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of biomaterials showing a continuous variation of protein cov-
erage, yet just along one main scaffold axis. Following such 
preparations, electrospun fi bers with varying composition 
could be deposited on a movable stage while changing feed, in 
order to create (bio)chemical gradients along the horizontal or 
the vertical direction. 

 Protein gradients were alternatively fabricated within photo-
crosslinked hydrogels by gradually or locally exposing different 
parts of the matrix to light, [ 8,9 ]  followed by bioconjugation. 
Analogous monoaxial hydrogel-supported gradients were also 
successfully produced by electrochemically controlled enzy-
matic polymerization. [ 16 ]  

 Higher control over the compositional changes character-
izing synthetic ECMs was accomplished via lay)er-by-layer [ 10 ]  or 
“gradient maker”-assisted [ 17–19 ]  fabrications. In these processes, 
hydrogels presenting gradient compositions along their deposi-
tion/building direction were formed. [ 10,20 ]  

 The above-mentioned methods, yielding gradient compo-
sitions, necessitated multiple processing steps and/or time-
consuming chemical treatments. These drawbacks would 
render them unsuitable for clinical use, where fast and low-
cost manipulations to reproduce and directly apply scaffolds on 
patients are needed. In addition, these techniques supported 
the formation of mono- or bidirectional gradients, while the 
development of concentration changes in 3D still remained a 
challenge. 

 Synthetic supports which mimicked the multiaxial composi-
tional gradients, characteristic of natural ECM in vivo, would 
be needed to reproduce the compositional diversity of tissue 
environments within simplifi ed and easily accessible matrices. 
These supports could be applied not only as scaffolds for the 
regeneration of complex tissues, but also as 3D architectures 
for studying cells and bacteria adhesion and migration [ 9,12,16 ]  in 
3D environments. 

 Triggered by this challenge, we introduce here a novel fab-
rication strategy which features a practical and affordable con-
struction of 3D ECMs displaying multidirectional variations 
of (bio)chemical environments. Specifi cally, we coupled rapid 
prototyping (RP) [ 21–23 ]  to surface modifi cation strategies based 
on surface-initiated polymerizations (SIP) [ 24,25 ]  in order to fabri-
cate microporous and highly functional 3D architectures which 
could be subsequently locally decorated with different types of 
biomolecules. In this process, poly(ε-caprolactone) (PCL) scaf-
folds characterized by a regularly layered network of microfi bers 

  Recent research in tissue engineering and regenerative medi-
cine is increasingly revolving around effective fabrication tech-
niques to create functional scaffolds for cell manipulations. 
Specifi cally, 3D supports presenting temporal and spatial con-
trol over the exposure of protein cues are desirable as they 
would allow spatial control over cell behavior. [ 1,2 ]  To achieve this 
objective, a number of methods have been proposed to create 
synthetic extracellular matrices (ECMs) with gradient-like 
chemical compositions, thus mimicking the continuous varia-
tion characteristic of natural ECM. 

 The production of biomolecular gradients on 2D supports 
was proven as an effective approach to spatially adjust cell 
adhesion, migration, and proliferation on planar substrates. [ 3–7 ]  
Following the development of increasingly sophisticated 3D 
synthetic ECMs, diverse methodologies for the fabrication 
of protein gradients in 3D environments have also been pro-
posed. These biomaterials are obtained by employing hydrogel-
supports [ 8–11 ]  and electrospun fi bers [ 12,13 ]  but they commonly 
require complicated multisteps preparations without achieving 
spatial control of the biomolecules. 

 The simple exposure of 3D supports to different protein solu-
tions with variable composition [ 14,15 ]  consented the production 
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( Scheme    1  a) were modifi ed by surface-initiated atom transfer 
radical polymerization (SI-ATRP) of poly[oligo (ethylene 
glycol) methacrylate] (POEGMA) (Scheme  1 b). The so-formed, 
sub-100 nm POEGMA brushes uniformly covered the scaffold 
surface and allowed protein coupling at the exposed hydroxyl 
functions of the grafted polymer [ 26,27 ]  (Scheme  1 c). In addition, 
the biopassive character of POEGMA brushes [ 28–30 ]  assured 
robust covalent linkage of cues avoiding any further unspecifi c 
contamination of the matrix by physisorption of other biomole-
cules or bacteria attachment. The formation of protein gradients 
by surface conjugation was accomplished exploiting the phys-
ico-chemical properties of the hydrophilic brush in combina-
tion with the microporous structure of the PCL scaffolds. Uni-
form coverage of PCL by hydrophilic POEGMA brush caused 
a marked increase in wettability of the support (water contact 
angle (CA) varied from 73° to 45 ± 3°, as shown in Table S1, 
Supporting Information). This phenomenon refl ected a sub-
stantial increase of surface energy within the 3D scaffolds. [ 31,32 ]  
Hence, the interplay between high surface energy-driven wet-
ting by the POEGMA brush and capillary forces within the 
microporous supports promoted the diffusion of aqueous solu-
tions into the matrix (as highlighted in Scheme  1 d and in the 
light microscope images shown in Figure S1, Supporting Infor-
mation). We exploited this simple process to incorporate protein 
solutions into the scaffolds and consequently couple proteins at 
the pre-activated brush (via NHS chemistry [ 33 ]  as described in 
the Experimental Section). Diffusion of protein solution micro-
droplets (Scheme  1 d) and subsequent concentration of the solu-
tions toward the inner core of the structure fi nally induced a 
radial variation of protein surface concentration ( Figure    1  a–c). 
Alternatively, protein solutions could be made to diffuse from 
soaked paper sheets used as solution reservoir put into close 
contact with the scaffolds (Scheme  1 e and Figure  1 d–f). In both 
cases, simple process parameters like microdroplets volume and 
diffusion time from external reservoirs allowed spatial 3D con-
trol over the concentration of the coupled proteins (Figures S2 
and S3, Supporting Information). 
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 Scheme 1.     POEGMA-brush-assisted fabrication of 3D protein gradients within PCL scaffolds and application as platforms for stem cells immobiliza-
tion. a) Fabrication of PCL microporous scaffolds by rapid prototyping; b) SI-ATRP of OEGMA from the PCL fi bers network and subsequent activation 
of hydroxyl side chains to form NHS esters; c) conjugation of proteins at the brush interface by controlled diffusion of solutions within the 3D scaffolds. 
This last step is especially highlighted in (d–f). d) Incorporation of microdroplets of protein solutions and subsequent solvent evaporation generated 
radial concentration gradients on brushes. e) Controlled diffusion from a soaked paper reservoir allowed the formation of axial protein concentration 
gradients. f) Wrapped reservoirs enabled protein diffusion from the lateral walls of the scaffolds and the consequent fabrication of radial protein gra-
dient developing oppositely to (d). g) The protein-functionalized scaffolds were fi nally applied for the spatially controlled immobilization of hMSCs. 

 Figure 1.    Radial and axial 3D gradients of proteins within POEGMA 
brush-coated microporous scaffolds. a,d) Fluorescent images and 
b,e) the corresponding 3D intensity profi le of the vertical cross-sec-
tion of PCL–POEGMA scaffolds functionalized with a–c) a radial and 
d–f) an axial gradient of BSA–FITC concentration. Intensity profi les 
along the c)  x -axis and the f )  z -axis of the radial and the axial 3D 
gradient, respectively.
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   Figure  1 a–c show radial 3D gradients of fl uorescently labeled 
bovine serum albumin (BSA) attached to PCL–POEGMA 
scaffolds by incorporation of protein solution microdroplets 
and subsequent bioconjugation. Having calculated through 
Equation  ( 1)   the inner volume of each scaffold as 25 µL, we 
applied different volumes of microdroplets in order to prepare 
radial gradients, yielding gradient protein coverages. Fluores-
cent microscopy of the cross-sectioned 3D structures revealed 
the protein surface concentration profi les within the scaffolds. 
As shown in Figure S2a,b, Supporting Information, gradient 
formation from 2 µL protein solutions produced a radial gra-
dient with a high concentration of proteins in the inner core 
and a steady decrease of coverage after around 250 µm from the 
center of the scaffolds. Increase of the microdroplet volume to 
10 µL produced a more uniform protein coverage through the 
supports with just the outer walls remaining unfunctionalized 
(Figure  1 a–c). Although the volume used for these depositions 
was less than half of the total inner volume of the 3D scaffolds, 
fast diffusion of protein solutions along the hydrophilic brush-
coated fi bers most likely smoothened the profi le of the protein 
gradient across the 3D structures. 

 Brush-supported protein gradients developing axially along 
the 3D scaffold (from one external side toward the center) were 
obtained by applying a porous paper sheet as solution reservoir 
and allowing the protein medium to diffuse by capillary forces 
(Scheme  1 e, Figure  1 d–f, and Figure S3, Supporting Informa-
tion). Slow wetting of brush-coated fi bers enabled the adjust-
ment of the protein gradient profi le as a function of the diffu-
sion time (and thus bioconjugation time at the POEGMA brush 
surface). 

 The fl uorescent images in Figure S3, Supporting Informa-
tion, showed different axial gradient profi les obtained by var-
ying the diffusion/bioconjugation time. Both 3D and the 2D 
intensity plots reconstructed from the fl uorescence images 
showed that, after 30 min of diffusion, proteins were mainly 
immobilized within 700 µm from the base of the scaffold 
(Figure S3a,b, Supporting Information). Following longer diffu-
sion time, protein solutions covered larger volumes inside the 
scaffolds, homogenizing the protein coverage. After 60 min of 

diffusion (Figure S3c,d, Supporting Information), proteins cov-
ered almost 1/3 of the distance across the scaffold main axis ( Z -
axis in Figure S3g, Supporting Information), keeping a rather 
uniform surface concentration along the  X -axis (Figure S4, Sup-
porting Information). After 120 min of diffusion, the protein 
solutions completely wetted the inner structure of the scaffolds 
and consequently created a nearly linear gradient of protein 
coverage on the fi bers (Figure  1 d–f). 

 The procedures used for the fabrication of single protein gra-
dients were combined to produce double gradients of different 
protein species. After the formation of either a radial or an 
axial 3D distribution of proteins the scaffolds were not entirely 
covered by protein solutions. Consequently, unfunctionalized 
POEGMA brushes were still available for bioconjugation on the 
unwetted areas within the 3D structure. Hence, a second pro-
tein solution could be additionally applied to produce a surface 
concentration gradient which developed in the opposite direc-
tion to the pre-existing one (as schematized in Scheme  1 d–f). 
These “double” protein distributions are referred to as 3D radial 
and axial double gradients. In order to ease their analysis by 
fl uorescent microscopy, we applied two solutions of differently 
labeled BSA (FITC and Texas Red, named as protein A and B, 
respectively) as representative of two different protein species. 
As shown in  Figure    2  a–d, a 3D radial double gradient of two 
different proteins was produced fi rst incorporating a microdro-
plet of protein A solution within the POEGMA–PCL scaffold 
and subsequently wrapping around its outer surface a paper 
reservoir soaked with protein B. Alternatively, in order to fab-
ricate a 3D axial double gradient of protein A and B, two dif-
ferent protein media were allowed to diffuse from two reser-
voirs placed in contact with each opposite “face” of the scaffold 
(Figure  2 e–h). 

  As shown in Figure  2 a,c and in the corresponding 3D inten-
sity reconstructions from a typical functionalized scaffold, 
radial double gradients displayed continuous and intercon-
nected variations of concentrations of proteins A and B. The 
radial double gradients typically presented a high concentra-
tion of protein A in the core of the scaffold, which decreased 
beyond around 1.5 mm toward the outer part of the scaffold 
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 Figure 2.    Double 3D gradients of proteins within POEGMA brush-coated microporous scaffolds. a,c,e,g) Fluorescent images and b,d,f,h) the corre-
sponding intensity plots of PCL–POEGMA scaffolds functionalized with BSA. Double gradients in BSA concentrations were fabricated both in the radial 
and axial directions; a,b) inside-to-outside and c,d) outside-to-inside; e,f) bottom-to-top and g,h) top-to-bottom. Scale bar is 1 mm.
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oped from the outer walls of the scaffold and showed high sur-
face concentration within around 1 mm toward the interior of 
the support (Figure  2 d). 

 Axial double gradients (Figure  2 e–g) showed a uniform and 
interconnected variation of the two proteins concentration 
across the main scaffold axis ( Z -axis in Figure  2 f,h). In these 
cases, a well-pronounced concentration distribution of the two 
protein species along opposite directions was clearly showed. 

 To prove the applicability of the proposed fabrications for 
cell manipulations, we reproduced both radial and axial 3D 
gradients using fi bronectin (FN) as a biological cue known to 
promote cell adhesion. Also in this case, brush coatings based 
on NHS-activated POEGMA were used as platforms for bio-
conjugation and the successful linkage of FN was subsequently 
proved by X-ray photoelectron spectroscopy (XPS, Figure S5, 
Supporting Information). The maximum surface coverage of 
FN obtained was estimated by uniformly immersing a NHS-
POEGMA-coated PCL fi lm in the same FN solution used for the 
gradient deposition. The incubation time was set as the max-
imum contact time of the FN solution drop within the NHS-
POEGMA-coated 3D scaffold during the gradient deposition by 
diffusion (before rinsing step). XPS was used to estimate the 
maximum surface coverage of FN on POEGMA brush, which 
corresponded to the highest protein concentration across the 
3D gradients. This has been calculated as 40 ± 5 ng cm −2 , from 
which value FN concentration progressively decayed according 
to the 3D gradient. 

 Following the controlled diffusion of FN solutions, function-
alized scaffolds presenting a radial and an axial concentration 
gradient were subsequently incubated with hMSCs during one 
day. The adhered cells were subsequently stained using meth-
ylene blue and the scaffolds were sectioned along the appro-
priate axis in order to visualize their interior. 

 3D scaffolds presenting a radial gradient of FN from the core 
to the outer volume of the scaffolds showed a higher number of 
cells in the interior of the structure, while at its periphery only 
few cells could be visualized ( Figure    3  a,b). In a similar way, axial 
gradients of brush-supported FN induced hMSCs adhesion 
mainly on one side of the scaffold, according to FN distribution 
and following the gradient morphology (Figure  3 c). Scaffolds 
completely functionalized with FN and “bare” POEGMA-coated 

supports were also seeded with hMSCs and were used as con-
trols (Figure  3 d,e). As shown in Figure  3 d, the cells completely 
covered the uniformly functionalized scaffolds without showing 
any preferred area to settle. In comparison, brush-coated scaf-
fold without FN showed no cells due to the biopassive nature 
of unfunctionalized POEGMA (Figure  3 e). To investigate the 
viability of hMSCs adhering onto the POEGMA–FN-coated 3D 
scaffolds, high magnifi cation scanning electron microscopy 
(SEM) images were taken (Figure S6, Supporting Information). 
The clear deposition of ECM (Figure S6b–f, Supporting Infor-
mation) and the highly spread appearance of the cells (Figure 
S6f, Supporting Information) confi rmed their viability. 

  All these results confi rmed that the fabrication method pro-
posed in this work represents a highly effi cient strategy not only 
to create 3D protein gradients with designed morphologies, but 
also to control spatially cell adhesion within 3D scaffolds. 

 The use of hydrophilic and highly functional brush layers 
coupled to a structured support with controlled microporosity 
triggered diffusion and concomitant covalent immobilization of 
proteins from solutions. These processes could be easily manip-
ulated by varying parameters as solution volumes and diffusion 
time within the 3D structures. This enabled the fabrication of 
3D axial and radial protein gradients with tailored morphologies. 

 PCL–POEGMA scaffolds with 3D protein gradients also have 
the potential to be easily reproduced in clinics since they do 
not require any inert environment or complicated chemistry. 
Brush-coated scaffolds could be simply incubated with the 
required proteins and directly applied to patients in or without 
the presence of cell preparations. In this context, the versatility 
of this technique would support the combination of multiple 
cues [ 34–38 ]  that could eventually trigger cell adhesion, migra-
tion, or differentiation, in a single 3D porous structure. All the 
above-mentioned features make the method presented here a 
practical and affordable strategy to synthetically mimic natural 
ECMs and their 3D multidirectional diversity.  

  Experimental Section 
  Materials : Oligo(ethylene glycol) methacrylate (OEGMA, Aldrich, 

Mn = 526 g mol −1 ) was purifi ed from hydrochinone inhibitors by 
passing it through a basic alumina column using dichloromethane 
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 Figure 3.    Optical images of methylene blue stained hMSCs adhering on PCL–POEGMA scaffolds. Radial gradient in FN concentration showing the a) 
vertical and b) horizontal cross-section; c) an axial gradient in FN concentration, d) a POEGMA coating fully covered by FN, and e) a bare POEGMA 
coating. The yellow arrows indicate the direction of decreasing FN concentration. Scale bar is 1 mm.
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(DCM, Biosolve) as eluent. Afterward, DCM was removed under 
vacuum. Copper(I) chloride (CuCl, Aldrich, 98%) was purifi ed by 
stirring in glacial acetic acid, fi ltering, and washing with ethanol 
three times, followed by drying in vacuum at room temperature 
overnight. PCL (Mn = 45 kDa) was obtained from Sigma. Copper(II) 
bromide (Sigma-Aldrich, ≥99%), methanol (Biosolve, absolute), 
isopropanol (iPA, Biosolve), ethylenediamine (EDA, Sigma-Aldrich, 
≥99%), dry hexane (Acros, Extra Dry over Molecular Sieve, 97%), 
N,N-dimethylformamide (DMF, Acros, extra dry over molecular sieve, 
99,8%), pyridine (Sigma-Aldrich, anhydrous, 99,8%), 2,2′-bipyridil 
(BiPy, Sigma-Aldrich, ≥99%), 2-bromoisobutyryl  x bromide (BIBB, 
Aldrich, 98%), ethylenediaminetetraacetic acid disodium salt dihydrate 
(EDTA, Sigma, 99%), 4-dimethylaminopyridine (DMAP, Sigma-Aldrich, 
≥99%), N,N′-disuccinimidyl carbonate (DSC, Sigma-Aldrich, 98%), 
phosphate buffered saline (PBS) (Invitrogen), and triethylamine (Sigma-
Aldrich, ≥99%) were used as received. For brush surface modifi cation, 
fl uorescein-labeled BSA, Texas Red-labeled BSA, and FN were used as 
obtained from Invitrogen and diluted to the appropriate concentration. 
All water used in the experiments was Millipore Milli-Q grade. Colony-
picked human mesenchymal stem cells hMSCs (male, age 22) were 
retrieved from the Institute of Regenerative Medicine (Temple, Texas). 
For cell culture, basic cell culture media was prepared by adding to a 
α-MEM cell medium (Invitrogen) 10 v/v% of fetal bovine serum (FBS), 
2 × 10 −3   M  of  L -glutamine, 100 U mL −1  of penicillin, 100 µg mL −1  of 
streptomycin, and 0.2 × 10 −3   M  of ascorbic acid. All these components 
were obtained from Invitrogen. 

  Scaffold Fabrication : 3D microporous PCL scaffolds were fabricated 
using a rapid prototyping technique (SysENG GmbH, Germany). 
The PCL granulate was loaded into a metal syringe wrapped with a 
heating jacket. The copolymer was heated to 100 °C for about 45 min 
until it had reached the molten phase and could be dispensed through 
the extruder. A nitrogen pressure of 5 bars was applied on top of the 
metal cartridge to facilitate polymer strand extrusion from a Luer Lock 
stainless steel needle. A rectangle block model of 4 mm in height and 
20 × 20 mm in area was plotted layer-by-layer and the architecture (0–90) 
was controlled by the Bioplotter CAD/CAM software. The layered fi bers 
within the scaffolds were assembled in a woodpile structure having the 
following characteristic parameters: diameter ( d  1 ) = 250 µm, spacing 
( d  2 ) = 650 µm, layer thickness ( d  3 ) = 150 µm. From these values, the 
theoretical porosity (≈50%) of the scaffold was calculated, according to

     
1 1

4
scaffold

cube

1
2

2 3
P

V
V

d
d d

π= − = − × ×   (1) 

 The 3D scaffolds used for the fabrication of the brush-supported protein 
gradients were cut from the rectangle block in order to obtain cylindrical 
shapes with a height and a diameter of 4 mm. 

  Activation of the Polymer Films : 3D scaffolds were activated through 
immersion in a 5 × 10 −3   M  isopropanol solution of EDA. The reaction 
was allowed to proceed for 10 min at room temperature. Scaffolds were 
then rinsed with ice-cold water and fi nally dried in a stream of nitrogen. 
The aminated PCL scaffolds were immersed into 20 mL of dry hexane 
and 20 µL of dry pyridine, to which 20 µL of BIBB was added dropwise. 
The reaction mixture was gently stirred for 1 h at room temperature 
to produce the 2-bromoisobutyrate–PCL surface (PCL–Br). PCL–Br 
scaffolds were later on washed repeatedly with an ethanol/water (1/1, 
v/v) mixture and fi nally dried under a stream of nitrogen. 

  Atom Transfer Radical Polymerization of OEGMA : Purifi ed OEGMA 
monomer (5 g, 9.5 mmol) and 2,2′bipyridine (81.7 mg, 0.52 mmol) 
were added to a water (5 mL) and methanol (1.26 mL) mixture. The 
solution was purged with argon for 30 min. CuCl (18.75 mg, 0.19 mmol) 
and CuBr 2  (2 mg, 0.009 mmol) were added into another reaction fl ask 
and also fl ushed with argon. Monomer, ligand, and catalyst were then 
combined and stirred for other 30 min to facilitate the formation of 
the organometallic complex. This solution was then transferred into 
the fl asks containing PCL–Br substrates. The fl asks were sealed with 
rubber septa and kept at room temperature under nitrogen. Following 

10 min of reaction time the substrates were removed from the 
polymerization solution, exhaustively rinsed with water to remove any 
unreacted compound, and fi nally dried under a stream of nitrogen. From 
detailed kinetics studies of SI-ATRP from PCL substrates (Supporting 
Information) the average thickness of POEGMA brushes following 
10 min of polymerization resulted as 15 nm (Figure S7, Supporting 
Information). Before any further manipulation, PCL–POEGMA scaffolds 
were incubated in a 0.1  M  aqueous EDTA solution overnight to remove 
any copper trace. In order to test the successful uniform grafting 
of POEGMA, functionalized scaffolds were fi nally placed in water 
containing vials (Figure S8, Supporting Information). Pure PCL scaffolds 
fl oated due to their hydrophobic nature, while PCL–POEGMA scaffolds 
sank to the bottom of the vials. 

  Functionalization of PCL–POEGMA Scaffolds : POEGMA brushes on 
PCL scaffolds were activated by placing them in a dry DMSO solution 
containing 200 × 10 −3   M  of DSC and DMAP. Later on, the samples 
were incubated in a protein solution containing either 0.4 × 10 −6   M  
fl uorescently labeled BSA or 0.1 × 10 −6   M  FN. To fabricate a radial gradient 
in protein concentration from the core to the outer surface of the 3D 
scaffolds, microdroplets of either 2 or 10 µL of PBS protein solutions 
were placed on the scaffold and let diffuse inside their core. After 10 
min the scaffolds were extensively rinsed with milli-Q water, blow-dried 
with a stream of N 2 , cut over their mid-section, and fi nally imaged with a 
fl uorescent microscope. Reversed radial gradients from the outer surface 
of the scaffolds to the core were fabricated using microporous paper 
sheets soaked in PBS protein solutions as reservoirs. Soaked paper 
sheets were wrapped around the scaffolds and kept into close contact 
in order to let the protein solutions diffuse within the scaffolds interior. 
Following 3 min of incubation the scaffolds were extensively rinsed with 
milli-Q water, blow-dried with a stream of N 2 , cut over their mid-section, 
and fi nally imaged with a fl uorescent microscope. Protein gradients 
along the axial direction of the scaffolds were fabricated by placing the 
DSC-activated PCL–POEGMA scaffolds on top of a microporous paper 
sheet previously soaked with protein solutions. The contact between the 
scaffold’s outer surface and the paper reservoir was assured by placing 
a weight of 7.5 g on top of the scaffolds. Following different diffusion 
times (30, 60, and 120 min) the scaffolds were extensively rinsed with 
milli-Q water, blow-dried with a stream of N 2 , cut over their mid-section, 
and fi nally imaged with a fl uorescent microscope. 

  Fluorescent Microscopy : Fluorescent images of the scaffolds 
functionalized with labeled BSA species were recorded using a Nikon 
Eclipse E600. Fluorescein-labeled BSA was visualized using a fi lter with 
an excitation and emission wavelength of 475 and 530 nm, respectively. 
For Texas Red-labeled BSA, a fi lter with an excitation and emission 
wavelength of 559 and 630 nm, respectively, was used. Unmodifi ed 
PCL scaffolds were used to set the exposure time and the gain values, 
such that the autofl uorescence of the bare polymer was suppressed. 
Fluorescent pictures were taken from the vertical cross-section by 
cutting the scaffolds through the center along the  z -axis. An assumption 
is made that the functionalization of the POEGMA layer is homogeneous 
and that the scaffold can be turned freely around the  z -axis. 

  Cell Culture and Cell Staining : hMSCs were cultured at 37 °C in a 
humidifi ed atmosphere of 5% carbon dioxide, using as culture medium 
α-MEM supplemented with 10 v/v% FBS, 2 × 10 −3   M L -glutamine, 
0.2 × 10 −3   M L -ascorbic acid 2-phosphate magnesium salt, 100 U mL −1  
of penicillin, and 10 µg mL −1  of streptomycin. The cells were seeded at 
a density of 500 000 cells in 40 µL per scaffold and after 4 h, cell culture 
media was added. The scaffolds were kept in an incubator for one day. 
After the required culturing time, the cells were fi xed with a 3.7 v/v% 
formaldehyde solution in PBS. Subsequently, the cells were stained 
using a 1% methylene blue solution in water and visualized using an 
optical microscope.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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