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ABSTRACT: There is an ever-growing demand for donor organs in the world today which is 
unmet by the very limited supply. To address this shortage, tissue engineers aim to replace or 
restore damaged tissue in patients without the need for autologous/allogeneic tissue grafts from 
donor sites. Engineered tissue is fabricated in a lab using the patient's own cells and implanted into 
the site of injury after expansion and maturation. This approach to tissue repair eliminates the need 
for large donor tissue to treat large injuries. It could even be developed to engineer whole organs 
to replace a patient's entire damaged organ in the future. In order to engineer large tissue grafts or 
whole organs, vascular networks need to be incorporated into the tissue to prevent cell necrosis 
caused by insufficient access to nutrients. In this paper, a new method to fabricate lumenized, free-
standing vascular tubes is proposed. Human Umbilical Vein Endothelial Cells (HUVECs) were 
encapsulated within Gelma fibers anchored onto glass cover slips and cultured. At day 3, live/dead 
staining was performed on encapsulated HUVECs and showed high cell viability. Encapsulated 
cells proliferated with time and at day 5, they connected with each other to form vascular tubes 
with clearly defined lumen as shown by confocal images of nuclei and actin staining. We believe 
that our fabricated vascular tubes will have applications in large 3D tissue engineering. 

INTRODUCTION  

Tissue Engineering is a field of research which aims to restore or replace damaged tissue in 
patients. A common technique used clinically today to treat damaged tissue is to use autologous 
tissue grafts. For example, burn victims are often treated by removing skin from another site on 
their body and reapplying the skin on burn sites. However, this method is ineffective for treating 
large wounds as supply of autologous tissue is limited. Tissue Engineering has shown promising 
signs to be a solution to this problem. Engineered tissue is created in a lab, rather than taken from a 
donor, and implanted into the patient’s defect site upon maturity. Research in this field has led to 
successful engineering of simple tissues such as skin (Boucard, N. et al, 2007), cartilage (Atala, A. 
et al, 2006), and bladder (Temenoff, J. S. & Mikos, A. G, 2000). These tissues are avascular which 
makes them easier to engineer compared to vascular tissues such as heart and kidney tissue. The 
inclusion of blood vessel networks within these more complex tissues is vital for cell survival and 
to prevent a necrotic core. Without a vascular network, cells deep within the tissue construct will 
not have access to sufficient nutrients and will eventually die. It has been found that cells 150-
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200μm away from the nearest blood vessel receive insufficient nutrients for survival (Folkman, J. 
& Hochberg, M, 1973). For this reason, many research groups have attempted to engineer blood 
vessel networks within their tissue constructs. Various techniques have been employed to fabricate 
vascularized tissue such as cell sheet engineering (Asakawa, N. et al, 2010), micropatterning
(Chaturvedi, R. R. et al, 2015), microfluidics (Tocchio, A. et al, 2015), wire/needle removal
(Zhang, W. et al, 2015), and bioprinting (Norotte, C. et al, 2009). In these works, researchers have 
produced vascular tissue in 2 general ways. The first method is to fabricate tissue constructs with 
microchannels within them, after which Endothelial Cells (EC) can be seeded onto the lumen of 
these microchannels to simulate perfusable blood vessels. The second method involves 
encapsulating ECs within bulk hydrogel for them to undergo spontaneous tubulogenesis under the 
right conditions. These self-assembled tubular networks have been shown to be perfusable (Moya, 
M. L. et al, 2013). Although all these works have shown promising results, they do have some
limitations including long process times, low throughput, and limited control over tube
dimensions. The vascular network running through our bodies consists of blood vessels with a
wide range of diameters, from arteries(25mm) to capilliaries(8 μm). In order to accurately mimic
the hierarchal architecture of our natural vascular network, it is imperative that blood vessels of
controlled diameter be included in engineered tissue. Raghavan et al. encapsulated ECs within
micropatterned collagen channels and showed that self-assembled endothelial tube diameters could
be controlled by varying collagen concentration and channel width (Raghavan, S. et al, 2010). In
this report, we propose a fast, high throughput, and inexpensive method to fabricate free-standing,
self-assembled endothelial tubes. Gelatin Methacrylated (Gelma) hydrogel fibers with
encapsulated cells were fabricated using our technique, and after culture the encapsulated cells
remained highly viable and self-assembled into vascular tubes. For ease of handling, we developed
a method to anchor one end of the fibers onto a glass cover slip in organized arrays.

MATERIALS AND METHODS 

Live/dead assay 
Prior to staining, Gelma fibers with encapsulated HUVECs were fabricated using our technique. 
The fibers fabricated for live/dead staining were unanchored, meaning that they were not anchored 
onto a glass cover slip. After fabrication, the cellular fibers were transferred into a fresh 6-well 
plate containing supplemented DMEM. Cells were stained at day 3 using the live/dead assay kit 
(Invotrogen). Immediately after staining, the cells were imaged using a fluorescence microscope. 
Cells were counted using ImageJ software (NIH) to analyze cell viability. 5 locations were chosen 
which had high cell numbers with minimal cell clumping to improve cell counting accuracy. In all 
these 5 locations, the total number of live cells (L) and dead cells (D) were added up to calculate 
the total cell number (T). Cell viability was calculated as the percentage of L/T.  

Tubulogenesis study 
Cell-loaded gelma fibers anchored onto a glass coverslip were fabricated for this segment. After 
fabrication, the entire coverslip was placed inside a fresh 6-well plate, along with the attached cell-
loaded fibers, and 1.5ml of fully supplemented EGM-2 medium was added into the well such that 
the cover slip and the attached cell-loaded fibers were fully submerged. Medium was replenished 
at day 2 and 4. At day 1, 3, and 5, DAPI and rhodamine-phalloidin staining was performed on the 
samples for imaging of cell nuclei and actin, respectively. After staining, Z-stacked fluorescent 
images were captured using a Zeiss LSM780 confocal microscope and subsequently rendered into 
3D views using ImageJ software. Distance between each stack was 1μm.  
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Figure 1: (A) Single fibers with cells encapsulated imaged immediately after fabrication. (B) Fibers clumping together. 
Images captured immediately after fabrication. (C) Merged images of Live/dead assay performed at day 3 (green:live, 
red:dead). Scale bars: 50μm for all images. 

RESULTS 

Live/dead assay 
HUVECs were successfully encapsulated within unanchored Gelma fibers. Immediately after cell 
encapsulation, the fibers were imaged using phase contract microscopy to show the spatial 
distribution of cells within each fiber and the trapping efficiency achieved. Fig. 1a shows single 
fibers with encapsulated cells while fig. 1b shows clusters of cell-loaded fibers, showcasing the 
high throughput achieved by this fabrication method. All fibers displayed good trapping efficiency 
as seen by the high cell density within each fiber. By varying the cell concentration in the pre-
polymer solution, we could control the density of trapped cells within the fibers. After fiber 
fabrication, live/dead assay was performed at 3 days in culture to see if the viability of 
encapsulated cells was affected by the fabrication procedure. Fig. 1c shows merged fluorescent 
images taken immediately after staining. Green represents live cells, while red represents dead 
cells. Cells were counted using ImageJ software (NIH) and the average cell viability from these 
images were calculated (as previously mentioned) to be >95%. This shows that fabrication 
procedure we developed had very minimal effect on cell viability after 3 days. 

Organized arrays of anchored fibers 
Using our method, we managed to fabricate organized arrays of fibers firmly anchored onto a glass 
cover slip, which greatly improved the handling procedures including washing and staining (fig. 
2). The arrows in fig. 2 indicate sites of attachment. The ability to control the spatial distribution of 
the anchored fibers could be advantageous for future co-culture applications. 

Tubulogenesis study 
It is known that HUVECs encapsulated in hydrogels (collagen and Gelma) proliferate and undergo 
spontaneous tubulogenesis under the right conditions. We tested to see if the HUVECs 
encapsulated within our fibers maintained this normal phenotype. Fig. 3(a-c) show confocal 
images of DAPI stained nuclei of encapsulated cells within gelma fibers at day 1, 3, and 5 after 
fabrication, respectively. Images were converted to black and white masks for cell counting using 
ImageJ software. The cell count for each image was then divided by the length of the fiber in 
which the cells were encapsulated and plotted in a bar graph to compare the cell densities at day 1, 
3, and 5 (fig. 3d). 
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Figure 2: Organized arrays of gelma fibers firmly attached onto a glass cover slip. Arrows indicate sites of attachment. 

It is evident from these images that cells were proliferating with time as seen by the increasing cell 
density.  Fig. 4(a-c) show phase contrast images captured at day 1, 3, and 5 respectively. Fig. 4(d-
f) show merged 3D fluorescent images after DAPI and rhodamine-phalloidin staining captured at 
day 1, 3, and 5 respectively. Blue represents cell nuclei while red represents actin. Encapsulated 
cells were seen to proliferate within and along the gelma fibers with time which shows the 
biocompatibility of gelma, and the effectiveness of this method to guide HUVEC morphogenesis. 
At day 1, cell density was low and cells had rounded morphology, indicating that cells had not yet 
fully attached onto the gelma matrix. At day 3, cells displayed a more spread out morphology as 
indicated by the actin stains. After 5 days, a dense layer of connected HUVECs were observed. 
Fig. 4(g-i) show cross sectional views of the 3D images of fig. 4(d-f), respectively. 3 cross-
sectional slices were captured for each 3D image. The cross-sectional slice locations are shown in 
the 3D images and are colour coded (cyan, red, and green), corresponding to the boundary colours 
of the images in fig. 4(g, h, and i). From the cross-sectional images we see that at day 1, there is 
hardly any connection between individual cells. At day 3, we begin to see some connections made 
between cells, but the formation of lumenized tubes was not observed. At day 5, cells were 
connected into a dense layer surrounding a lumenized core as seen by the dark regions surrounded 
by fluorescent stains pointed out by the arrows in fig. 4i. This shows that HUVECs maintained 
their normal phenotype after going through the fiber fabrication process we developed. From the 
cyan cross-sectional image in fig. 4i, the lumen diameter was measured to be between 20μm-
70μm, or around 45μm. This value is smaller than the fabricated gelma fiber diameter of 70μm, 

which is consistent with other similar reports. We predict that by encapsulating HUVECs in Gelma 
fibers of varying diameter, the diameter of the inner lumen formed by HUVECs can be controlled. 

Figure 3: Cell proliferation. (A-C) Confocal images of stained cell nuclei (DAPI) converted to black and white masks for 
cell counting using ImageJ software. Each image was captured at different time points after fabrication: (A) Day 1, (B) Day 
3, (C) Day 5. (D) Cells were counted and divided by the length of the gelma fibers they were encapsulated within showing 
a steady increase with culture time. 
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Figure 4: Phase contrast and fluorescent confocal images taken at day 1, 3, and 5. (A-C) phase contrast images. (D-F) 3D 
rendered image. (G-I) Cross-sectional images corresponding to slices indicated in the 3D images. Scale bars: 50μm for all 
images. 

Conclusion and future work 
In this report, we showcased the results of a technique we developed for the fabrication of 
hydrogel fibers with encapsulated cells. We showed that HUVECs encapsulated within Gelma 
fibers using our method remained highly viable after 3 days in culture. In addition, encapsulated 
HUVECs cultured in fully supplemented medium attached and proliferated within the Gelma 
fibers and formed lumenized vascular tubes. In the future, we intend to encapsulate HUVECs 
within gelma fibers with controlled diameter. We hypothesize that the diameters of self-assembled 
vascular tubes could be controlled in this way. These tubes we fabricated could have applications 
in 3D vascularized tissue engineering when co-cultured with other cell types, bringing us a step 
closer to successfully engineering complex tissue or organs. 

268



Proc. of the 2nd Intl. Conf. on Progress in Additive Manufacturing

ACKNOWLEDGMENTS 

I would like to sincerely thank the senior members of my group for their invaluable guidance 
throughout this project including Shreyas Kuddannaya, Xu Qinwei, Li Cheng, and Bao Jingnan. Y. 
Zhang acknowledges the financial supports from MOE Tier1 projects (RGT30/13 and RGC1/14). 

REFERENCES 

Asakawa, N. et al. Pre-vascularization of in vitro three-dimensional tissues created by cell sheet 
engineering. Biomaterials 31, 3903–3909, 2010. 

Atala, A., Bauer, S. B., Soker, S., Yoo, J. J. & Retik, A. B. Tissue-engineered autologous bladders 
for patients needing cystoplasty. Lancet 367, 1241–6, 2006. 

Boucard, N. et al. The use of physical hydrogels of chitosan for skin regeneration following third-
degree burns. Biomaterials 28, 3478–88, 2007. 

Chaturvedi, R. R. et al. Patterning Vascular Networks   In Vivo for Tissue Engineering 
Applications. Tissue Eng. Part C Methods 21, 150218091154001, 2015. 

Folkman, J. & Hochberg, M. Self-regulation of growth in three dimensions. J. Exp. Med. 138, 
745–753, 1973. 

Moya, M. L., Hsu, Y.-H., Lee, A. P., Hughes, C. C. W. & George, S. C. In Vitro Perfused Human 
Capillary Networks. Tissue Eng. Part C Methods 19, 730–737, 2013. 

Norotte, C., Marga, F. S., Niklason, L. E. & Forgacs, G. Scaffold-free vascular tissue engineering 
using bioprinting. Biomaterials 30, 5910–7, 2009. 

Raghavan, S., Nelson, C. M., Baranski, J. D., Lim, E. & Chen, C. S. Geometrically controlled 
endothelial tubulogenesis in micropatterned gels. Tissue Eng. Part A 16, 2255–63, 2010. 

Temenoff, J. S. & Mikos, A. G. Review: Tissue engineering for regeneration of articular cartilage. 
Biomaterials 21, 431–440, 2000. 

Tocchio, A. et al. Versatile fabrication of vascularizable scaffolds for large tissue engineering in 
bioreactor. Biomaterials 45, 124–131, 2015. 

Zhang, W. et al. Vascularization of hollow channel-modified porous silk scaffolds with endothelial 
cells for tissue regeneration. Biomaterials 56, 68–77, 2015. 

269




