 
such as high viscosities of the formulation (leading to high 
surface tensions), the necessity of recoating, [  50  ]  the need of sup-
porting material [  51  ]  and oxygen inhibition [  52  ]  can be discarded. 

 Furthermore, 2PP offers mild processing conditions. It can 
be preformed using light of the near-infrared (NIR) spectral 
range. In contrast to short wavelength UV light, which can 
induce photochemical damage to biological tissues, [  53  ,  54  ]  NIR 
light seems to be most suitable for inducing polymerization in 
the presence of cells. Proteins, DNA, melanin and hemoglobin 
dominate tissue absorption in the UV and visible spectral range, 
whereas water begins to contribute signifi cantly at  λ   ≥  900 nm. 
At 800 nm, however, biological tissue exhibits a window of 
transparency where the absorption seems to be minimal. [  55  ]  

 However, by tightly focusing NIR fs-laser pulses in biological 
tissues, it is possible to ablate components at mico- and nanom-
eter precision without altering neighboring structures. As 2PP 
requires similar focusing, a maximum threshold of 1.5 nJ 
using a 100 ×  NA 1.4 objective at 5  μ m s  − 1  scanning speed has 
to be considered to prevent nonspecifi c ablation. [  56  ]  Maintaining 
high cell viability, Kloxin et al. reported successful two-photon 
induced photodegradation of hydrogels operating below this 
threshold. [  57  ]  

 As suitable hydrogel precursors are limited, there were only 
a few publications on the fabrication of hydrogel constructs 
with 2PP so far. Complex porous scaffolds were usually pro-
duced of synthetic commercially available sol-gel formulations 
showing appropriate biocompatibility and no cytotoxicity. [  58  ]  
However, these formulations render hydrophobic structures 
that do not swell in water. Furthermore, post processing with 
organic solvents is required and the obtained scaffolds do not 
degrade hydrolytically. 

 In what follows, we will overview recent advances in the fab-
rication of hydrogel structures using 2PP. We will describe the 
necessary main components of photopolymerizable formula-
tions that can render 2PP fabricated hydrogels capable of deliv-
ering various signals for cells. In this manner, biocompatible 
constructs made from naturally derived and synthetic bioma-
terials will be presented. We will show successful 2PP micro-
fabrication of these materials according to a predefi ned CAD. 
Moreover, we will discuss the approach of modifying natural 
biomaterials and show results of 2PP in the presence of living 
tissues and cells. Some of the results might have involved two- 
or more photon-induced processes. As 2PP is the most effec-
tive and commonly used, we will stick to this term for better 
understandability.   
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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  4. Polymerizable Hydrogels 

 A wide range of synthetic and naturally derived materials may 
be used to form hydrogels for tissue engineering. [  3  ]  For photo-
polymerization, the formulation is usually liquid and should 
rapidly solidify upon illumination with light. [  19  ]  A photopoly-
merizable formulation suitable for biological applications may 
consists of the following components: [  36  ,  38  ,  59  ]   

 1.     A photoinitiator (PI) adsorbs incident light and readily gener-
ates reactive radicals initiating the polymerization.   

 2.     Multifunctional crosslinkers function as links between the 
polymer chains. They consist of an oligomeric spacer with 
more than one reactive group, they defi ne to a large extent the 
mechanical properties and in some cases the biodegradation 
of the resulting polymer.   

 3.     Often monofunctional reactive diluents are added to tune the 
viscosity of the formulation. They are incorporated into the 
backbone of the polymer and thus can be used to further ad-
just the mechanical properties.   

 4.     In the presence of a solvent like water or PEG, the polymer 
network is swollen, leading to a decrease in stiffness and 
strength of the construct compared to dry or less hydrated 
specimen.   

 5.     Bioactive stimuli can be added to the formulation. These sub-
stances are major determinants for cell behavior and can be 
conjugated to the scaffold material. [  60  ]     

 To adjust the polymer to application-specifi c requirements, 
these fi ve components and their ratios have to be chosen 
properly. In the following sections, we will present results on 
2PP of formulations containing different types of the respec-
tive components. We will investigate their chemical structure, 
their reaction mechanism under the infl uence of incident light 
and their interplay with other components. We will review suc-
cessful combinations, discuss their potential for biomedical 
applications and show how these materials can serve as bioin-
spired matrices to study cell behavior in 3D.  

 4.1. Water Soluble, Two-Photon Active Photoinitiators 

 A two-photon PI is a photoactive molecule, which simultane-
ously absorbs two NIR photons upon nonlinear excitation 
to directly or indirectly induce the generation of free radicals 
for subsequent polymerization. Highly active PIs are critical 
for effi cient 2PP characterized by a high 2PA cross section 
and high initiating effi ciency leading to a broad processing 
window [  61  ]  and low polymerization threshold. Polymerization 
can be performed at only low excitation power and short expo-
sure times leading to high polymerization speeds and high 
quality structures. 

 Successful 2PP microfabrication of cytocompatible scaf-
folds is conventionally performed using commercially avail-
able inorganic-organic hybrid formulations containing the 
UV initiator Irgacure 369 as photoinitiator. [  58  ,  62  ,  63  ]  Although 
the 2PA cross section of Irgacure 369 is small at the desired 
wavelength, [  64  ]  the limited 2PA could be compensated by high 
radical formation quantum yields to ensure acceptable initia-
tion effi ciency. In   Table     1  , PIs for the fabrication of hydrogels 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
via 2PP are listed. Z-scan analysis was used to measure the 
2PA cross section as two-photon analogue to the linear absorp-
tion coeffi cient. It is measured in Göppert-Meyer (GM) units 
(10  − 50  cm 4  s photon  − 1 ). [  65  ]    

 To form hydrogels, researchers fabricated hydrophilic con-
structs via 2PP of water soluble monomers using commercial 
hydrophobic UV photoinitiators in the absence of water. [  69–71  ]  
Using this approach, cells cannot be incorporated in the fabrica-
tion process since they must be kept in an aqueous suspension. 
Moreover, the solvent-exchange from fabrication to cell seeding 
can lead to signifi cant structure distortions. [  72  ]  Thus, the main 
advantages of 2PP–the high resolution and the possibility of 
forming structures in vivo without harming biological tissues–
cannot be fully exploited. A strategy to improve water solubility 
of commercially available, hydrophobic initiators makes use of 
of nonionic surfactants. [  72  ]  Jhaveri et al. increased the water sol-
ubility of commercial hydrophobic initiators (Irgacure 651 and 
AF240) using a nonionic surfactant (Pluronic F127). [  72  ]  Though 
this approach facilitates the fabrication of hydrogel structures 
from an aqueous formulation, large amounts of surfactant are 
needed to ensure adequate initiation effi ciency, which might 
reduce the biocompatibility. The optimization of real water sol-
uble initiating systems for 2PP becomes important. 

 Irgacure 2959 was used for 2PP of 3D scaffolds due to its 
hydrophilicity and good biocompatibility. [  73  ]  However, this ini-
tiator is only suitable for 2PP at 515  nm wavelength. At this 
wavelength, proteins absorb the laser light increasing the 
chance of their denaturation. [  54  ]  Only a limited intensity can be 
applied in the presence of biological tissues [  55  ]  leading to lower 
available energy for polymerization. 

 Until now, the most popular hydrophilic initiation system 
for 2PP is a dye-amine combination. Due to suitable absorp-
tion above 400  nm and easy accessibility, commercially avail-
able hydrophilic xanthene dyes, such as rose bengal, eosin and 
erythrosine were applied in 2PP of formulations with amine 
as coinitiator. [  66  ,  74  ]  In this type of initiation, the dye becomes 
excited by simultaneous absorption of two NIR photons via 
a virtual state. Accessing the second excited singlet state S2, 
the molecule undergoes rapid radiationless decay to S1, inter-
converting to the long-lived triplet state with high quantum 
( Scheme    1  ). [  75  ,  76  ]  Intermolecular electron transfer followed by 
hydrogen transfer from the amine to the excited dye gener-
ates active amine radicals to induce subsequent polymeriza-
tion. 2PP of synthetic monomers such as pentaerythritol tria-
crylate [  74  ]  and acrylamide [  66  ]  have been realized with dye-amine 
initiation systems.  

 However, high laser intensities ( ≈ 100 mW) and long expo-
sure times (300–400  μ s) were required due to the small 2PA 
cross section (Table  1 ) of the dye. [  77  ]  Additionally, some intrinsic 
limitations derived from bimolecular systems, such as elec-
tron transfer effi ciency between dye and coinitiator or the back 
electron transfer, would signifi cantly decrease the initiation 
effi ciency. 

 Some hydrophilic dyes, such as rose bengal [  76  ]  and meth-
ylene blue [  78  ,  79  ]  could also be used to directly crosslink pro-
teins. Since the protein itself fulfi ls the role of coinitiator 
and crosslinker at the same time, triethanolamine is not 
required and in fact appears to act as an inhibitor. Protein 
crosslinking without a coinitiator is believed to occur in one 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203880
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   Table  1.     2PP PI, water solubility, availability and 2PA cross sections ( σ  2PA  in GM [10  − 50  cm 4  s photon  − 1 ]) at 800 nm measured using Z-scan analysis. 

2PP PI Water soluble Commercial  σ  2PA  Chemical Structure Reference

Irgacure 369 No Yes 7

  

 [  65  ] 

Irgacure 651 No Yes 28

  

 [  65  ] 

Irgacure 2959 yes Yes Not known
  

Rose Bengal Yes Yes 10

  

 [  67  ] 

Eosin Y Yes Yes 10

  

 [  67  ] 

Erythrosin Yes Yes 10

  

 [  67  ] 

Flavin adenine 

dinucleotide (FAD)

Yes Yes 0.035

  

 [  68  ] 

Methylene blue Yes Yes Not known

  

WSPI Yes No 120

  

 [  69  ] 

G2CK Yes No 136

  

In preparation
of two ways, both of which involve excitation of the dye to 
the T1 state (Scheme  1 ). The excited dye can either abstract 
hydrogen directly from a protein molecule to induce protein 
crosslinking, or transfer energy to the ground state triplet 
molecular oxygen, producing singlet molecular oxygen. [  75  ]  In 
the singlet oxygen mechanism, the active oxygen species con-
tinues to react with an oxidizable amino acid residue to gen-
erate an electron-defi cient protein that may react with another 
protein’s amino acid residue to form a covalent bond. The 
probability for this reaction depends on the type of amino acid 
residues on proteins. Protein crosslinking is different from a 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203880
polymerization process. Two radicals have to be formed by 2PA 
to make one crosslink, which makes the process rather inef-
fi cient compared to chain growth 2PP of synthetic materials. 
Furthermore, though Campagnola et al. improved rose bengal 
and benzophenone initiation adding coinitiators to form one 
molecule, [  80  ]  the 2PA activity of the dyes remained low. As a 
result, the fabrication process still requires very long exposure 
times and high energies. [  72  ]  

 Although a full understanding of the relationship of molec-
ular structure and two-photon properties remains a big chal-
lenge until now, 2PA PIs with high 2PA cross section combined 
5wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Scheme  1 .     Energy level diagram for two-photon excitation of rose benga. 
Reproduced with permission. [  75  ]  Copyright 2000, American Chemical 
Society.  

     Figure  1 .     Laserscanning microscope (LSM) image of a hydrogel struc-
ture made from a formulation containing 50 wt% water using G2CK as 
initiator.  
with a high photoreactivity (like for conventional one-photon 
initiators) seems the goal to be achieved. [  81  ]  To design an ideal 
molecular structure with a high 2PA, several molecular key fea-
tures have been identifi ed. [  82–84  ]  Since intramolecular charge-
transfer is the “driving force” for 2PA, electron-donor and/or 
electron-acceptor groups are required. In addition, coplanar 
 π -conjugated bridges leading to states with extended charge 
separation are critical in enhancing the effi ciency of intramo-
lecular charge transfer. Although plenty of 2PA active hydro-
philic chromophores have been reported, nearly all of them 
are fl uorescent dyes for bioimaging applications [  85  ,  86  ]  and are 
not suitable for inducing photopolymerization. For an effective 
2PA PI, low fl uorescence quantum yields are preferred leading 
to a higher population of active states to initiate subsequent 
polymerization. 

 The most effective way to produce effi cient water soluble 
2PA PIs is to introduce water-borne functional groups, such as 
quaternary ammonium cations or different carboxylic sodium 
salts into the known core structures possessing high 2PA 
activity. Suitable spacers like alkyl-chains are usually required 
to avoid shifting the electronic structure of the 2PA chromo-
phore. A distyrylbenzene chromophore (WSPI) (Table  1 ) 
with quaternary ammonium cations was initially synthesized 
to study the solvent effects on the 2PA behavior. [  68  ]  Since 
4,4 ′ -dialkylaminobis(styryl)benzene proved to be a potent 2PA 
PI, [  87  ]  high 2PA initiation effi ciency of WSPI in aqueous for-
mulation is expected. Using WSPI as an effi cient initiator, 
our group fabricated 3D hydrogel scaffolds in the presence of 
a living organism for the fi rst time (see Section 4.2.1). [  88  ]  Fol-
lowing the same strategy, Wu’s group successfully synthesized 
benzylidene cyclopentanone dyes with hydrophilic sodium car-
boxylate group at the terminal alkyl chains. They applied the 
molecule as water soluble 2PA sensitizer combined with tri-
etanolamine for 2PP under aqueous condition. [  77  ]  Our latest 
study on a series of hydrophobic benzylideneketone dyes shows 
that different sizes of the central rings have signifi cant effects 
on their activity as initiators for 2PP. [  89  ]  

 Our group recently prepared a series of cyclic benzylidene 
ketone based water soluble 2PA PIs with different sizes of cen-
tral rings. The 4-methylcyclohexanone based initiator G2CK 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
(central fi ve member ring, Table  1 ) showed broader processing 
windows than its counterparts and as the reference molecule 
WSPI. Complex structures could be fabricated at high fabrica-
tion speed using 50% PEG-diacrylates (PEGda) based formula-
tions dissolved in aqueous solution ( Figure    1  ). Moreover, the 
cytotoxicity of G2CK is comparable with Irgacure 2959 when 
exposing MG 63 cell lines to the molecules in cell culture 
media (manuscript in preparation).    

 4.2. Biopolymers 

 Although the access to highly effi cient water soluble two-
photon PIs is a prerequisite for 2PP of hydrogels, the selection 
of appropriate photopolymerizable monomers/macromers as 
hydrogel precursors is equally important. To develop one for-
mulation for 2PP of hydrogels, the precursors have to meet sev-
eral requirements. 

 First, the precursor should possess suffi cient water solubility. 
To meet this requirement, PEG based synthetic monomers as 
well as certain natural polymers (e.g., HA) have drawn wide 
interest due to their superior hydrophilicity. [  90  ]  

 Second, from a biological point of view, the hydrogel pre-
cursor has to face three major challanges:  

 •     For in vivo 2PP, cells and tissues are exposed to the unpo-
lymerized formulation, the polymerization reaction and 
to the fi nal polymerized structure. Thus, the unpolymer-
ized precursors and their polymerization reaction must be 
cytocompatible.   

 •     After 2PP microfabrication, the precursors determine the 
sustainability of cell viability and further cell functions (pro-
liferation, differentiation, etc.). [  91  ]    

 •     To guide cells to specifi c directions in 3D, additional cues 
should be provided. An incentive for cell attachment to the 
polymer should be given; the materials should be bioactive.    
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203880
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 In natural ECMs, cell attachment is regulated by the cross-
talk between integrin receptors on cell membranes and integrin 
binding motifs (e.g., RGD peptides). As known from cell encap-
sulation studies, naturally derived proteins with cell adhesive 
ligands (e.g., collagen, gelatin, fi brinogen) or synthetic mate-
rials with incorporated ligands are promising materials for pro-
viding similar environments. [  73  ]  

 Third, the photo-reactivity of hydrogel precursor plays an 
important role in the feasibility for 2PP. To obtain mm sized 
structures in a reasonable time, the formulation has to be pro-
cessed at high writing speed and high pulse energies without 
compromising the quality of 2PP printed structures and its 
desired feature sizes. [  92  ]  

 With these criteria in mind, we review reported materials suit-
able for 2PP of hydrogels. These materials are divided into three 
groups: synthetic polymers, native proteins and chemically mod-
ifi ed natural polymers. Furthermore, we will show their poten-
tial for investigating cell responses to different isolated cues.  

 4.2.1. Synthetic Polymers as Hydrogel Precursors 

 A suitable biomaterial must withstand the normal loads and 
stresses of native tissues and has to degrade while still pro-
viding a temporal support. Whereas the mechanical proper-
ties of natural derived polymers are often inferior compared 
to their natural counterparts, [  93  ]  the chemistry and properties 
of synthetic materials, in contrast, can be controlled reproduc-
ibly. [  3  ]  To meet different application specifi c requirements, syn-
thetic materials are produced tuning molecular weights, block 
structures, degradable linkages and crosslinking modes. PEG 
is a potential key component of synthetic precursors, since it is 
widely used in tissue engineering and is FDA approved for var-
ious medical applications. It can be found in cosmetics, lotions, 
soaps and drug formulations. 

 In order to functionalize PEG with (meth)acrylates, photo-
crosslinkable formulations are created that can form hydrogels 
with a wide range of physical properties. [  3  ,  94  ]  In this regard, 
these polymers are cytocompatible, nonimmunogenic, bio-inert 
to cells, tissues and drugs and inherently resistant to protein 
absorption. [  95  ,  96  ]  PEG based hydrogels facilitate the exploration 
of mechanical (elastic modulus, mesh size), geometrical (archi-
     Scheme  2 .     RGD peptide (black) fl uorescently labelled with the fl uorophore Alexa Fluor 488 
(AF 488 ) bound to photocleavable o-nitrobenzyl ether (dark grey) and photopolymerisable alloc 
groups (light grey); the molecule can be reversibly polymerized to a PEG based hydrogel via 
thiol-ene photoreaction. Adapted with permission. [  102  ]  Coypright 2012, Wiley-VCH.  
tecture) and chemical (cell adhesions pep-
tides) effects disregarding the polymer’s bio-
activity as design variable. [  60  ]  Furthermore, 
the mechanical properties and mesh sizes of 
PEG based hydrogel constructs can be con-
trolled over a wide range simply by varying 
the molecular weight and/or the concentra-
tion of photopolymerizable PEG. [  94  ]  

 Using PEG as an inert substrate, 
researchers identifi ed the role of molecules 
for regulating specifi c cell–ECM interac-
tions mediated via adhesion molecules such 
as fi bronectin and laminin. These molecules 
induce the arrangement and polymerization 
of the cell’s cytoskeleton. [  97  ]  

 The group of JL West guide cells in 3D 
using the chemical attributes of bound 
growth factors within an existing PEG based 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203880
hydrogel. [  98  ]  They synthesized proteolytically degradable PEGda 
monomers by introducing a collagenase-sensitive protein linker 
into the PEG backbone. Human dermal fi broblast clusters in 
fi brin hydrogels were added to a photopolymerizable PEG 
solution and cured under UV light in the presence of cells. A 
solution containing the fi bronectin derived peptide arginine-
glycine-aspartic acid (RGD) bound to modifi ed PEG-acrylates 
was soaked into the hydrogel. After this preparation, patterns 
of proteins could be bound to the hydrogel locally by 2PP in 
the presence of a photoinitiator solution (2,2-dimethoxy-2-phe-
nylacetophenone in n-vinylpyrrolidone). It could be shown that 
fi broblasts migrated out from the fi brin into the degradable 
PEG hydrogel networks, whereas cells entrapped in degra-
dable PEG hydrogels without patterns stayed in the fi brin. The 
same group later patterned multiple peptide moieties within 
the same hydrogel sample. [  96  ]  Furthermore, they showed the 
local acceleration of endothelial cells’ tubulogenesis and angio-
genesis by covalently binding VEGF (glycosaminoglycans also 
present in the native ECM) and integrin ligands to the existing 
hydrogel. [  99  ]  

 The group of KS Anseth at the University of Colorado (CO, 
USA) developed synthetic PEG hydrogels that can be modulated 
on demand. They synthesized monomers capable of polymer-
izing in the presence of cells rendering cytocompatible hydrogel 
structures. [  100  ]  By introducing a nitrobenzyl ester-derived moiety 
into the PEG backbone ( Scheme    2  ), the hydrogel can be cleaved 
via fs NIR light and thus spatially and temporally tuned in its 
physical and chemical properties. Besides these topographical 
cues, the group was also able to immobilize thiol-containing 
biomolecules within a click-based hydrogel (Scheme  2 ). [  101  ]  
Upon gel formation, the hydrogel was soaked with fl uores-
cently labelled, thiol-containing biomolecules together with a 
water soluble photoinitiator (eosin Y). Three dimensional bio-
chemical patterns were created at high resolution (1  μ m X/Y, 
3-5  μ m Z). The process was repeated to provide multiple adhe-
sive signals relevant for many cell types. The group later syn-
thesized biological molecules containing thiol groups for pho-
tocoupling and photolabile moieties for photocleavage to and 
from the PEG based hydrogel. [  102  ]  This way, they showed the 
photomediated introduction of the cell adhesion ligands (RGD) 
as well as their removal using different wavelengths of NIR fs 
7wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     LSM image (1) of scaffold 280  μ m  ×  280  μ m  ×  225  μ m fab-
ricated using a formulation containing 80% water, Image (2) shows a 
 Caenorhabditis elegans  captured in woodpile structure with 200  μ m side 
length. Adapted with permission. [  88  ]  Copyright 2012, SPIE.  

     Figure  2 .     a) Two-photon patterned fl uorescent peptide inside the pre-
formed hydrogel (carried out at 860 nm wavelength) and b) after cleavage 
of the dark grey areas (740 nm wavelength), Scale bar 200  μ m, LSM 
images. Reproduced with permission. [  102  ]  Copyright 2012, Wiley-VCH.  

   Table  2.     2PP hydrogel formulations and references. 

Monomer Aqueous 
Formulation

Initiator Reference

PEGda No Irgacure 369  [  70   ,   91   ,   103,104  ] 

No Michler’s ketone  [  71  ] 

Yes WSPI  [  88  ] 

HA-MA/Acrylamide No Irgacure 369  [  95  ] 

Modifi ed Gelatin Yes Irgacure 2959  [  73,105  ] 

PEGda/HEMA Yes AF240/Irgacure 651  [  72  ] 

BSA Yes Rose Bengal/

modifi ed

 [  75   ,   80   ,   106  ] 

Yes Methylene blue  [  107–    109  ] 

Yes FAD  [  78,110  ] 

Lypholized BSA Yes Eosin Y  [  79  ] 

Methylene blue  [  79  ] 

Collagen Yes Modifi ed rose 

bengal

 [  76,80  ] 

Yes Ribofl avin  [  111  ] 

Firbinogen Yes Rose Bengal  [  75   ,   112  ] 

Fibronectin Yes Rose Bengal  [  113  ] 

Concanavalin A Yes Rose Bengal  [  113  ] 

Cytoplasmic proteins 

in live cells

Yes Rose Bengal  [  76  ] 
laser (860 nm and 740 nm, respectively, see  Figure    2  ), all in the 
presence of cells. Embryonic fi broblasts were seeded onto speci-
mens containing patterned islands of RGD. Cells attached to 
these islands but detached within minutes upon their removal. 
These constructs provide a dynamic simplifi ed synthetic envi-
ronment with full spatiotemporal control. Single factors can be 
varied selectively to explore a better understanding of cell-mate-
rial interactions existent in the native ECM.   

 Besides the binding of growth factors to and from existing 
PEG matrices, researchers have been able to build up 3D struc-
tures and scaffolds from modifi ed PEG monomers, too. How-
ever, so far, commercially available, water soluble initiators were 
not used to crosslink modifi ed PEG. Highly porous scaffolds 
out of PEGda (Mn 700) were fabricated using a commercial, 
organo-soluble photoinitiator (Irgacure 369,  Table    2  ) [  70  ]  at 200 
nm accuracy. [  71  ]  The unpolymerized residue could be washed 
away with water to render complex 3D hydrogel structures. 
Their cytotoxicity was evaluated using mouse fi broblasts, 3T3 
cells and chondrocytes. [  69  ,  71  ]  It could be shown that the initiator 
content plays a key role in the biocompatibility of the constructs 
post fabrication.  

 Claiming the low 2PA cross section of conventional dyes for 
microfabrication in an aqueous surrounding (section 3), Jha-
veri et al. dissolved commercially availbale hydrophobic initia-
tors (Irgacure 651 and AF240) in water using a non-ionic, FDA 
approved surfactant (Pluronic F127). [  72  ]  This way, the successful 
one-step additive 2PP of simple 2D structures from PEGda 
(Mn 575) and 2-hydroxyethyl methacrylate from formulations 
with water contents of up to 40 wt% was reported. Our group 
recently modifi ed a highly active 2PA dye used for biological 
imaging for direct 2PP of PEGda in an aqueous media. Com-
plex porous scaffolds at  < 1  μ m resolution could be obtained in 
a formulation containing 80 wt% water. These complex struc-
tures can be created in the presence of multicellular organisms 
of type  Caenorhabditis elegans  ( Figure    3  ). [  88  ]   

 Although PEGda has shown the feasibility for 2PP of hydro-
gels, the cytocompatibility of acrylates is still in doubt. It is well 
known that acrylates are good Michael acceptors which makes 
them potentially cytotoxic or even carcinogenic. [  114  ]  This might 
preclude PEGda from many further clinical applications. Until 
now, only hydrophobic inorganic-organic hybrid formulations 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
containing the less irritant methaccrylates as photocrosslink-
able moiety were processed with 2PP. [  58  ]  Even with high effi -
cient initiators, we could not fabricate satisfying structures 
from PEG dimethacrylates (data not shown). 

 We recently established a new series of alternative mono-
mers (vinyl esters VEs) with superior cytocompatibility. [  114  ,  115  ]  
Comparative cytotoxicity studies on osteoblasts proved that VEs 
are at least one and two orders of magnitude less toxic than 
their methacrylate and acrylate references, respectively. A com-
parative analysis of acrylates and VEs in terms of degradation is 
given in  Table    3  .  

 Biodegradability is a key prerequisite of hydrogel precursors 
for potential biomedical applications. [  116  ]  When one uses PEGda 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203880
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   Table  3.     Comparison between acrylates and vinyl esters (VEs) regarding degradation products and hydrolyzed molecules originating from residual 
monomers. 

Monomers  Main degradation products Hydrolysed product of unpolymerized group a) 

Acrylates

 Acrylate high Mw acrylic acid acrylic acid, IRRITANT

Vinyl esters

Vinyl Ester poly vinyl alcohol acetaldehyde/ acetic acid

 a)    AcDH  =  acetaldehyde dehydrogenase; NADH  =  nicotinamide adenine dinucleotide.   
as hydrogel precursor, the main degradation products are non-
cytotoxic PEG but also high Mw poly (acrylic acid) which is very 
hard to be excreted out of the human body. [  115  ]  In contrast, the 
degradation product of the polymer backbone of VEs is low Mw 
poly(vinyl alcohol) recognized as an ideal building block for the 
creation of novel biocompatible materials. 

 Since it is unlikely to reach complete conversion of vinyl 
groups in radical photopolymerization, careful attention should 
be paid to the remaining unpolymerized reactive groups (at 
least 10–20%). The remaining acrylate groups would form 
cytotoxic acrylic acid as degradation product while the left VE 
groups would release acetaldehyde that can easily be metabo-
lized into acetic acid in the presence of acetaldehyde dehy-
drogenase. Although VEs are generally not as photoreactive 
as their acrylate references, our recent work found that the 
thiol-ene photo-click chemistry could greatly improve the reac-
tivity of VE even to the level of acrylates. [  117  ]  However, 2PP of 
constructs from water based formulations containing VEs as 
reactive monomers was not yet reported. Nevertheless, these 
compounds are promising hydrogel precursors and might play 
a role in the creation of biocompatible aqueous resins in the 
future. A respective modifi cation of PEG will be likely.   

 4.2.2. Native Proteins/Protein Precursors 

 Since synthetic polymers generally lack of bioactivity, commer-
cially available natural polymers have been explored as substrates 
for 2PP hydrogels. In this respect, macromeres derived from 
natural polymers are of interest. [  95  ]  

 Campagnola and co-workers performed seminal work on 
2PP fabrication of 2D simple structures by using native bovine 
serum albumin (BSA). [  75  ,  80  ]  BSA is similar to human serum 
     Scheme  3 .     Mechanism of photoinduced crosslinking reaction of native proteins  
albumin. It is a monomeric protein with 
high solubility in water and a lack of a carbo-
hydrate moiety. Being a product of the liver, it 
serves as carrier of ions, fatty acids, metabo-
lites, bilirubin, drugs and hormones. [  118  ]  

 The photoinduced crosslinking reac-
tion of BSA is based on several oxidiz-
able amino acid residues (e.g., Tyr) pre-
sent in BSA. [  119  ]  A detailed mechanism 
(e.g., di-tyrosine crosslinking) is shown in 
 Scheme    3  . The crosslinking reaction starts 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203880
from the excitation of a photosensitizer into the triplet state. 
These photoexcited species are expected to oxidize tyrosine 
residues. [  119  ]  The resultant tyrosyl radical is isomerization-
stabilized and can recombine with a second tyrosyl radical of 
another protein nearby. Therefore, intermolecular crosslinks 
could be formed between proteins.  

 Besides BSA, Campagnola’s group also crosslinked other 
proteins with oxidizable units via 2PP. In this respect, it was 
possible to process native ECM proteins like collagen I, [  80  ]  
fi brinogen, concanavalin A and fi bronectin. [  113  ]  Different 
native proteins contain different cell adhesive ligands. After 
crosslinking the protein matrices, cell adhesion and migration 
could be observed in response to chemical cues provided by col-
lagen and fi brinogen in contrast to BSA. [  112  ,  120  ]  Also multipro-
tein matrices made from BSA and fi brinogen in a 1:1 molar 
ratio were built. [  112  ]  To isolate cellular processes, the same 
group later fabricated channels and compartments inside live 
cells (starfi sh oocyte) crosslinking endogenous cytoplasmic 
proteins. [  76  ]  

 The group of JB Shear from the Institute for Cellular and 
Molecular Biology from the University of Texas (USA) found a 
variety of uses to engineer biological micro-scale devices from 
crosslinked natural proteins. BSA and avidin microstructures 
were created in the presence of cortical neurons without compro-
mising cell viability using fl avin adenine dinucleotide (FAD) as 
photosensitizer. The neuron’s contact position could be guided 
with micrometer-scale resolution. [  110  ]  To further explore responses 
of neuroblastoma-glioma cells to physiochemical cues, they later 
fabricated large aspect ratio structures, manipulated portable 
protein microparticles by fs-pulsed NIR light induced optical 
9wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     a) pH-responsive microchamber for control over 3D cell cul-
ture, abrupt changes in pH (from 7 to 12.2), causes temporary compres-
sion of the internal chamber, releasing a few E. coli (b), or eventually 
disrupt the substrate interface (c), differential interference contrast 
images. Reproduced with permission. [  108  ]  Coypright 2008, The National 
Academy of Sciences of the USA.  
trapping and directly patterned enzymes on existing matrices. [  107  ]  
For creating real 3D guidance of dorsal root ganglions and hip-
pocampal neuronal progenitor cells, BSA micropatterns were 
fabricated inside an existing HA hydrogel. These structures were 
decorated with laminin-derived peptides using avidin linkages 
to promote cell adhesion and proliferation. [  78  ]  This way they can 
interact with the biological tissue during its development pro-
viding physical and chemical cues. 

 Another approach by the Shear group was to use protein 
microstructures as compartments for cells and bacteria to study 
their behavior in response to different stimuli. By incorporation 
of microscopic thickness and density gradients in crosslinked 
proteins containing poly(methyl methacrylate) particles, stim-
uli-responsive structures could be fabricated that underwent 
large volume changes upon changes in the pH value. [  108  ]  This 
way, the fabricated microenclosures could trap, incubate and 
release  Echerichia coli  bacteria ( Figure    4  ). Harper et al. could 
recently physically isolate single cells from their surrounding 
and entrap them in BSA microchambers. Cells remained acces-
sible for chemically cues through the permeable walls of the 
microstructures. [  109  ]  This approach allowed studying a variety of 
cell functions ranging from single cell biochemistry to pertur-
bation and analysis of small populations of cultured cells upon 
their exposition to chemical cues.  

 Delicate microstructures can be fabricated out of native pro-
teins such as BSA. The mechanical properties can be adjusted 
altering the laser intensity necessary for the fabrication. [  121  ]  How-
     Scheme  4 .     Proposed mechanism of radical-mediated thiol-VE photopolymerization (PI  =  
photoinitiator).  
ever, the effi ciency of di-tyrosine crosslinking 
of natural proteins is quite limited when 
compared to the conventional chain growth 
polymerization of synthetic polymers. In the 
former process, a minimum of two excited 
photosensitizers form two tyrosyl radicals that 
have to couple with each other to form only 
one crosslink (Section 4.1). Only one radical is 
needed to start the chain growth polymeriza-
tion in the latter approach, the crosslinking of 
synthetic based polymers. In a recent report, 
precise BSA structures were fabricated at a 
writing speed of only 6  μ m s  − 1  using a 100 ×  
NA 1.4 objective. [  79  ]  2PP of synthetic hydro-
gels can proceed at 10 mm s  − 1  using a 20 ×  NA 
0.4 microscope objective, drastically reducing 
the fabrication time. [  88  ]  Though single cells 
and small cell clusters can be addressed using 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
crosslinked natural derived polymers as precursors, the creation 
of millimeter-sized constructs, sizes suitable for a large variety 
of biological assays, is not economically feasible. To get relevant 
samples still promoting cell adhesion and proliferation, 2PP of 
natural precursors has to proceed faster.   

 4.2.3. Modifi ed Natural Polymers as Hydrogel Precursors 

 To achieve high reactivity and good biocompatibility of 2PP for-
mulations, researchers have turned to use chemically-modifi ed 
natural polymers. For instance, methacrylated HA (HA-MA) 
has been explored as hydrogel precursor in a recent study by 
Berg et al. [  95  ]  In this work, HA-MA was prepared through a 
reaction between primary hydroxyl groups of HA and meth-
acrylic anhydride. While the 2PP feasibility was proved in this 
work, writing speed (150  μ m s  − 1 ) was very low. Furthermore, 
acrylate-based monomers (20 wt% acrylamide and 1.2 wt% N, 
N-ethylene bisacrylamide, w/v) were added into the hydrogel 
precursors, presumably because the photo reactivity of the 
HA-MA was not suffi cient. 

 Ovsianikov et al. recently reported the 2PP of methacry-
amide derivatives of gelatin (GelMOD) using Irgacure 2959 as 
photoinitiator. [  73  ,  105  ]  GelMOD was prepared through an amida-
tion reaction between  ε -amino groups of lysine units in gelatin 
and methacrylic anhydride. [  122  ]  This work shows the successful 
fabrication of complex CAD based scaffolds with 3D features 
allowing a bioadhesive environment with accurate 3D topog-
raphy. The constructs preserved their enzymatic degradation 
capabilities after the fabrication. In contrast to the AM of pure 
proteins, the writing speed could be as high as 10 mm s  − 1  
allowing for shorter fabrication times. Mesenchymal stem cells 
were seeded on the scaffolds, adhered and differentiated into 
osteogenic lineage. 

 To tackle the reactivity issue further, we recently synthe-
sized the VE derivative of gelatin (GH-VE), which is supposed 
to be more cytocompatible and enzymatically degradable 
(manuscript in preparation). As the photoreactivity of GH-VE 
towards homopolymerization was quite limited, we turned to 
the more effi cient thiol-ene click chemistry. A proposed mecha-
nism for the robust thiol-VE photo-click reactions is shown 
in  Scheme    4  . The reason for the robustness of such reactions 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203880
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     Scheme  5 .     Schematics of photocrosslinked hydrogel networks using GH-VE and BSA-SH as 
precursors. TCEP  =  tris(2-carboxyethyl)phosphine.  
could be addressed to the highly effi cient chain-transfer reac-
tions from carbon-centered radicals to the thiol radicals. [  117  ]   

 Reduced BSA (BSA-SH) as a model macrothiol was chosen 
to provide multiple free cysteine units for subsequent photo-
click reactions with VE groups in GH-VE ( Scheme    5  ). Since the 
extent of cysteine units depends on the stoichiometry between 
disulfi de bridges and reducing agent, varying ratios between 
thiol groups and VE groups could be obtained, thus providing 
hydrogels with tunable physical properties.  

 3D CAD scaffolds with complex geometry were designed 
according to previously successful scaffold designs. [  72  ]  Well-
defi ned hydrogel network structures were written within the 
GH-VE/BSA-SH matrices (see  Figure    5  ). High writing speeds 
(as high as 50 mm s  − 1 ) were achieved presumably due to the 
robustness of thiol-VE click reactions. The accuracy was  ≈ 1  μ m 
and real 3D topological features (overhangs) could be achieved.  

 Although BSA is known as a biocompatible component, it 
resists cell adhesion due to the negative charge on its surface. [  123  ]  
Preliminary cell studies proved that GH-VE/BSA-SH based 
hydrogels were cytocompatible with MG63 cells. Cell attachment 
could be adjusted by tuning the relative ratio between GH-VE 
and reduced BSA. These results show that GH-VE supports cell 
adhesion. Since reduced BSA was used as a model protein to 
donate free cysteines, further work using alternative disulfi de-
rich proteins that are more cell adhesive is under way.     

 5. 2PP Processing Time 

 A critical issue of 2PP is the processing time. At this stage of 
research, fabricating millimeter sized constructs might take a 
few hours or even days. As for systematic biological studies a 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

     Figure  5 .     2D and stacked 3D LSM images of microfabricated porous 
structures via 2PP; 15 wt% BSA-SH and 10 wt% GH-VE, 0.5 wt% WSPI in 
PBS, thiol:ene  =  10%, LSM images, scale bar 500  μ m  

Adv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203880
series of these constructs is required, the fab-
rication time has to be reduced to make this 
process more economic. 

 Researchers are currently working on 
highly effi cient chemistry to speed up the 
process. [  124  ]  Reactive initiators are required 
that can be dissolved in water and do not 
compromise cytocompatibility are of par-
ticular interest. In this respect, especially the 
effi cient formation of radicals suitable for ini-
tiating polymerization in the presence of cells 
will be a major issue for future investigations. 
Researchers have to overcome the trade-off 
between high reactivity and biocompatibility. 

 However, effi cient chemistry alone is 

not the only issue to address. 2PP hardware must be capable 
of processing the formulations at high speed and submicron 
accuracy. High laser intensities as well as precise and fast 
mechanics are indispensable. Using home-built systems, Mal-
inauskas and co-workers have fabricated close to 1-cm sized 
scaffolds from hydrophobic formulations [  48  ]  at a scanning 
speed of up to 100 mm s  − 1 . [  125  ]  Our group recently developed 
an experimental system that can fabricate at writing speeds of 
up to 500 mm s  − 1 . [  126  ]  Hydrogels with water contents of 50% 
could be processed at 100 mm s  − 1 . To fabricate at multiple sites, 
Ritschdorff et al. implemented a dynamic mask enabling the 
independent generation of features simultaneously using one 
laser. [  106  ]  Together with effi cient chemistry allowing for high 
writing speed, this can open a route to use 2PP economically 
for a variety of biological applications.   

 6. Conclusion 

 Two-photon polymerization (2PP) is a versatile technique for 
creating topographical, chemical and mechanical cues relevant 
for mimicking key elements of the natural ECM. 2PP is usu-
ally induced via fs-pulsed near-infrared laser light (NIR). At 
this wavelength, biological tissue and cells absorb light only 
minimally. Operating below a pulse energy of 1.5 nJ, 2PP can 
be performed in vivo, in the presence of biological tissues and 
cells. So far, these advantages could not be exploited as biocom-
patible, water based resins rendering body-similar hydrogel 
structures were not available. Over recent years, a fast growing 
variety of synthetic (based on poly ethylene glycol) and natural 
derived (e.g., serum albumin and fi brinogen) formulations have 
been processed in vivo. This allows the local customization of 
the cell environment during its development and the investi-
gation of their behavior to specifi c cues excluding other infl u-
encing factors. Effi cient chemistry and hardware optimizations 
will potentially make 2PP increasingly attractive for a variety of 
biological applications, where, ultimately, research will lead us 
to a better understanding of cell-cell and cell–ECM interactions.  
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