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  1.     Introduction 

 3D ordered structures at the tens of 
microns to one millimeter scale are useful 
for tissue engineering, [ 1–6 ]  photonic crys-
tals operating at infrared wavelengths, [ 7 ]  
and other applications. [ 8–10 ]  Notably, this 
size range fi ts well with the scale of most 
cells, which require 3D supporting scaf-
folds with targeted modifi cation to grow. 
Especially, there are urgent demands and 
challenges in fabricating complex 3D 
tissue scaffolds with in situ localized pro-
teins for directed cell differentiation. [ 11 ]  
Due to the diffi culty in fabrication, [ 12 ]  
there are currently only a few methods 
to prepare these ordered structures. A 
3D bioprinting method can be used to 
reproduce tissue or organs by printing 
mixtures of living cells, bioactive species, 
and supporting materials into complex 3D 
structures. [ 13 ]  But in this method, it is con-
tradictory to handle the paradox between 
the increasing resolution of the structure 
and the accompanied decreasing cell via-
bility. Although the two-photon technique 

can realize 3D patterning of bioactive proteins with high reso-
lution, specifi c materials and expensive instrument are neces-
sary. [ 11 ]  Therefore, a more versatile strategy is needed to obtain 
3D ordered structures with targeted modifi cation through bio-
compatible experimental procedures. 

 The recent progress of macroscopic supramolecular 
assembly [ 14–19 ]  is advantageous in being bottom-up, mild, bio-
compatible, and instrument-independent that can be used to 
address the above problems. [ 20 ]  However, to the best of our 
knowledge, there are no reports on the preparation of 3D 
structures with high ordering by macroscopic supramolecular 
assembly. Here, we have obtained multilayered structures with 
3D ordering through combining magnetic fi eld for localiza-
tion and subsequent macroscopic supramolecular assembly 
for immobilization, and provided a conceptualized model of 
3D scaffolds with targeted modifi cation. By using the strip-like 
polydimethylsilicon (PDMS) building block as a model system, 
we fabricated periodically stacked 3D structure through step-
wise magnetic-fi eld-induced locomotion and supramolecular 
assembly of the PDMS strips. The number of stacked layers, 
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the space between adjacent PDMS building blocks and 
their orientation of the PDMS strips could be controlled and 
adjusted. Moreover, the as-prepared stacked 3D ordered struc-
tures displayed good biocompatibility with three cell types, as 
indicated by high cell viability and good cell adhesion on the 3D 
structure. By further introducing a labeled PDMS strip modi-
fi ed with bioactive species into a designated location within 
the structure, we established a proof-of-concept idea of in situ 
loading targeted growth factors into 3D tissue scaffolds, which 
is meaningful for directed differentiation of stem cells. [ 11 ]   

  2.     Results and Discussion 

  2.1.     Fabrication of Magnetic-Responsive Strip-Like PDMS 
Building Blocks 

 The strip-like PDMS building blocks with a feature size of 
150 µm × 150 µm × 2 mm were prepared with the following 
procedures as illustrated in Scheme S1 (Supporting Informa-
tion). For precise magnetic fi eld localization, [ 21–25 ]  we incorpo-
rated Fe 3 O 4  magnetic nanoparticles into the PDMS building 
blocks during the fabrication process. First of all, we have 
synthesized Fe 3 O 4  magnetic nanoparticles with an average 
diameter of 500 nm (Figure S1a,b, Supporting Informa-
tion) following a reported method. [ 26 ]  Second, the dried Fe 3 O 4  
nanoparticles were mixed with dye, PDMS prepolymer and 
its crosslinking agent through stirring followed by removing 
of air bubbles. Then a viscous liquid drop of the mixture 
was sandwiched between two hydrophobic glass slides. The 
hydrophobic glass slide was obtained by the following pro-
cedures: the glass slides were cleaned by a piranha solution 
(98% H 2 SO 4 : 30% H 2 O 2  = 3:1, v/v), washed with deionized 
water and dried in nitrogen fl ow; the cleaned glass slides were 
then modifi ed with a low-surface-energy coating of 1H, 1H, 

2H, 2H-perfl uoroalkyltriethoxysilane by chemical vaporized 
deposition at room temperature for 24 h. The thickness of the 
thin PDMS fi lm was determined by the spaced cover glass 
with an average thickness of about 150 µm at the ends of two 
glass slides. After heated at 65 °C for 1 h to achieve complete 
crosslinking of PDMS, a sheet of freestanding PDMS fi lm with 
a thickness of about 150 µm was obtained. Third, this PDMS 
fi lm was cut into a size of 150 µm × 2 mm × 2 mm and further 
cut with a freezing microtome instrument to a fi nal dimen-
sion of 150 µm × 150 µm × 2 mm. Note that we chose strip-
like PDMS building blocks as model systems to demonstrate 
the feasibility of the proposed macroscopic supramolecular 
assembly for construction of 3D ordered structure. Based on 
the versatility of macroscopic supramolecular assembly of rigid 
building blocks, [ 18 ]  other biocompatible materials such as poly-
lactic acid, polycaprolactone, and so on are also applicable for 
the proposed method.  

  2.2.     Surface Modifi cation of PDMS Building Blocks and 
Supporting Platform 

 For supramolecular assembly of the as-prepared magnetic-
responsive PDMS building blocks, we introduced a typical 
supramolecular recognition pair of host/guest (cyclodextrin, 
CD)/(azobenzene, Azo) groups [ 27 ]  onto the PDMS surfaces 
through a layer-by-layer (LbL) technique. [ 28–31 ]  To distinguish 
building blocks with different surface groups, the CD-modi-
fi ed PDMS strips were pre-dyed red, whereas the Azo-mod-
ifi ed strips were pre-dyed green. As shown in  Scheme    1  a, 
negatively charged poly(acrylic acid) (PAA) grafted with CD 
(PAA-CD) or Azo (PAA-Azo) (Figure S2, Supporting Infor-
mation) was alternately deposited with positively charged 
poly(diallyldimethylammonium chloride) (PDDA) onto PDMS 
surfaces using LbL assembly. First the cleaned PDMS strips 
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 Scheme 1.    Illustrations of a) the surface modifi cation by host or guest groups through LbL assembly and b) the stepwise magnetic localization and 
supramolecular assembly for the fabrication of 3D ordered structure.
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were immersed in an aqueous solution of PDDA (1 mg mL −1 ) 
for 30 min to reach a saturated adsorption of positively charged 
PDDA because of physical adsorption. Subsequently, the strips 
were rinsed with deionized water for three times to remove 
loosely adsorbed species. Second the PDMS strips with PDDA 
were transferred to an aqueous solution of PAA-CD (aq., 
1 mg mL −1 ) or PAA-Azo (aq., 1 mg mL −1 ) for 5 min to result 
a layer of PAA-CD or PAA-Azo by using the electrostatic inter-
action between PDDA and ungrafted PAA groups. Similarly, 
after this step, the strips were washed with deionized water for 
three times. Third the above two steps were repeated in PDDA 
for 5 min and in PAA-CD or PAA-Azo for 5 min in a cycled 
manner. Considering the demands for suffi cient host or guest 
groups on the PDMS surfaces, the fi nal (PDDA/PAA-CD or 
PDDA/PAA-Azo)  n   multilayer ( n  refers to the number of deposi-
tion cycles or bilayers) was optimized at 25 bilayers by checking 
the stability of the assembled strip on the glass slides in mag-
netic fi eld at different number of bilayers. The glass slides were 
LbL assembled with (PDDA/PAA-CD) 25  as the substrate to sup-
port the assembled structures. Special PDMS building blocks 
with bioactive sites were modifi ed through LbL assembling 
of alternate immersion in PAH-biotin (poly(allylamine hydro-
chloride) grafted with biotin, Figure S3, Supporting Informa-
tion) (aq., 1 mg mL −1 , 5 min) and PAA-CD (aq., 1 mg mL −1 , 
5 min) for 19.5 cycles to give an outmost layer of PAH-biotin. 
The host and guest groups on the modifi ed PDMS surfaces 
were expected to interact with each other through host/guest 
supramolecular recognition when the two PDMS surfaces were 
drawn to within the molecular interactive distance.   

  2.3.     Fabrication of 3D Ordered Structures Through Macroscopic 
Supramolecular Assembly 

 After we obtained the magnetically responsive PDMS building 
blocks with the host or guest surface groups, we tried to 
clarify whether we could precisely maneuver the PDMS 
building blocks to designated locations and further immobi-
lize them through supramolecular interactions, as illustrated 
in Scheme  1 b. Initially, the quartz substrate modifi ed with 
CD groups was placed at the bottom of a petri dish containing 
water, whereas Azo-modifi ed PDMS building blocks were dis-
persed on the water surface. When introducing an external 
magnetic fi eld by placing a magnet beneath the petri dish, 
directly below the Azo-modifi ed PDMS building block (strips 
dyed green), the PDMS building block rapidly aligned along 
the magnetic induction line in response to the magnetic fi eld. 
Due to this rapid response, the PDMS building block could 
then be guided to the targeted location on the quartz substrate. 
Because the magnetic force is a type of non-contacting long-
ranged force, there is suffi cient time and space to orientate the 
building block to the correct position. The water level was then 
lowered until the PDMS building block contacted the quartz 
substrate, during which the hydrophilic PDMS building block 
and the quartz substrate gradually reached the molecular inter-
action distance. The outermost Azo groups on the PDMS inter-
acted with the CD groups on the substrate through host/guest 
molecular recognition, leading to the supramolecular assembly 
of the PDMS building block on the substrate surface. Likewise, 

more Azo-modifi ed PDMS building blocks could be introduced 
using the magnetic fi eld and immobilized one after another via 
supramolecular assembly. Because the previous building blocks 
were affi xed via supramolecular interactions, they remained 
unaffected by the reapplied magnetic fi eld. This allowed for 
fl exible localization of later building blocks for the construction 
of 2D and even 3D ordered structures. Otherwise, the unassem-
bled building blocks would align with the later ones in the pres-
ence of magnetic fi eld, thus losing control over the intended 
geometry of the structure. 

 Although we have assembled one layer of PDMS building 
blocks parallel to each other, we should explore the feasibility 
of constructing a periodically stacked 3D ordered structure 
because the contacting area between the fi rst and second layer 
would decrease compared with that between the substrate 
and the fi rst layer. Based on the as-prepared fi rst layer of Azo-
PDMS, the CD-modifi ed PDMS building blocks (strip dyed red) 
were used to construct the second layer through the host/guest 
recognition with the Azo-modifi ed PDMS on the fi rst layer; fol-
lowing this concept, a third layer could be achieved using the 
Azo-modifi ed PDMS building blocks. Using the above step-
by-step magnetic localization and supramolecular assembly, 
periodically stacked 3D ordered structures were obtained 
( Figure    1  b–d).   

  2.4.     3D Profi le of the 3D Ordered Structures Compose of PDMS 
Building Blocks 

 After we obtained 3D ordered PDMS structures, we character-
ized their morphology with a 3D profi ler. From the sectional 
and top views in Figure  1 a and  Figure    2  , respectively, we can 
observe that the average length, width, and height of all three 
PDMS building blocks were approximately 2.0 ± 0.1 mm, 
138 ± 7 µm, and 154 ± 10 µm, respectively, which was in agree-
ment with the designed feature size. The horizontal spacing 
between blocks was controlled during the magnetic localization 
to be approximately 381 ± 8 µm, indicating that the accuracy 
of magnetic localization could be controlled on the micron 
scale. Notably, the direction and spacing of the targeted PDMS 
building blocks could be frequently adjusted via magnetic 
localization before the building block contact the substrate. 
Therefore, the localization accuracy could be further improved 
to the sub-micron level with precise magnetic manipulation 
system according to previous research by the Whitesides and 
co-workers. [ 32 ]   

 The number of stacked layers or PDMS strips, as well as the 
adjacent spacing and orientation, could be adjusted due to the 
bottom-up nature of macroscopic supramolecular assembly. For 
example, Figure  1 b,c shows that a periodically stacked 3D struc-
ture was formed with three layers of PDMS strips perpendicular 
to each other and that the top layer nearly overlapped with the 
bottom layer, as indicated by the 3D side view. This phenom-
enon indicates that fabricating 3D ordered structures by com-
bining localization via a magnetic fi eld and immobilization via 
supramolecular interactions can achieve microscale accuracy 
in the 3D positioning of the building blocks. The orientation 
of the PDMS strips could also be adjusted from right angles 
between the fi rst and second layer to an angle of 60° between 

Adv. Funct. Mater. 2015, 25, 6851–6857

www.afm-journal.de
www.MaterialsViews.com



FU
LL

 P
A
P
ER

6854 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the second and third layer, as displayed in the three staggered 
layers of strips in Figure  1 d. Therefore, the method of macro-
scopic supramolecular assembly assisted by a magnetic fi eld 
provided a new strategy to fabricate 3D ordered structures with 
controllable porous morphologies.  

  2.5.     Bioevaluation of the 3D Ordered Structures 

 Because the 3D ordered structures prepared by macroscopic 
supramolecular assembly exhibited regular pores, we antici-
pated that the microscale porous structures might favor 
cell growth in 3D cell culture and thus function as 3D scaf-
folds. For possible biological application, we fi rst evaluated 

the cell viability of PDMS building blocks through a standard 
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay with the L929 cell line. We have checked four types 
of samples: 1) the bare PDMS strips dyed green or red, 2) the 
PDMS strips modifi ed with (PDDA/PAA-CD or PAA-Azo) 25 , 
3) PDMS strips modifi ed with (PDDA/PAA-CD or PAA-Azo) 25 -
RGD, and 4) 3D ordered structures assembled on glass slides. 
For the fi rst three types, the PDMS strips were placed at the 
bottom of a 96-well microtiter plate, and then the L929 cells 
were seeded at a density of 5 × 10 4  cells per well, followed by 
incubation for 24 h. Meanwhile, control cells were cultured 
in similar medium without PDMS. After treating both cells 
with MTT, the cell viability (%) relative to that of the control 
cells was calculated using an equation that refl ected the cell 
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 Figure 2.    Top view of the as-prepared 3D ordered structures with a) large and b) small adjacent spacing, which corresponds to 3D profi le in Figure 
 2 b,c, respectively.

 Figure 1.    3D profi led images of a) one layer of PDMS strips parallel to each other with equal adjacent spacing, b) three layers of periodically stacked 
PDMS strips with a perpendicular orientation of the adjacent layers, c) a narrow horizontal spacing between the PDMS strips compared with that in 
(b), and d) a layer oriented at an angle of approximately 60° to the underlying layer. 
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viability ratio, [ A ] test /[ A ] control  × 100%, where [ A ] test  and [ A ] control  
refer to the absorbance of the tested wells (with PDMS) and 
control wells (without PDMS), respectively. For comparison, a 
well-known biocompatible molecule, arginylglycylaspartic acid 
(RGD), was grafted onto the PDMS surfaces modifi ed with 
PDDA/PAA-CD or PDDA/PAA-Azo multilayers for identical 
MTT evaluation. The ratio of cell viability was close to 1.0 for all 
employed PDMS surfaces ( Figure    3  a), which suggested that the 
cells remained alive in the presence of PDMS building blocks 
at a level similar to that of the control experiments. Especially, 
the cell viability of the PDMS with host or guest groups was 
comparable to that of the building blocks post-modifi ed with a 
biocompatible RGD species. This result indicated low toxicity 
and good cell viability for the involved building blocks and 
chemicals used in the fabrication of the 3D ordered structures. 
Besides, the as-prepared 3D ordered structures supported by 
glass slides were evaluated through a similar procedure with 
longer culture time in a 12-well microtiter plate by placing the 
slides at the bottom of the wells. The result in Figure S4 (Sup-
porting Information) showed that the number of the live L929 
cells gradually increase with the culture time from 0 to 72 h.  

 After demonstrating that the applied PDMS materials were 
non-toxic to cell growth, we further explored the potential 
application of the 3D ordered structures as scaffolds via cell 
adsorption experiments with adult stem cells (ASCs), human 
umbilical vein endothelial cells (HUVECs), and human dermal 
fi broblast (HDF) cells. Single-cell suspensions of 1 × 10 5  cells 
mL −1  in media were added to the 3D ordered structures, which 
were modifi ed with a multilayer of polylysine and poly(aspartic 
acid) to increase biocompatibility. The polyanion of polylysine is 
widely used as a biocompatible synthetic amino acid to enhance 
cell attachment [ 4,33 ]  and the polycation of poly(aspartic acid) is 
known with good biodegradability. [ 34–36 ]  After 3 d, a live/dead 
assay was performed to determine the number of live (green) or 
dead (red) cells as observed by fl uorescence imaging. As shown 
in Figure  3 b, numerous HUVECs were adsorbed onto the 3D 
ordered structure, most of which were attached to the building 
blocks (green). From the local magnifi cation in Figure  3 c, the 
cell morphology demonstrated easy adhesion onto the 3D 
ordered structures. Similar results were also obtained for the 
studies using ASCs and HDF cells, as shown in Figure S6 
(Supporting Information). These results showed that the 3D 
ordered structures were suitable as supporting material for 
cell adhesion and growth and might further work as scaffolds 
for cell differentiation, which could be meaningful for tissue 

engineering. Although the cells were also observed to spread 
on the substrate due to similar treatment with biocompatible 
coating, it is possible to obtain a freestanding 3D ordered struc-
ture by peeling it off the substrate with competitive guest mol-
ecules such as adamantane and then use the structure for cell 
culture in the future.  

  2.6.     Controlled Localization of Targeted Bioactive Species within 
the Scaffold 

 Many researchers have recently noted that introducing multi-
specifi c growth factors to precise locations has been a sub-
stantial challenge for the fabrication of complex 3D tissue 
scaffolds. [ 11,13,37 ]  This is mainly because keeping bioactivity 
of growth factors during targeted chemical modifi cation in 
3D space is diffi cult. For example, some available methods or 
techniques, such as 3D printing, involve harsh experimental 
conditions that are unfavorable to maintaining bioactivity. [ 5,13 ]  
In this research, the proposed strategy of combining magnetic 
localization with supramolecular assembly provided a proof-
of-concept solution to the above challenges. As mentioned, 
the PDMS materials together with the modifi cation species 
on the surface have been proven biocompatible. Additionally, 
supramolecular assembly is a mild and biocompatible bottom-
up method that could be used to introduce targeted building 
blocks with necessary growth factors to designated locations 
within a 3D ordered structure. To demonstrate this proof-of-
concept idea, we fabricated a third PDMS building block type 
by modifying with PAH-biotin as the polycation and PAA-CD 
as the polyanion. These provided not only molecular recogni-
tion groups for supramolecular assembly but also bioactive 
sites for subsequent loading of avidin-labeled growth factors. 
To distinguish between the normally modifi ed PDMS building 
blocks with CD groups (red) and the Azo groups (green), we 
labeled the third type of PDMS strips with blue or yellow. As 
seen in  Figure    4  a,b, during the step-by-step fabrication process, 
the third type of PDMS building blocks with specifi c bioactive 
sites (blue or yellow) was aligned in the second or third row 
of the second layer; other PDMS building blocks in the same 
layer were labeled with red. Besides, we have demonstrated that 
the two molecular recognition systems of CD/Azo and biotin/
avidin did not affect each other when they were both present 
(Figure S7, Supporting Information). This result demonstrated 
that the building blocks modifi ed with specifi c bioactive sites 
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 Figure 3.    Cell viability was evaluated via a) MTT assay for PDMS building blocks dyed green or red with or without surface modifi cation, and 
b,c) fl uorescence microscopy images of cell adhesion on 3D ordered PDMS structures.
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could be guided to and assembled at designated locations in the 
3D ordered structures, which could not be easily achieved by 
harsh methods such as lithography and 3D printing. Therefore, 
we believe that by further introducing growth factors through 
the biorecognition between biotin/avidin groups, macroscopic 
supramolecular assembly could be used to fabricate 3D ordered 
structures as scaffolds with targeted modifi cation. Moreover, 
this proposed strategy is advantageous with fl exibility in fabri-
cation of building blocks and inducing supramolecular interac-
tions, thus making it versatile for a wide range of biocompatible 
materials; the typical material of hydrogel is also suitable in this 
method (Figure S8, Supporting Information).    

  3.     Conclusion 

 In summary, we fabricated periodically stacked 3D ordered 
structures by combining macroscopic supramolecular assembly 
with magnetic-fi eld-induced localization, which were shown to 
be biocompatible. Moreover, specifi c building blocks modifi ed 
with bioactive sites could be incorporated to targeted locations 
within the 3D structures. Thus, we developed a proof-of-concept 
idea for the fabrication of 3D scaffolds with in situ targeted 
modifi cation of growth factors, which could be meaningful 
for inducing cell differentiation in future tissue engineering 
research. This is the fi rst demonstration of obtaining bulk 
supramolecular materials through macroscopic supramolecular 
assembly.  

  4.     Experimental Section 
  Materials and Instruments : The following chemicals were used 

as supplied. PDDA (aq., wt 20%,  M  W  400 000 g mol –1 ) from Acros 
Organics; PDMS (Sylgand 184) from Dow Corning; 1H, 1H, 2H, 
2H-perfl uoroalkyltriethoxysilane, MTT, and polylysine from Sigma–
Aldrich; Dulbecco’s modifi ed eagle medium (DMEM), fetal bovine 
serum (FBS, wt 10%), penicillin, streptomycin, live/dead viability/
cytotoxicity kit and trypsin–EDTA from Invitrogen, USA; 96-well 

microtiter plate from Nunc Co., Wiesbaden, Germany. ASC were isolated 
from inguinal adipose tissue of 3-week-old male Wistar rats according 
to the Chinese PLA General Hospital Animal Care and Use Committee 
guidelines following the principles of animal care. HUVEC and HDF 
cells were purchased from China Center of Type Culture Collection in 
Wuhan, China. L929 cell lines were from the American Type Culture 
Collection, Manassas, USA. PAA-CD and PAA-Azo were synthesized 
following reported methods. [ 18 ]  Red, green, blue, and yellow dyes were 
commercially available. If not specifi cally noted, other normal reagents 
were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. 

 The PDMS cutting at 150 µm was conducted on a freezing microtome 
instrument (Leica CM1950) from Leica, Wetzlar, Germany. The 3D 
profi led images were obtained on a 3D microscope contour GT-X 
(Tucson, AZ, USA). The absorbance of MTT in DMSO was obtained 
from a microplate reader (Spectra Plus, Tecan, Zurich, Switzerland). The 
fl uorescence images were taken on a fl uorescence microscopy (Olympus 
BX53, Tokyo, Japan). H NMR spectra were obtained at 400 MHz with a 
Bruker AV400 NMR spectrometer. 

  MTT Assay of Different PDMS Materials : L929 cells were cultured in 
DMEM accompanied by heat-inactivated FBS, penicillin (100 units mL −1 ), 
and streptomycin (100 µg mL −1 ) at 37 °C, with a relative humidity of 
95% in the presence of CO 2  (5%). Afterward, the cells were seeded in a 
96-well microtiter plate with a cell density of approximately 5 × 10 4  cells 
well −1  and further cultured in 100 µL DMEM well −1  for 24 h. Subsequently, 
10 µL sterile-fi ltered MTT (PBS buffer, 5 mg mL −1 ) was added to each 
well, followed by storage for 5 h. The precipitated formazan crystals were 
redissolved in 100 µL DMSO well −1  and were detected using a microplate 
reader (Spectra Plus, Tecan, Zurich, Switzerland) at 570 nm. For the 
above procedure, bare dyed PDMS with magnetic nanoparticles, PDMS 
modifi ed with PDDA/PAA-CD or PDDA/PAA-Azo and subsequently 
modifi ed with RGD were placed at the bottom of the wells and served as 
the test group; for comparison, the control experiments were carried out 
under similar conditions but without PDMS. 

  Cell Adhesion and In Vitro Analyses : HUVEC were cultured in high-
glucose DMEM with FBS, penicillin (100 units mL −1 ), and streptomycin 
(100 units mL −1 ) at 37 °C in 5% CO 2  in a humidifi ed incubator until 
the cells reached 80% confl uence. The cells were then passaged using 
0.25% (w/v) trypsin–EDTA. Cells at the fourth passage were used in the 
following experiments. Single-cell suspensions of 1 × 10 5  cells mL −1  in 
media were added to the 3D structures and incubated in 5% CO 2  at 37 °C 
for 3 d. The live/dead assay kit was used according to the manufacturer’s 
instructions. To determine viability, images were obtained using 
fl uorescence microscopy with 494 nm (green, Calcein) and 528 nm (red, 
EthD-1) excitation fi lters.  
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 Figure 4.    Fluorescent images of the 3D ordered structures with specifi c bioactive PDMS building blocks in the a) second or b) third row of the second 
layer.
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