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Tube for Uniaxial Sustained Molecular Release  
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 For the last several decades, hydrogels have been increasingly 
used to control the spatiotemporal distributions of various 
diagnostic and therapeutic bioactive molecules within tissues 
of interest through local and sustained molecular release. [  1  ,  2  ]  
To attain this goal, extensive efforts have been made to control 
gel properties (i.e., degradation rates, interaction with bioactive 
molecules, etc) mainly by chemically modifying gel-forming 
polymers; however, these approaches often encounter several 
challenges including maintaining the structural integrity of the 
gels, the denaturation of macromolecules, and a limited trans-
port of macromolecules into target tissue. [  3  ,  4  ]  To resolve these 
challenges, this study presents a simple, but unprecedented 
method to control the direction and kinetics of molecular 
release using a multi-walled poly(ethylene glycol) diacrylate 
(PEGDA) hydrogel tube formed by self-folding of a bi-layered 
gel patch. This self-folding property was attained by forming 
double-layered hydrogel patches with signifi cantly different 
expansion ratios and elastic moduli. The diameter of the gel 
tubes could be predicted by an equation used to estimate the 
curvature of a bimorph beam. The resulting gel tubes exhibited 
a sustained release of molecules solely through its internal wall. 
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Multi-walled gel tubes were further used as a carrier of vascular 
endothelial growth factor (VEGF) to demonstrate that the uni-
directional, sustained VEGF release signifi cantly increased both 
the density and diameters of blood vessels around the implant 
site, compared to unfolded hydrogel patches. This multi-walled 
gel tube will greatly serve to improve the effi cacy of various 
diagnostic and therapeutic molecules. 

 Prior approaches to control the release of molecules from 
hydrogels largely focused on chemically coupling molecules 
of interests to the gel-forming polymers using hydrolytically 
or enzymatically labile units. [  5  ]  Alternatively, efforts have been 
made to chemically modify gel-forming polymers with oligo-
peptides or proteins that can physically associate with mole-
cules of interests. [  6  ]  These approaches have demonstrated sev-
eral impressive results; however, multiple chemical modifi ca-
tions and purifi cation steps often increase material costs, and 
also readily denature the encapsulated compounds. [  4  ]  Addition-
ally, the degradation process typically reduces a gel's rigidity 
and resistance to fracture, thus leading to an undesirable struc-
tural disintegration of the gel at an implantation site. [  7  ]  The deg-
radation may also expedite denaturation of compounds due to 
pH changes and the formation of reactive species. [  8  ]  Separately, 
the interface formed between a gel implant and the target 
tissue acts as a physical barrier that limits molecular diffusion 
into the target tissue. [  9  ]  Microfabrication techniques have been 
used to introduce microchannels in a gel's structure, in order 
to facilitate the release of molecules into tissues; however, there 
is still a need to develop simpler processes that are compatible 
with a wide array of cross-linking mechanisms used to fabricate 
and assemble hydrogel structures. [  10  ,  11  ]  

 We hypothesized that a gel patch consisting of two layers 
with signifi cantly different stiffness and capacities to uptake 
water would self-fold into a multi-walled gel tube when exposed 
to aqueous media. The resulting gel tube would display a sus-
tained molecular release exclusively from the internal wall of 
the multiwall system. This hypothesis was examined by assem-
bling a bi-layered gel patch, in which each layer consisted of 
PEGDA with different molecular weights (MW) and concentra-
tions. The material's ability to control the direction and rate of 
molecular release was examined by encapsulating a small col-
orant or bovine serum albumin (BSA) into an inner hydrogel 
layer of the gel tube. Finally, a bi-layered PEGDA hydrogel 
encapsulating VEGF was implanted on a chicken chorioallan-
toic membrane (CAM) to evaluate the in situ gel tube forma-
tion and neovascularization. 

 The self-folding bi-layered hydrogel patch was assembled 
by fi rst preparing a thin hydrogel of PEGDA with a MW of 
400 g mol  − 1 , termed as PEGDA400, by exposing the pre-gel 
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     Scheme  1 .     Schematic depicting multi-walled PEGDA hydrogel tube that 
sustainably releases encapsulated growth factors in uniaxial direction and 
subsequently enhances neovascularization.  
solution to ultraviolet (UV) light. Subsequently, another 
hydrogel layer was prepared over the PEGDA400 hydrogel by 
cross-linking the higher MW PEGDA solution ( Scheme    1  ). The 
polymer concentration of each layer was kept constant at 20%. 
Each hydrogel thickness was kept constant at 200  μ m. No phys-
ical separation was found between two gel layers.  

 The subsequent immersion of the hydrogel patches in 
deionized water or phosphate buffer saline (PBS) triggered 
self-folding into a multi-walled gel tube, exclusively for the gel 
patches in which the top gel layer was PEGDA with MW larger 
than 1000 g mol  − 1  ( Figure    1  a). According to the magnetic res-
onance image of the gel tube, the PEGDA400 gel layer laden 
with iron oxide nanoparticles was wrapped by the higher MW 
PEGDA gel layer. Therefore, the internal wall of the tube con-
sisted of the PEGDA400 gel, while the external surface was the 
larger MW PEGDA gel layer (Figure  1 b).  

 The geometries of the gel tubes were dependent on dif-
ferences in the MW and concentrations between PEGDA gel 
layers. Increasing the MW of PEGDA in the top layer resulted 
in an exponential decrease in the elastic modulus and a linear 
increase of the one-dimensional expansion ratio as defi ned in 
 Equation (1) ,

 
S =

(
Q f

Qi

) 1
3

− 1
  

(1)
   

where Q i  and Q f  are the degrees of swelling of a hydrogel before 
and after incubation in aqueous media, respectively (Figure  1 c, 
S1 and Table S1, Supporting Information). Specifi cally, bi-layered 
gel patches with 2 cm length and 2 cm width were self-folded 
into tubes with 2 cm length (Figure S2). The inner radius of the 
tube decreased from 9 to 0.7 mm by increasing the MW of the 
upper gel layer from 1000 to 10 000 g mol  − 1  (Figure  1 a-1 &  1 d). 
The same result was obtained with hydrogel strips with the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
same length but 1 mm wide. The two-layered gel strips were 
self-folded into tubes with 1 mm length, while the inner 
radius of the tube was decreased by increasing the difference 
in MW (Figure  1 a-2 and  1 d). Additionally, this decrease in the 
inner radius was inversely related to thickness of the tube wall 
(Figure  1 d). 

 To understand the underlying mechanism, the inverse 
dependency between the inner radius of the gel tube and the 
difference of MW was fi tted to a mathematical model originally 
developed to estimate the curvature of a heat-induced bimetallic 
strip ( Equation (2) ),

 
r = h

12 ∈
(

E1

E2
+ 14 + E2

E1

)
  

(2)
   

where  r  is the inner radius of the gel tube,  E  1  and  E  2  are the 
elastic moduli of the bottom PEGDA400 gel layer and the top 
PEGDA gel layer, respectively,  h  is the thickness of each gel 
layer, and  ε  is the difference in the expansion ratio between two 
gel layers ( Δ  S ). [  12  ]  This mathematical model therefore suggests 
that the larger  ε  leads to a decrease of  r , coupled with the  E  1 / E  2 . 
Incorporating measured  E  and  ε  into  Equation (2)  resulted in 
estimations of  r  values which decrease by increasing the dif-
ference in MW of PEGDA between the two layers, similar to 
the experimental results. More interestingly, these calculated 
 r  values agreed with the experimental values (Figure  1 d). This 
result, therefore, suggests that the inverse relationship between 
the  r  value and the difference in MW of PEGDA is due to 
changes in  ε  and E 1 /E 2 . 

 The inner radius and thickness of the gel tube was fur-
ther modulated with the polymer concentration of the 
PEGDA400 gel layer (Figure S3). According to measurements 
of elastic moduli and expansion ratios of the gels, decreasing 
the concentration of PEGDA from 30 to 10% (w/w) signifi cantly 
reduced the elastic moduli from 1.3 to 0.03 MPa and increased 
the degree of swelling from 5 to 10; however, there was a min-
imal change in the expansion ratio (Figure  1 e and S4, Table S1). 
Decreasing the polymer concentration of the PEGDA400 gel 
layer from 20 to 10% (w/w) decreased the inner radius from 
1.0 to 0.8 mm and also increased the wall thickness from 0.9 to 
1.1 mm (Figure  1 f). Again, this decrease in the inner radius of 
the gel was in agreement with the mathematical model noted 
in  Equation (2) . These results show that the inverse relation-
ship between the inner radius of the gel tube and polymer con-
centration of the gel is mainly related to changes in E 1 /E 2 . 

 The inner radii of self-folded gel tubes were further related to 
the differences of cross-linking density between two gel layers 
( N ), calculated by Equation (S2) in the Supporting Information 
(Table S1). The inner radius of the gel tube was exponentially 
decreased by increasing difference of  N , which was tuned by 
altering difference of MW of PEGDAs used to prepare the bi-
layered hydrogel patch (Figure S5a). In contrast, the inner 
radius of the gel tube was linearly increased with difference of 
 N , which was tailored by altering concentration of PEGDA400 
pre-gel solution in the bi-layered gel patch consisting of 
PEGDA400 and PEGDA3400 gel layer (Figure S5b). Separately, 
cross-linking density of two gel layers was tailored to be similar 
to each other using PEGDA400 and PEGDA10000, in order to 
examine whether the gel still self-folds at zero-difference of  N  
between two gel layers. The gel could still self-fold due to the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 
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     Figure  1 .     Effects of different molecular weights (MW) and concentrations of PEGDA hydrogels 
on the self-folding of the bi-layered PEGDA gel. (a) Optical images of self-folded hydrogel 
tubes. Images in (a-1) are lateral views of tubes with 20 mm length and images in (a-2) are 
cross-sectional views of tubes with 1 mm length. The numbers in each image represent the 
MWs of PEGDA used to prepare the top-layer in the bi-layered gel patch. Polymer concentra-
tions of the bottom PEGDA400 gel layers and the top high MW PEGDA gel layers were kept 
constant at 20% (w/w). All scale bars represent 1 cm. (b) A magnetic resonance image of the 
cross-sectional view of the multi-walled PEGDA gel tube, in which iron oxide nanoparticles are 
loaded into the PEGDA400 gel layer. (c) The elastic moduli (�) and expansion ratios (�) of the 
hydrogels prepared with PEGDA of different MWs. (d) The dependencies of the inner radii (�) 
and wall thicknesses (�) of the gel tubes on the difference in the MW of PEGDA gel layers. Data 
points represent average values of four different experiments per condition, and a dashed curve 
represents the simulated result. (e) Elastic moduli (�) and expansion ratios (�) dependency on 
the PEGDA400 concentration in the bi-layered gel patch. (f) Dependencies of the inner radii (�) 
and wall thicknesses (�) of the self-folded gel tube on PEGDA400 concentration of the gel layer. 
A dashed curve represents the simulated result. In (e) and (f), the bi-layered gel construct was 
constituted with the PEGDA400 gel and PEGDA3400 gel.  
difference of expansion ratio between two gel layers (Table S2 
and Figure S6). Taken together, we interpret that the self-folding 
mechanism is not simply explained by the difference of cross-
linking density between two gel layers. 

 The multi-walled PEGDA hydrogel tubes were further used 
as a molecular releasing device by encapsulating bovine serum 
albumin (BSA) into the PEGDA400 gel layer during the cross-
linking reaction. Interestingly, the resulting gel tubes more sus-
tainably released BSA than the unfolded gel patches ( Figure    2  a). 
The BSA-encapsulating single-layered PEGDA400 hydrogel 
patches displayed a large initial burst release of BSA, followed 
by rapid release. Therefore, most of the BSA loaded in the gel 
diffused out within 5 days. In contrast, multi-walled gel tubes 
exhibited an 80% lower BSA burst for the fi rst 24 hours. The 
release rate quantifi ed with a fi rst-order kinetic approximation, 
 β  in  Equation (3) , was also 90% lower for the multi-walled gel 
tube (Table S3),
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2013, 
DOI: 10.1002/adma.201300951
 

CBSA

CBSA,O
= e−βt

  
(3)

     

 where C BSA  is the amount of BSA remaining 
in the hydrogel at time t, and C BSA,O  is 
the amount of BSA initially loaded in the 
hydrogel. [  13  ]  Similarly, VEGF was released 
from the self-folded gel tube more sustain-
ably than the gel patch (Figure S7). 

 To further examine whether BSA is locally 
released from the internal wall of the tube, 
we estimated the concentration distribu-
tion of BSA discharged from the unfolded 
PEGDA hydrogel patches and the multi-
walled gel tubes, using a diffusion-based 
fi nite element method (FEM) (Figure  2 a,b-1). 
Diffusion coeffi cients for the BSA release in 
simulations were calculated from the experi-
mental values displayed in Figure  2 a, using 
 Equation (4) ,

 

Mt

M∞
= 4

(
Dt

π L 2

) 1
2

  
(4)

   

where M t  and M  ∞   are the cumulative 
amounts of drug released at time t and at an 
infi nite time, respectively; D is the diffusion 
coeffi cient of the drug within the system; and 
L is thickness of the hydrogel patch or tube 
wall. [  13  ]  The released BSA amount estimated 
by the FEM-based simulation agreed with the 
experimentally measured values.This simu-
lation also discloses a continued increase in 
the local BSA concentration within the multi-
walled gel tube, independent of the tube 
length (Figure  2 b,c). 

 Furthermore, simulations were conducted 
to examine the diffusion of BSA and VEGF 
released from the multi-walled gel tubes 
into tissues for drug release applications. In 
the simulation, the self-folded gel tube with 
length of 1 mm was vertically implanted on 
tissue with the hydrogel ring and the strip as controls. The 
membrane implanted with the self-folded gel tube exhibited 
a more sustained increase of the amount of BSA and VEGF 
than three other controls (Figure  2 c and Figure S8). The local 
increase of protein concentration was attributed to the release 
of proteins from the inner layer of the gel tube. In contrast, 
other three control gel implants did not result in local increase 
of proteins in close proximity of gel implants. 

 To validate these simulation results, we incorporated a 
colorant, 2,2′-Bis(2,3-dihydro-3-oxoindolyliden), into the 
PEGDA400 gel for monitoring the direction of molecule release 
within a short time period. Very interestingly, the colorant 
loaded into the multi-walled hydrogel tube with 2 cm length 
was released exclusively through two open ends of the gel 
tube (Figure  2 b-2). No signifi cant circumferential diffusion of 
the BSA was observed. In the same manner, the gel tube with 
1 mm length, which was vertically placed on a glass surface, 
3wileyonlinelibrary.comeim
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     Figure  2 .     Experimental and computational analysis on rate and direction of molecular release 
from the unfolded gel patch and the multi-walled hydrogel tube. (a) The BSA release profi le 
of the PEGDA400 gel patch (�) and multi-walled gel tube (�) consisting of a PEGDA400 gel 
layer and PEGDA3400 gel layer. Data points represent the average values of the experimentally 
measured BSA amount and dashed curves represent the simulated result. (b) Numerical and 
experimental analysis of the BSA release from the gel tube. (b-1) Simulated concentrations 
of BSA through multi-walled gel tubes with 1 mm radii and 20 mm length (left image) and 
PEGDA 400 gel patches with 20 mm width and 20 mm length (right image) after incubation 
for 10 days. Arrows represent the direction of BSA release through the hollow core of the 
tube. (b-2) An optical image to exhibit unidirectional release of a colorant, 2,2′-Bis(2,3-dihydro-
3-oxoindolyliden), through two open ends of the gel tube. (c) Numerical and experimental 
analysis of BSA distribution released into a tissue membrane, following the release from the 
gel tube. (c-1) Numerical analysis of BSA concentrations in local tissue membrane implanted 
with the self-folded gel tube, the gel ring and the gel strip. The analyzed area of membrane is 
within horizontal radius of 2 mm and vertical distance of 500  μ m from the center of gel implant. 
(c-2) Simulated concentration distribution of BSA released into tissues implanted with the self-
folded hydrogel tube with 1 mm inner radius and 1 mm length (I), the hydrogel ring with 2 mm 
outer radius and 1 mm inner radius (II) and the hydrogel strip with 1 mm width and 20 mm 
length (III) (lower image), after fi ve days of implantation. The gel tube was vertically implanted. 
(c-3) Optical images of the colorant released into the hollow core of the gel tube. The units for 
the simulation scale bars are mmol m  − 3 .  
also exhibited diffusion of the colorant through the internal 
wall (Figure  2 c-3). 

 Finally, the gel tube encapsulating VEGF was implanted on 
a chicken chorioallantoic membrane (CAM) to test whether the 
local sustained VEGF release stimulates vascularization at an 
implantation site. In this experiment, the bi-layered PEGDA gel 
encapsulating VEGF in the PEGDA400 gel layer was assembled 
into a strip with 2 cm length and 1 mm width. Then, the bi-
layered hydrogel strip was implanted on the CAM. The strip self-
folded into a tube with 1.3 mm inner radius, 1 mm height, and 
700  μ m wall thickness within 10 minutes ( Figure    3  a). Within 
7 days, the VEGF-encapsulated self-folded hydrogel tube signif-
icantly stimulated blood vessel growth around the implant, as 
compared to other controls, including the VEGF-encapsulating 
hydrogel ring with 2.2 mm outer radius and 1.3 mm inner 
radius, VEGF-encapsulated hydrogel disk with 2.2 mm radius 
and the VEGF-encapsulating PEGDA400 hydrogel strip. The 
VEGF amount loaded in each gel implant was kept constant 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
www.MaterialsViews.com

at 60 ng, in order to examine effects of gel 
geometry on vascularization at the same 
VEGF dosage. According to our previous 
studies, the VEGF dosage was large enough 
to stimulate vascularization in CAM, when 
VEGF was released from a hydrogel modifi ed 
to degrade hydrolytically. [  14  ]   

 According to histological cross-sections 
of the tissues, the density of mature blood 
vessels positively stained by an antibody to 
 α -smooth muscle actin was 1.5-fold larger 
for the VEGF-releasing multi-walled gel 
tubes than hydrogel rings, and 2-fold lager 
than other control conditions (Figure  3 b,c). 
Additionally, there was a signifi cant increase 
in the fraction of blood vessels with larger 
cross-sectional areas of 3000  μ m 2  or greater 
in the membranes implanted with the VEGF-
releasing gel tubes, compared to other con-
ditions (Figure  3 b and  3 d). The PEGDA400 
hydrogel rings and disks laden with VEGF 
resulted in limited vessel growth and even 
hydrogel strips showed similar vessel growth 
to the VEGF-free hydrogel tubes. 

 Overall, our results demonstrate a multi-
walled PEGDA hydrogel tube formed from 
the self-folding of a gel patch composed 
of two layers with different elastic moduli 
and expansion ratios. The differential stress 
between the two gel layers likely drove 
the self-folding process, as demonstrated 
through both experimental results and math-
ematical modeling. We propose that this 
self-folding process is distinguishable from 
other self-folding polymeric materials, with 
regards to the strategy of using differential 
stress. [  15  ,  16  ]  Previously reported materials 
were largely constituted with chemically dis-
similar materials which present different 
degradation rates and thermal sensitivities. 
Additionally, this study highlights that the 
difference of the expansion ratios between two gel layers deter-
mines the inner radius of the self-folded gel tube more predom-
inantly than difference in the degree of swelling. 

 Another highlight of this study is that the resulting 
multi-walled PEGDA hydrogel tube can sustainably release bio-
macromolecules solely through two open ends. We suggest that 
this feature is attained for the following reasons: (1) a decrease 
in the surface area, (2) the presence of the multi-walls, (3) a 
sealing of the external tube surface by the blank gel layer, and 
(4) heterogeneously loaded drugs in a bi-layer. The self-folding 
process reduced surface area of the gel layer by 84%. The BSA 
or VEGF release rate should be signifi cantly decreased in pro-
portional to the surface area. Additionally, the blank hydrogel 
layers between the PEGDA400 gel layers decrease the BSA 
diffusivity in the gel tube. Moreover, the blank gel layer on 
the external surface likely acted as an insulator to prevent cir-
cumferential molecular release, similar to the myelin sheath 
which insulates neural axons. [  17  ]  This simple, but refi ned 
heim Adv. Mater. 2013, 
DOI: 10.1002/adma.201300951
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     Figure  3 .     Enhanced vascularization with the VEGF-releasing multi-walled hydrogel tube. 
(a) Images of the in vivo self-folding of the bi-layered PEGDA hydrogel strips with 1 mm width 
and 20 mm length on CAM. (b) Optical top-view images of vascular networks and microscopic 
images of histological cross-sections of CAMs that were stained with a marker for  α -smooth 
muscle actin. Samples include the CAMs implanted with multi-walled hydrogel tube with 
2.2 mm outer radius, 1.3 mm inner radius and 1 mm thickness (I), the CAM implanted with a 
PEGDA400 gel ring with 2.2 mm outer radius, 1.3 mm inner radius and 1 mm thickness (II), 
the CAM implanted with a PEGDA400 gel disk with 2.2 mm radius and 1 mm thickness (III), 
and the CAM implanted with a PEGDA400 gel strip with 1 mm width and 20 mm length (IV). All 
samples were laden with VEGF of 60 ng. Concentrations of VEGF in the hydrogel tube, ring, disk 
and strips were 7.5, 7.5, 5.0 and 15.0  μ g ml  − 1 , respectively. (c) Vascular densities of the CAM 
implanted with the VEGF-encapsulating gel tube, ring, disk and strip. (d) Analysis of vascular 
size mitigated by the VEGF-releasing devices.  
controllability of the direction and kinetics of molecular release 
at this time has not yet been reported using any self-folding 
polymeric constructs. 

 Furthermore, this study demonstrated that the uniaxial 
sustained VEGF release from the internal wall of a gel tube 
is more advantageous to promote vascularization than the gel 
strip or disk. We interpret that the VEGF released within the 
core of the tube diffused into tissue and sustainably stimulated 
vascular sprouting, although its effi ciency may be mitigated by 
the structure and rigidity of target tissue. [  18  ]  In contrast, limited 
vascularization in tissue implanted with the VEGF-encapsu-
lated gel ring, disk or strip is likely due to the minimal localiza-
tion of VEGF in implanted tissue. This result is in accordance 
with previous studies that address the role of VEGF localization 
in guiding capillary sprouting. [  10  ,  19  ]  

 Overall, we envision that the multi-walled hydrogel tube will 
be useful for the local sustained delivery of a wide array of drug 
molecules, and subsequently improve the quality of molecular 
therapies. This self-folding property can be attained by pairing 
a wider array of hydrogel systems which react at the interface 
and exhibit signifi cantly different expansion ratios, stiffness, 
or both. Additionally, the self-folded shape of gels may be 
readily controlled by altering geometry and shape of hydrogel 
patch using various microfabrication technologies. Conversely, 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2013, 
DOI: 10.1002/adma.201300951
a hydrogel tube which can unfurl at an 
implantation site and rapidly release encap-
sulated molecular compounds will be also 
useful to improving effi cacy of molecular 
drugs in other biological applications. Also, 
this construct can further be advanced by 
loading multiple molecular compounds used 
for diagnostics, imaging, and treatments 
in separate layers. [  20  ]  Instead of molecular 
compounds, the hydrogel can also be encap-
sulated with stem cells or islets capable or 
secreting multiple trophic factors, in order 
to release cell-secreted factors in a local and 
sustained manner. [  21  ]   

 Experimental Section 
 Full experiment procedures are provided in 

the Supporting Information. Briefl y, PEGDA with 
differing molecular weights were synthesized and 
their elastic moduli and degrees of swelling were 
evaluated following our previous methods. [  10  ]  To 
fabricate a bi-layered PEGDA patch, 20% (w/w) 
PEGDA400 solution including 0.1% Igacure 2959 
and various materials (iron oxide nanoparticles, 
colorant, BSA, or VEGF) was fi rst polymerized with 
UV light for 5 minutes. Then, a second hydrogel 
layer was prepared by photo cross-linking a 20% 
(w/w) solution of a different molecular weight 
PEGDA on top of the previously formed PEGDA400 
gel. Finally, the bi-layered gel was immersed in DI 
water or PBS to trigger self-folding into a hydrogel 
tube. 

 The release rates of BSA and VEGF from the 
gel patch and tube were characterized while 
storing them in PBS at 37  ° C. The amount of 
BSA and VEGF released into the media was 
determined by a Micro-BCA assay and anti-VEGF ELISA, respectively. 
The release pathways of BSA and VEGF were also estimated by a FEM-
based simulation (COMSOL multiphysics 4.1). (Details in Supporting 
Information) Additionally, the direction of molecular release from the 
tube was characterized by encapsulating using a colorant, 2,2’-Bis(2,3-
dihydro-3-oxoindolyliden) into the hydrogel. 

 The VEGF-encapsulated gel constructs were implanted onto 
CAM of one-week-fertilized chicken embryos, in order to examine 
neovascularization in vivo. After one week of implantation, the samples 
were excised, sectioned and stained with an antibody to  α -smooth 
muscle actin ( α SMA). The histological images of the tissue implanted 
with gels were further analyzed to quantify vessel densities and numbers 
of mature blood vessels. The tissue area within a distance of 2 mm from 
the center of gel implants was characterized (Figure S9).   

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