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factors. [ 9 ]  Therefore, cancellous bone grafts are still the clin-
ical standard, [ 10 ]  which are associated with limited availability, 
donor site morbidity, and infl ammatory risks. [ 11 ]  

 Here, we aim at a cell- and factor-free, purely biomaterial-
induced regeneration [ 12 ]  with a 3D architectured hydrogel 
(ArcGel) consisting of gelatin and lysine connected by urea 
junction units. We hypothesize that such a structured hydrogel 
can be equipped with multiple functions to guide tissue regen-
eration by providing a microenvironment enabling homing of 
cells as well as inducing osteogenic differentiation and tissue 
formation, which is supported by a fast and spatially directed 
degradation of the material. We introduce multifunctional 
ArcGels based on gelatin which can be prepared in a one-step 
process integrating the formation of an open porous mor-
phology and the chemical functionalization, and which success-
fully induce regeneration of bone in vivo. Their key functions 
are cell adhesion support, tailorable microscopic (cell environ-
ment) and macroscopic elastic properties, as well as growing 
pores during the degradation period of a few weeks. These fea-
tures provide an osteogenic environment. 

 Our biomaterial design combines three principles: i) An 
open porous interconnected structure allows rapid [ 6a , 7b ]  cell 
invasion, which is supported by cell adhesion sites [ 13 ]  and 
an elastic behavior of the material. This enabling of residual 
cells to migrate in vivo into the 3D ArcGels distinguishes our 
approach [ 14 ]  fundamentally from cells which are encapsulated 
in gels before implantation [ 15 ]  ( Figure    1  a). ii) An osteogenic 
environment will be provided by tailoring the elastic proper-
ties of the pore walls. This substrate elastically determined 
differentiation approach aims at transferring concepts from 
stroma cell research [ 15a , 16 ]  into void regeneration. Such mecha-
notransduction again requires suffi cient adhesion sites for 
cells on the material surface with a suitable spatial distribu-
tion (Figure  1 b). [ 17 ]  iii) Finally, fast degradation of the material 
with growing pore size guiding the tissue development shall be 
realized. Synthetic polyesters such as poly(glycolide- co -lactide) 
(PLGA) and poly(ε-caprolactone) do not degrade in the time 
frame of callus formation (six weeks). But with biopolymers, 
this degradation time period can be achieved because of rapid 
enzymatic degradation. The growth of pores during degradation 
corresponds to the demands in biomaterial-induced endogenous 
regeneration, in which initially small pores lead to better adhe-
sion of cells, [ 18 ]  while cell ingrowth, angiogenesis, and tissue for-
mation is profi ting from larger pores, higher surface areas, and 
greater interconnectivity at a later stage of the regeneration. [ 19 ]   

 The preparation of a biomaterial combining these different 
functions in a single step process represents a scientifi c 

  Critical size defects in bone, [ 1 ]  which do not heal by them-
selves, occur after trauma, infection, or tumor resections. [ 2 ]  
Rising awareness of the socioeconomic impact and the lack of 
adequate treatments have stimulated signifi cant scientifi c atten-
tion on creating therapeutic options for bone regeneration. [ 3 ]  
Inducing and controlling bone regeneration is widely thought 
to be ruled by applying soluble bioactive factors or multipotent 
cells. [ 4 ]  Biomaterials have been applied successfully as sup-
portive means for controlled factor release [ 5 ]  or for providing 
a temporary extracellular matrix (ECM) substitute to cells 
in tissue engineering approaches. [ 6 ]  In comparative studies, 
degradable biomaterials by themselves as a pure biomaterial 
approach did not lead to satisfying regeneration. [ 5a , 7 ]  Such an in 
situ tissue regeneration would require homing of residual cells 
and potentially infl uence stem cell differentiation, [ 8 ]  which has 
generally been supported through specifi c peptides or growth 
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challenge. [ 20 ]  Here, we present such a one-step approach for 
creating multifunctionality in a structured hydrogel system by 
integrating synthesis and formation. We have chosen gelatin as 
starting material as it provides adhesion sites for cells [ 21 ]  and 
proteins, it is rapidly degradable, hydrogel forming, and readily 
available. We envisioned creating a porous structure similar to 
the process of whipping cream, simultaneously functionalizing 

gelatin with a derivative of the amino acid  L -lysine via urea 
junction units. In this way, a material consisting only of pro-
tein chains and amino acid derivatives acting as crosslinkers is 
formed. The open porous structure results from the collapse of 
thin walls formed by air incorporation (Figure  1 d). We speculate 
that through control of the crosslink density the local mechan-
ical properties can be tailored, while the overall macroscopic 
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 Figure 1.    a) Strategy for gelatin-based 3D architectured hydrogels (ArcGels) induced bone regeneration. The cell-free material is implanted, cells invade 
the ArcGel, and bone is regenerated. b) During cell settling, cells sense the elasticity of the matrix through contact with adhesion sites. c) During deg-
radation, contact to adhesion sites and pore growth lead to mechanical stimulation of the cells. d) Foams are generated from an aqueous solution of 
gelatin and a PEG–PPG–PEG triblock copolymer as surfactant at 45 °C through stirring. Stabilization of the ArcGels was achieved by reaction with  L -lysine 
diisocyanate ethyl ester (LDI). e) The resulting ArcGels have an open porous structure. Through hydrolytic degradation of walls (green) over time, the wall 
tension is released (indicated by arrows) to give pore (gray) growth during degradation (top). On the molecular level (bottom), the bulk of the material 
consists of gelatin chains (red), which are grafted with and crosslinked by lysines (black). The gelatin-inherent adhesion peptides (yellow) are partially 
presented on the ArcGel walls where they are accessible to cells and proteins. Degradation increases the mobility of gelatin chains enabling partial reheli-
calization to collagen-like triple helices (highlighted in frames). The scale bar in the scheme is for orientation purposes only and represents ≈200 µm.
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mechanical properties of the hydrogels are 
ruled additionally by the 3D architecture. 
The entropy elastic behavior of the network 
should result in growing pores of the struc-
tured hydrogel during the degradation pro-
cess, like soap bubbles merging (Figure  1 e). 
Interestingly, such features, together with the 
adhesion sites on the material, could lead to 
active mechanical stress on adhered proteins 
and cells (Figure  1 c). The increased fl ex-
ibility of the gelatin chains after hydrolysis 
of crosslinks allows for self-organization into 
triple helices, which should counteract the 
reduction of  E -modulus generally observed 
in degradation processes of hydrogels. 

 In the following, the formation and char-
acterization of the ArcGels are presented, 
followed by in vitro cell culture experiments 
in which attachment, growth, and differen-
tiation of human mesenchymal stroma cells 
(hMSCs) in the ArcGels are shown, and fi nally 
the effectiveness of the cell-free ArcGels to 
induce bone formation in a critical size bone 
defect in a rat model will be described. 

 The ArcGels were prepared with varying 
molar excess of  L -lysine diisocyanate ethyl 
ester (LDI) compared to free amino groups of 
gelatin as well as gelatin concentration in the 
presence of a surfactant. They are referred to as G X _LNCO Y , 
in which  X  describes the gelatin concentration (wt%) and  Y  the 
molar excess of isocyanate groups. Although several competing 
reactions are observed, the reaction of gelatin with diisocy-
anates in aqueous solution in the presence of a surfactant gave 
a controlled number of lysine crosslinks and grafted oligo lysine 
chains, with single or two units being predominant (for mecha-
nism, see ref.  [ 22 ] ). For the investigated ratios of diisocyanate 
to amino groups of gelatin, the synthesis led to stable ArcGels 
(Figure  1 b). In order to ensure this tailorability, it was essen-
tial to initially suppress the self-organization of gelatin chains 
in single and triple helices, which was accomplished by per-
forming the reaction above the helix-coil-transition tempera-
ture. Wide-angle x-ray scattering (WAXS) studies of the ArcGels 
showed only low single-helical (1%) or triple-helical (1–2%) 
contents, which proved that this approach was successful (com-
pare Figure S4, Supporting Information). All ArcGels featured 
an interconnected pore morphology, with the pore sizes of the 
synthesized ArcGels in the dry state ranging from 156 ± 56 
to 286 ± 92 µm (determined by scanning electron microscopy 
(SEM) as well as microcomputed tomography (µCT)). [ 26 ]  The 
ArcGels took up water (900–1100 wt% at room temperature), 
with lower water uptake observed for G13_LNCO8 than for 
the G10 samples. The water uptake properties of the scaffolds 
corresponded to their overall densities, which increased with 
increasing LDI amount added during the synthesis for the G10 
ArcGels (66 ± 3 to 96 ± 3 mg cm −3 ). 

 The ArcGels showed remarkable behavior in compression 
tests. Wet ArcGels elastically recovered after removal of external 
stress ( Figure    2  d–f), while dry ArcGels showed plastic defor-
mation (Figure  2 a–c), with a shape fi xity ratio  R  f  of 85 ± 5% 

(G10_LNCO3) and 80 ± 5% (G10_LNCO8). When water was 
added to the compressed dry ArcGels, the original shapes of 
the ArcGels were recovered (Figure  2 c,d), with a shape recovery 
ratio  R  r  of 88 ± 5% (G10_LNCO3) and 95 ± 5% (G10_LNCO8). 
This behavior corresponds to a water-induced shape-memory 
effect (SME) [ 23 ]  in which the thermal transition temperature 
associated to the switching domains is decreased, while the 
environmental temperature remained constant. The addition of 
water reduces  T  g  of the ArcGels from 50–62 °C (dry) to below 
0 °C (wet) as determined by dynamic mechanical analysis at 
varied temperature (DMTA). Despite the high water uptake, the 
macroscopic outer dimensions of the ArcGels did not signifi -
cantly change during the wetting process, i.e., neither expan-
sion nor shrinkage was observed. Thus, they were form stable 
(Figure  2 a/f and the Supporting Information) in contrast to 
clinically applied collagen sponges (Lyostypt), which showed 
substantial shrinkage (41 vol%) upon contact with water and 
easily disintegrated when handled.  

 While the macroscopic properties of the ArcGels are impor-
tant for handling, the cell–biomaterial interactions occur locally 
in the microenvironment. The pore sizes of the ArcGels in the 
wet state (192 ± 59 to 209 ± 54 µm) as determined using light 
microscopy did not differ from pore sizes in ArcGels in the dry 
state at room temperature. Only a small increase in wall thick-
ness during water uptake was observed, which can be explained 
by the incorporation of water molecules into a large free volume 
of the ArcGels, which is likely resulting from the freeze-drying 
step. Pore dimensions and their microform stability imply that 
the ArcGels structure enable cell invasion and amplifi cation. 

 It was demonstrated for stroma cells on 2D hydrogel 
substrates [ 16a,b ]  or enclosed in dense hydrogel matrices [ 15 ]  that 
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 Figure 2.    Macroscopic form upon compression, unloading, or wetting at ambient tempera-
ture shown exemplarily for G13_LNCO8. When a dry ArcGel (a) is compressed (b), it retains 
its shape when the load is removed (c) (plastic deformation). Addition of water leads to the 
recovery of the original shape (d) (water-induced shape-memory effect). When the wet ArcGel is 
compressed (e), it fully recovers elastically after removal of the load (f). The outer dimensions 
of the ArcGel do not change upon the addition of water and thus it is macroscopically form 
stable (a–f) (see Figure S2, Supporting Information). The cycle can be repeated several times. 
The elastic recovery is of relevance during the implantation procedure (compare with Figure  1 a) 
The scale unit on the ruler is 1 mm.
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they respond differently to substrates with varied macroscopic 
elastic moduli. Therefore, we hypothesized that the elastic 
modulus of the microenvironment is highly relevant to guide 
cell fate within the ArcGels. Determining the local micro-
mechanical properties of the wet ArcGels was challenging 
from an experimental point of view as the heterogeneous, 
porous structure required precise positioning of the mechan-
ical testing device to specifi cally indent on the pore walls and 
not the aqueous phase. We accomplished this by combining 
an optical microscope and an atomic force microscope (AFM). 
An area on an ArcGel surface was identifi ed, which could be 
scanned with an AFM tip without the cantilever touching any 
protruding parts of the ArcGel. Therefore, the difference in 
profi le height of the scanned area had to be smaller than the 
height of the AFM tip (3 µm). Such areas were identifi ed by 
optical microscopy and confi rmed by quantifying the surface 
roughness of this area. This was achieved by acquiring a force 
map (30 × 30 µm) identical to the studied area with the lowest 
possible trigger point of the cantilever, which corresponded to a 
middle indentation depth of 60–500 nm. Subsequently, force–
distance curves were determined and the Young’s moduli of 
single points were calculated by fi tting a modifi ed Hertz model 
(see the Supporting Information). 

 The local  E  moduli of the G10 series decreased from 1250 ± 
140 to 56 ± 28 kPa with increasing LDI excess (three- to eight-
fold) added during the synthesis ( Figure    3  ). With increasing 
diisocyanate excess, the probability for the formation of direct 
crosslinks ruling the mechanical properties is decreasing. In 
case of high diisocyanate concentrations, the free amino groups 
rapidly reacted with different diisocyanate molecules, guiding 
the reaction in an early stage into the direction of grafting.  

 The main factors contributing to the macroscopic 
compressive modulus are the hydrogel architecture, the mod-
ulus of the pore walls, and the material density. For the G10 
samples, the morphology is constant, while the modulus 
decreases and the density increases with LDI excess. These 
opposing trends seem to compensate each other on the macro-
scopic level. Therefore, the local  E  modulus can be adjusted 
independently from the macroscopic compression modulus. 

 The ArcGels were designed to degrade so that they would 
act as a temporary microenvironment fostering the migration 
and osteogenic differentiation of cells, while at subsequent 
stages provide a guiding structure for tissue development, 
allowing more space for proliferating cells. The mechanisms 
of degradation were studied in vitro. The pore size changes 
during degradation, measured in freeze-dried ArcGels, were 
monitored with SEM and showed that average pore sizes of 
hydrolytically degrading ArcGels increased (as shown for G10_
LNCO8 in  Figure    4  a). As hypothesized, pores merged during 
degradation, i.e., when a wall was degraded, the surface ten-
sion of the merged pore results in the formation of new, larger, 
round pores rather than tunnels (compare Figure  4  and  1 ). 
Despite the pores merging, the integrity of the ArcGels was 
retained for an unexpectedly long time period. This can be 
rationalized by the observation of a step-by-step self-organiza-
tion of the peptide chains into single helices and triple helices 
as quantifi ed from WAXS spectra (Figure  4 ). This potentially 
slows down the degradation and counteracts an undesired 
stronger swelling during degradation. G10_LNCO3 completely 
degraded after six weeks and G10_LNCO8 within ten weeks in 
in vitro studies, so the mass loss inversely correlated with the 
density.  
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 Figure 3.    ArcGel porosity and micromechanical properties of the ArcGels’ pore walls. a) Scanning electron microscopy image of the dry ArcGel G13_
LNCO8. The scale bar represents 200 µm. b) Light microscopy image of the same ArcGel at a different position in the wet state, showing microscopic 
form stability (see Figure S3, Supporting Information, for details). The scale bar represents 200 µm. c) Optical microscopy-guided positioning of the 
AFM tip for the indentation experiments on this ArcGel. The grid shows the corresponding indentation area. Enlarged is the corresponding indentation 
map giving the local Young’s moduli  E . The scale bar represents 30 µm. d) Exemplary force–distance curve for AFM measurements of G10_LNCO5, 
with the theoretical fi t highlighted in black. e) Porosity of dry G10_LNCOX ArcGels determined by µCT (�) and  E  of wet ArcGel walls determined by 
AFM (�). The data points separated from the connected curves correspond to G13_LNCO8. Compare with Figure  1 b.
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 Altogether, the rate of degradation of the ArcGels is faster 
than generally suggested as appropriate for classical PLGA scaf-
folds intended for in vivo tissue engineering. [ 24 ]  However, the 
importance of the early healing phase including cell migration 
and osteogenic differentiation for triggering and guiding regen-
eration cannot be overestimated and is targeted in our work. 

 The two ArcGels G10_LNCO3 and G10_LNCO8 were 
selected for further in vitro and in vivo analyses according to 
our hypothesis about the infl uence of micromechanical prop-
erties and degradation behavior to determine their potential 
to induce and guide bone regeneration. They differed only in 
micromechanical properties and rate of degradation, while 
keeping constant the macroscopic mechanics, pore sizes, and 
degree of helicity. In this way, the early effects on cell prolifera-
tion and differentiation should be ruled by the micromechan-
ical properties of the ArcGels, while during subsequent stages 
of tissue development the effects of degradation will become 
more relevant. In a fi rst step, ArcGels sterilized with ethylene 
oxide were tested for their cytocompatibility using L929 fi bro-
blast cells according to the EN DIN ISO standard 10993-5 and 

showed noncytotoxic properties. Next, the viability and differen-
tiation of hMSCs in the ArcGels was investigated in an in vitro 
spinner fl ask bioreactor (see the Supporting Information). Con-
focal microscopy examination and 3D reconstruction movies 
evidenced viable MSCs were homogenously distributed along 
both surface and interior of the ArcGels as early as 3 h after cell 
seeding. Overall, cell density in the ArcGels increased remark-
ably after 24 h (Figures S5 and S6, Supporting Information). 
At these early timepoints, the ArcGel cell invasion and viability 
was comparable in both ArcGel compositions. 

 After nine days of culture, hMSCs were homogeneously dis-
tributed in the ArcGels. They adhered to pore walls ( Figure    5  a), 
and no difference in viability was found in respect to the spatial 
location. A higher cell proliferation was observed on the softer 
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 Figure 4.    Hydrolytic degradation of ArcGels (PBS pH 7.4, 37 °C): a) SEM 
of freeze-dried ArcGel G10_LNCO8 initially and after 2, 6, and 8 weeks 
of degradation.The scale bars represent 200 µm each. b) Macroscopic 
compression modulus of the wet ArcGels ( E  c , fi lled data points) and rela-
tive amount of triple helical contents ( X  c,t , unfi lled data points) as meas-
ured after freeze-drying of partially degraded ArcGels: (-�-) G10_LNCO3, 
(-�-) G10_LNCO5, (-♦-) G10_LNCO8, and (-�-) G13_LNCO8. Compare 
to Figure  1 c,e.

 Figure 5.    In vitro and in vivo performance of ArcGels G10_LNCO3 and 
G10_LNCO8. a) (I) The ArcGels (here exemplarily G10_LNCO3) sup-
ported proliferation of human bone marrow stem cells (hMSCs) in 3D 
cultures. (II) hMSCs adhere to the ArcGel walls and expand. (III) Differ-
entiation along the osteogenic lineage was observed. Osteocalcin labeled 
in green, cell nuclei in blue, cytoplasm in red. b) Rats well tolerated 
(I) the implantation of cell-free ArcGels and (II) the external fi xator. 
c) Postmortem µCT measurement representing new bone formation 
(left). X-ray of the critical defect after six weeks of implantation (right). I/
II show G10_LNCO3, III/IV G10_LNCO8. Scale bars: a) I: 100, II: 50, III: 
20 µm; b) I: 5 mm; c) I, III: 1, II, IV: 7 mm.
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walls of G10_LNCO8 compared to G10_LNCO3. However, no 
differentiation occurred during the fi rst nine days of culture. 
The use of an osteoinductive cell culture medium induced dif-
ferentiation into the osteogenic lineage, with a larger number of 
cells differentiated on G10_LNCO3. This indicated that a mate-
rial with a higher local modulus allows for preferential osteo-
genic differentiation of hMSCs. In an in vivo situation, protein 
adsorption is a process occurring immediately after implanta-
tion. Protein adsorption was exemplarily investigated by incu-
bating the ArcGels with fi bronectin, which interacts strongly 
with gelatin, prior to the cell settling. The fi bronectin enhanced 
the viability as well as the differentiation of the hMSCs. A pos-
sible rationale is that fi bronectin offers additional sites of adhe-
sion for the cells.  

 The capacity to induce bone regeneration of the two ArcGels 
was assessed by implantation ( n  = 6 each) into 5 mm (critical 
size) mid-diaphyseal femoral defects in female Sprague Dawley 
rats (weight at operation: 250–300 g) (Figure  5 b and Figure S7, 
Supporting Information). The defects were stabilized by an 
external unilateral fi xator. [ 25 ]  As control, cancellous bone grafts 
were used to compare the healing capacity of the ArcGels 
against a clinically relevant defect treatment strategy ( n  = 5). [ 10 ]  
All animal experiments were carried out according to the poli-
cies and procedures approved by the local legal representative 
(LAGeSo Berlin, G0210/08). Bone healing was quantifi ed at 
six weeks postoperation using microcomputed tomography 
(Figure  5 c and  Table    1  ). An independent-group  t -test was per-
formed (SAS 9.1; SAS Institute, Inc., Cary, NC). The total callus 
volume, mineralized callus volume, and tissue mineral content 
were signifi cantly greater in the G10_LNCO3 compared to the 
G10_LNCO8 after six weeks postoperation ( p  < 0.044). There-
fore, the data indicated that the G10_LNCO3 ArcGel showed 
enhanced bone defect healing compared to the G10_LNCO8.  

 In summary, G10_LNCO3 had a comparable healing capacity 
(total callus volume, mineralized callus volume, and tissue 
mineral content) to that of the clinical standard, cancellous 

bone graft. In an initial step, homing of host cells is enabled 
by the ArcGels. It can be suggested that local mechanical prop-
erties in an interconnected porous hydrogel together with 
the stress through pore growth during the degradation phase 
appear to guide endogenous stroma cell behavior, and that such 
step appears important to initiate the healing cascade found 
in endogenous regeneration. It is remarkable that a rapidly 
degrading material can induce such an osteoinductive effect. 
These fi ndings demonstrate that a biomaterial with appropriate 
micromechanical properties together with dynamic changes 
during the degradation can guide the in vivo bone regeneration 
under clinically challenging healing conditions. ArcGels are 
an example for a knowledge-based design of a multifunctional 
material, whereby the functions are associated to different 
hierarchical levels. The introduced biopolymer-based implant 
system does not require external preloading with cells or 
simultaneous application of bioactive growth factors. The 
single step synthesis and formation process of ArcGels, whose 
micromechanical properties and degradation behavior can be 
adjusted by only small changes in their chemistry, makes their 
translation realistic.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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