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Abstract 
 

The purpose of this research was to develop an efficient method of enhancing high density mammalian cell growth 

using three-dimensional cell culture.  The physiology of cells in two-dimensional culture differs from those grown in 

three-dimensional cultures, which aim to simulate native cell proliferation.  Finding conditions that mimic the 

natural environment to create rapid three-dimensional cell growth is a major barrier for culturing patient-specific 

organs.  In previous research, additive manufacturing was used to produce a multilayered duraform polyamide 

scaffold
5
.  The scaffold created more surface area for cell attachment, producing higher cell growth of murine 3T3 

fibroblasts.  This method resulted in a 200% cell growth as compared to plating fibroblasts in a monolayer
5
.  This 

investigation cultured 3T3 fibroblasts within an agarose hydrogel filled polyamide scaffold as a novel approach to 

further increase cell proliferation as an attempt to better simulate the natural extracellular matrix of 3T3 fibroblasts.  

The effects of hydrogel concentration, seeding cell density, and scaffold porosity were studied.  By encapsulating 

the cells within an agarose hydrogel, it was assumed that the hydrogel would expand and fill in the layers within the 

scaffold, allowing for three-dimensional cell growth due to its porous nature and ability to add more surface area due 

to this expansion capability.   Since the agarose hydrogel did not maintain solidity when in culture, the cells were 

not able to achieve three-dimensional cell growth.      
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1. Introduction 

 

1.1. background 

 
Data from the Organ Procurement and Transplantation Network (OPTN) state that since January of 2012, there have 

been approximately 9,000 transplant recipients, 4,400 donors and over 100,000 people on the waiting list
1
.  The 

possibility of increasing the number of transplants may become possible with organ culturing.  With the potential to 

alleviate the risk of rejection, tissue engineering is making it possible to develop organs that will be patient specific 

by culturing organs from the patient’s own cells.  In 2008, scientists at University of Minnesota were able to 

regenerate the pumping of a new heart by washing away the cells from a pig’s heart leaving only the outer 

scaffolding and filling it with human stem cells, the heart was able to function ex vivo
10

.  Such technology is now 

available for those in need and would not be possible if not for three-dimensional cell culture.   
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Two-dimensional cell culturing is the traditional cell culturing of adherent cells where only a monolayer is 

achieved.   Using three-dimensional cell culture, research is able to perform tests and discover what could never be 

if only using traditional cell culture.  Its use in various biotechnology areas  make the application of 3D culturing 

more appealing when trying to unveil the wonder and mystery of the human body.  Since the body is a three-

dimensional object, cells behave differently when plated on a flat surface (2D environment) than they would if 

cultured in a scaffold (3D environment) 
2
.   

A scaffold simulates the cells natural 3D environment, the extracellular matrix (ECM).  This matrix is composed 

of two main structures, glycosaminoglycans (GAGs) and fibrous proteins.  Each structure plays an important role in 

the cell’s survival, function and proliferation.  With ability to swell by absorbing water (forming a highly hydrated 

gel) GAGs take up the majority of the volume in the extracellular space giving it the ability to withstand 

compressive forces and provide mechanical support.  Fibrous proteins strengthen, provide resilience and help to 

organize the matrix
3
.  Mimicking this type of environment by culturing the cells in a porous biocompatible scaffold, 

hydrogels aim to simulate the nature of GAGs found in the ECM.  

Hydrogels are highly hydrated 3D networks of polymers that provide a place for cells to adhere, proliferate and 

differentiate; and are often processed under mild conditions
4
.   Using biocompatible materials or natural polymers 

for the hydrogels allows for better simulation of the ECM and growth of cells.  

 Murine 3T3 fibroblast cells, the cell line of embryonic Swiss mice, were used as the model organism in this 

research because it is the cell type that synthesizes and maintains the matrix by secreting the precursors of all the 

components of the ECM
5
.   Ulrich et al found that in collagen hydrogels (a fibrous protein and a major component 

for cell surface adhesion) cell spheroids that had over 1 mm separation were “capable of mutually remodeling the 

extracellular matrix between them ultimately creating bundles of fibers that served as contact guidance cues for 

trans-spheroid motility”
2
.    

In this research it was hypothesized that 3T3 fibroblast cells will proliferate more when encapsulated in the 

hydrogel filled scaffold than when plated as a monolayer.  It has been shown that there is a substantial increase in 

3T3 cells proliferation with the Duraform Polyamide scaffold in comparison to standard 2D culture because the 

multilayered scaffold provides more surface area for the cells to adhere
5
.  When using the scaffold only, cell seeding 

would be an issue, to ensure that the cells do adhere to the scaffold.  However, if the cells are encapsulated in the 

hydrogel then it is presumed that the cells will proliferate within the matrix.  Also, it was found that cell growth was 

higher when using a scaffold that had a greater porosity percentage, the higher the percentage the more proliferative 

the 3T3 cells were
5,6

.  It was hypothesized that the scaffold having a lower porosity percentage would allow for 

better cell growth than a scaffold with a higher density ratio when filled with the agarose hydrogel since the 3T3 

cells will be encapsulated by the hydrogel and there will be more room for the hydrogel to expand if the scaffold 

was less dense and better diffusion of nutrients from the culture media.          

 

2. Methodology 

 

2.1. rapid prototyping 

 
The scaffold used was first designed by 2008 Milwaukee School of Engineering (MSOE) Research Experience for 

Undergraduates (REU) participant, Whitney Burton.  The Rapid Prototyping Center’s (RPC) SLS machine was used 

to construct the cylindrical shaped scaffold’s designed by Burton, see Figure 1.  The Selective Laser Sintering (SLS) 

machine uses laser energy CO2 to sinter or fuse the powder the scaffold will be made of
11

.  By developing the 

structure in layers, at a temperature below the material’s melting temperature, the machine is able to build a three 

dimensional scaffold for use.   She tested the durability of different materials to withstand high temperatures for a 

period of time and chose Duraform Polyamide (Duraform PA) as the material of choice for making the multilayered 

scaffold
5
.  The DuraForm PA material is known to produce durable, high quality thermoplastic parts that can 

withstand functional use in both rapid manufacturing and prototyping applications
12

.  The material can also be used 

when an application for stiffness is required, or for heat and chemical resistance testing (can be sterilized via 

autoclave)
12

.  The densities of the Duraform PA scaffold that were used in this research were 43% and 6%.   
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A.              B.  

Figure 1. Picture of duraform polyamide scaffolds built by RPC for research.  

A. Picture of 6% dense duraform pa scaffold. B. Picture of 43% dense duraform polyamide scaffold.  

 

2.2. cell culture 

 
Cell culture is the process by which cells are grown and manipulated in vitro using proper aseptic techniques.  3T3 

cells were cultured in 88% Dulbecco’s Modified Eagles Medium (DMEM), 1% Penicillin/Streptomycin, 1% L-

Glutamine and 10% Fetal Calf Serum (FCS).  The hydrogel that was used for encapsulation of 3T3 cells was 

composed of Agarose Type IX, ultra-low gelling (Sigma, A5030) and Dulbecco’s Phosphate Buffer Saline solution 

(DPBS).  The agarose was mixed in the DPBS to the desired concentration of 1% or 0.5% and then autoclaved for 

sterilization before its addition to the cells.  To prepare cells for encapsulation, the cells were trypsinated (removal 

of culture media, washed in DPBS, added trypsin to remove cells from tissue culture surface, pelleted and media 

aspirated) and suspended in DPBS to get a final cell density of 5 x 10
3
 cells/scaffold and 25 x 10

3
 cells/scaffold.  

The cell suspension was then added to the agarose mixture when cooled to 30°C.  The gel was solidified within the 

scaffold when incubated at 4°C for 20 minutes.  One mL of culture media was added to the encapsulated cells in the 

hydrogel filled scaffold.  The cells were allowed to proliferate for 5 days then counted by liquefying the agarose 

with β-Agarase I (New England BioLabs, M0392S) and allowed to incubate.             

  

2.3. agarose hydrogel: 

 
Agarose is a polysaccharide made of repeating, alternating units of the monomers β-D-galactose and 3, 6-anhydro-

L-galactose
8
.  The agarose used in this research had a sol-gel transition state between 8°C and 17°C when at a 

concentration of 0.8% and had a melting temperature of 50°C
7
.  Agarose hydrogels are advantageous for 3D cell 

culture due to its ability to mimic the natural 3D environment, its thermosensitive nature, non-toxicity towards cells, 

transparency (allowing visualization of living cells) and non adhesive properties
8
. For liquefying agarose in mild 

conditions that are conducive to the cells, β agarase was chosen.   

Marine bacteria have been found to naturally produce agarases for agar liquefaction
9
, E.coli strains may also be 

transformed in order to produce agarases for extraction.  The degradation of agar into its components by agarase 

may also be the beginning steps for further production of the carbohydrate monomers, including the production of 

alcohol, acetic and formic acids, degradation of the cell walls of algae by agarase for production of labile substances 

with biological activity or preparation of protoplast cultures or hybrids, or applications in food, cosmetics and 

medical industries
9
.           

 

2.4. cell seeding 

 
For adherent cells, the application of seeding onto a coated well, dish or flask may not be as much a concern as the 

amount of cells that are seeded.  Since cell-cell interaction is needed for proliferation and function of cells, if to few 

cells per milliliter are seeded, no intercellular interaction would be formed and the cells may go into senescence.  If 
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a large density of cells is plated on the tissue culture surface, contact inhibition will occur much sooner and the cells 

will need to be passaged quickly.  Seeding cells onto a scaffold may pose a concern due to the different methods of 

applications in order to ensure sufficient attachment.  Dynamic seeding method was used to ensure proper seeding 

onto the Duraform PA scaffold; the tissue culture dish was placed on the shaker for 20 minutes at low speed,
5
 to 

ensure the cells were able to traverse the multi-layers.  When using a hydrogel to fill the multilayered scaffold, the 

encapsulation of the cells within the hydrogel becomes the seeding mechanism; ensuring proper attachment and 

cellular interaction within the 3D array.    

 

2.5. cell harvesting 

 
After five or six days of incubation within the agarose hydrogel filled scaffold, the cells were released by 

liquefaction with agarase.  Five milliliters of a 1:2000 dilution of agarase in phosphate bovine serum (PBS) was 

applied to the hydrogel and allowed to incubate at 37°C for two hours.  Once the agarose was liquefied, cell-agarose 

suspension was transferred into a conical and the scaffold was trypsinized to release any cells that had adhered.  The 

cells were then collected into the same conical tube, pelleted at 1000xg for five minutes, the supernatant was 

aspirated and the cells were resuspended in culture medium, and lastly counted with the hemocytometer.       

 

2.6. cell counting 

 
When counting the 3T3 fibroblast cells, 1:1 of 0.4% trypan blue stain solution was added to the resuspended cells in 

culture medium and then added to the hemocytometer.   The equation used to calculate the population of cells per 

mL of solution after encapsulation within the hydrogel filled scaffold was: 

 

     Total cells counted   x dilution factor of the trypan blue solution x 10,000 = cells/mL   (1) 

     Number of squares  

 

3. Experimentation 

 
For this research, six 6-well plates were used to house the encapsulated cells in the agarose hydrogel filled Duraform 

PA scaffold.  Table 1 displays the set up for the experiment, where the varying parameters were:  the scaffold 

density, agarose hydrogel concentration and the seeding density.  

 

Table 1.  Experimental set up of the first six well plate used, showing the parameters tested in each well 

Test 1 2 3 

Replicates 2 2 2 

Scaffold Density 43% 6% --- 

Agarose Percentage 1% or 0.50% 1% or 0.50% --- 

Seeding Density 125K or 250K cell/well 125K or 250K cell/well 125K or 250K cell/well 

 

The second 6-well plate tested differed in the cell seeding density (25x10
3
 cells/well).  The third differed in the 

concentration of agarose used (0.50%), and the fourth used 0.50% agarose and a cell seeding density of 

25x10
3
cells/well.  The fifth and sixth 6-well plates tested the scaffold only against the monolayer, differing in cell 

seeding density (5x10
3
cells/well and 25x10

3
 cells/well, respectively). The fifth and sixth plates used dynamic 

seeding to achieve a similar level of seeding efficiency comparable to using the hydrogel.  The plates were gently 

agitated while in the incubator.   

Before encapsulating the cells in the hydrogel filled scaffold, the mechanism for agarose liquefaction was first 

determined.  Two hundred microliters of 1% and 0.50% agarose were added to separate eppendorf tubes (total of 

five tubes each) and allowed to solidify in the 4°C refrigerator.  Volumes ranging from 1uL to 5uL of β-agarase I 

was added to the eppendorf tubes containing agarose and allowed to incubate in the 37°C incubator.  To observe 

liquefaction, the eppendorf tubes were flicked.  After 1hour and 1.5 hours, the agarose in the eppendorf tubes were 

observed for liquefaction, results from experiment not shown.  A test of 1mL 1% and 0.50% agarose was also done 

to determine if the scale up of five times the volume used for the agarose samples in the eppendorf tubes was enough 

for liquefaction at the same time allotted. 
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This liquefaction process was repeated by diluting the agarase in PBS (1:2000 dilution) to ensure liquefaction can 

occur when less agarase was needed (half of the amount used for scale-up).  Five milliliters and approximately one 

milliliter of 1% and 0.50% agarose were solidified in long test tubes.  A small steel bead was added to the top of the 

polymerized agarose.  Five milliliters of the diluted agarase was added to the tube and incubated in a 37°C water 

bath.  At 30 minute intervals the height of the steel bead from the bottom of the test tube were measured as a method 

to quantify the agarose liquefaction process, results from experiment not shown.       

 

4. Results 

 

4.1. agarose liquefaction 

 
After incubating the eppendorf tubes of 200uL 1% and 0.50% agarose in varying volumes of β-agarase I, it was 

observed that the majority of tubes (8 out of the 10 total) were liquefied after 1 hour of incubation.  For tubes with 

1% agarose, 1uL β-agarase I and 2uL β-agarase I, liquefaction was observed after 1.5hours of incubation at 37°C.  

One milliliter of 1% and 0.50% agarose was also solidified in the 4°C refrigerator.  After determining that 1Unit 

(1uL) β-agarase I was the lowest volume was needed that would liquefy 200uL agarose at approximately the same 

time as larger β-agarase volumes, this amount of 1uL agarase was scaled up for liquefaction of 1mL of agarose.  

Since 1uL of β-agarase was needed for 200uL, it was assumed that five times this amount would be needed for 1mL 

agarose.     

There was also a small correlation observed between the concentration of the agarose and the amount of agarase 

added.  After 1 hour, all of the eppendorf tubes containing 0.50% agarose showed signs of liquefaction, while tubes 

that had 1uL and 2uL of agarase did not show as much liquefaction as the remaining tubes.  After 1.5hours, all of the 

tubes were observed to contain liquefied agarose, and this was especially seen at the 2 hour time point.   

After 1.5hours the eppendorf tubes that contained 1mL of 1% or 0.50% agarose were not completely liquefied.  

Both still contained clumps of polymerized agarose, more were observed in the tube with 1% agarose.  After 2 

hours, both eppendorf tubes containing agarose were liquefied; complete liquefaction was observed in both tubes 

after 3hours.   

 

4.2. cell growth 

 
After harvesting and counting the cells from the first trial of the cell encapsulation into a hydrogel filled scaffold 

experiment using the 1:2000 dilution of β-agarase in PBS, it was found that the cells proliferated more on the 

monolayer than in the hydrogel filled scaffold, except for the scaffold filled with 0.50% agarose seeded at 250 x10
3
 

cells.  Also for the scaffold only control, an increase in proliferation against the monolayer was observed when 

seeded at 125 x 10
3
 cells.   

 

A.  
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B.  

Figure 2:  Cell Density results of 3T3 Fibroblasts after first trial of encapsulation experiment; error bars denote 

standard deviation and the percent increase between the scaffold and monolayer tests are shown.  A.  When filling 

the scaffold with the agarose hydrogel, there is consistent high proliferation of the growth on the monolayer seen.  

Not a great increase in proliferation is seen when the cells were seeded on the scaffold only control.  B. Greater 

proliferation was observed when cells were encapsulated within 0.50% agarose.  When encapsulated within 1% 

agarose and seeded on the scaffold control, there was more proliferation on the monolayer. 

 

The cell encapsulation within a hydrogel filled scaffold was repeated due to the large standard deviations from the 

first experiment; an agarose hydrogel only plate was also tested as another control.  Also the results from the 

scaffold only control were not as high as expected from previous research
5
, see Figures 3 for results. 

A.  

0.00E+00

2.00E+05

4.00E+05

6.00E+05

8.00E+05

1.00E+06

1.20E+06

1.40E+06

1.60E+06

1% Agarose 0.5% Agarose No Agarose

Cell Density of 3T3 Cells Seeded at
250K cells/well

Scaffold - 43% Dense

Scaffold - 6% Dense

Monolayer

N=2

-34.26%

-57.44%

52.62%

-48.48%

-82.26%

-78.59%

 6.72E+04

 6.40E+05

 2.16E+05

 2.19E+05

 4.67E+05

 3.54E+04

 3.54E+04

 3.89E+04

 2.83E+05

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

2.50E+05

3.00E+05

3.50E+05

4.00E+05

4.50E+05

5.00E+05

1% Agarose 0.5% Agarose No Agarose

Cell Density of 3T3 Cells Seeded at 
125K cells/well

Scaffold - 43% Dense

Scaffold - 6% Dense

Monolayer

No Scaffold
-92.52%

-92.08%

-71.29%

-80.95%

-26.19% 1.41E+04

 1.73E+05

 0E+00

 5.30E+04

 1.80E+05

 7.07E+03

 1.77E+04
 0E+00

N=2
-90.65%
 1.41E+04

66.36%

-66.34%



7 
 

B.  
Figure 3:  Cell Density results of 3T3 Fibroblasts from second trial of encapsulation experiment; error bars denote 

standard deviation and the percent increase between the scaffold and monolayer tests are shown. A. When filling 

either of the scaffolds (43% dense or 6% dense) with the agarose hydrogel the monolayer control shows more 

proliferation as compared to using 1% or 0.50% agarose.  The scaffold only control does show more proliferation 

than the monolayer when the cells were seeded at 250K cells/well.  Using the hydrogel only, there was more 

proliferation when using the 1% agarose than the 0.50% agarose hydrogel. B. When the cells were seeded at a 

higher density, the scaffold only control reflects that seen in Figure 2A.   

 

When looking at the second trial’s results alone, there was more proliferation seen when the cells were seeded as a 

monolayer than encapsulated within the hydrogel filled scaffold.  However the standard deviation is still very high, 

similar to the standard deviations seen in Figures 2 and 3.   

 

5. Discussion 

 
Based on the two sets of data collected from the cell count, encapsulating the 3T3 fibroblasts cells within the 

agarose hydrogel filled scaffold did not promote more proliferation than the monolayer control.  Looking at Figure 

2A and 2B, using the agarose hydrogel only at 1% provided more proliferation than filling the hydrogel within the 

scaffold.  Upon extracting the cells during the second trial, at the beginning stage where the media is decanted from 

the wells containing the agarose hydrogel, while removing the media from one of the wells containing the hydrogel 

only it appeared as though the hydrogel was liquefied ( no agarase was added to the hydrogel at this step). Since the 

hydrogel was not in its gelled form when in the incubator, the cells were not encapsulated and within the cell’s 24-

hour doubling time, the cells must have adhered to the bottom of the well plate, not resulting in three-dimensional 

culturing.   After trypsinization of the cells from the well plate and the scaffold, aggregates of cells were seen in the 

hemocytometer for the cells that were mixed in the agarose solution for intended encapsulation.  The 

unsuccessfulness to maintain the polymerization of the agarose in culture in addition to the cells tendency to 

aggregate within the agarose suspension may attribute to the variability within the two trials, as denoted by their 

high standard deviations.   

 

6. Conclusion 

 
Continuing from W. Burton’s research in 2008

5
, high density mammalian cell growth was the goal by 

encapsulating murine 3T3 fibroblast cells within an agarose hydrogel filled scaffold.  It was previously shown that 

the duraform polyamide scaffold, design via additive manufacturing, allows for greater proliferation than the 

monolayer control
5
.  By encapsulating the cells within an agarose hydrogel, the initial thought was that the hydrogel 

would expand and fill in the layers within the scaffold, allowing for three-dimensional cell growth due to its porous 
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nature and ability to add more surface area due to this expansion capability.   Since the agarose hydrogel did not 

maintain solidity when in culture, the cells were not able to achieve three-dimensional cell growth.   

In the future, seeding the wells at a lower density may prove better since the cells will incubate for six days 

without the renewal of media.  The media was not changed during the incubation time as a precaution of not causing 

any potential contamination to the culture.  Using collagen within the hydrogel may help to promote more cell 

growth since it was shown that by increasing the concentration of agarose to collagen decreases cellular mobility 

and results in more aggregated colonies
2
.               
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