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Abstract

3D printing of biological architectures that mimic the structural and functional features of in vivo 
tissues is of great interest in tissue engineering and the development of transplantable organ 

constructs. Printable bio-inks that are compatible with cellular activities play critical roles in the 

process of 3D bio-printing. Although a variety of hydrogels have been used as bio-inks for 3D bio-

printing, they inherit poor mechanical properties and/or the lack of essential protein components 

that compromise their performance. Here, a hybrid Matrigel–agarose hydrogel system has been 

demonstrated that possesses both desired rheological properties for bio-printing and 

biocompatibility for long-term (11 days) cell culture. The agarose component in the hybrid 

hydrogel system enables the maintenance of 3D-printed structures, whereas Matrigel provides 

essential microenvironments for cell growth. When human intestinal epithelial HCT116 cells are 

encapsulated in the printed Matrigel–agarose constructs, high cell viability and proper cell 

spreading morphology are observed. Given that Matrigel is used extensively for 3D cell culturing, 

the developed 3D-printable Matrigel–agarose system will open a new way to construct Matrigel-

based 3D constructs for cell culture and tissue engineering.
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Introduction

3D bio-printing has rapidly evolved as a “bottom-up” approach to fabricate complex 

biological constructs. Functional skin and cartilage, for example, have been fabricated using 
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inkjet printing techniques where controlled deposition of cell-containing aqueous droplets 

on a substrate is used.1–3 Laser-assisted printing, a nozzle-free technique that deposits 

droplets using focused laser pulses, enables high-resolution printing (30–100 µm) of cell-

containing constructs and has been used to fabricate cellularized skin constructs.4 

Microextrusion, on the other hand, extrudes uninterrupted viscous bio-ink (up to 6 × 107 

mPa/s) on substrates with a wide range of spatial resolutions (5 µm to millimeters) and 

therefore can fabricate tissue structures with complex geometries such as aortic valves,5 

branched vascular systems6 and tumor models.7

Composition and material properties of the bio-ink play an essential role in printing 

techniques that were mentioned above. In addition to good biocompatibility, bio-inks must 

have suitable rheological properties suitable for printing. A rapid gelation process, for 

example, is required to maintain the stability of printed structures. Polysaccharide-based 

hydrogels such as alginate, hyaluronic acid and agarose have rapid gelation kinetics and 

proper mechanical properties for printing. Therefore, they have been used as bio-inks to 

print vessel-like structures,8,9 porous constructs,10,11 and aortic valve conduits.5 However, 

polysaccharide-based hydrogel lack of essential protein components consequently have 

limitations with respect to cellular adhesion.12 Protein-based hydrogels such as Matrigel 

contain necessary growth factors and peptides and can facilitate cell growth and adhesion in 

3D matrix.13–16 Recently, Matrigel-based long-term culture systems have been developed 

for intestinal stem cells.17,18 However, Matrigel, like the majority of protein-based 

hydrogels, has poor mechanical properties and is not suitable for printing,19 which 

significantly limits its application as a bio-ink for 3D printing.

The goal of the present study is to develop hydrogels that not only support the growth of 

intestinal epithelial cells and cell–matrix interactions but also are 3D printable, and thus 

provide a proof-of-concept for 3D printing intestinal stem cells (ISCs). Because 3D printing 

is a bottom-up approach and provides fine spatial control over the position of cells along 

printed structures, 3D constructs that closely mimic the in vivo microenvironments of ISCs 

niche can be potentially produced via 3D printing. In addition, when different concentrations 

of growth factors are delivered via the printed 3D constructs, ISCs experience a 

spatiotemporal distribution of the growth factor and thus a spatially controlled organization 

of differentiated cell linage is expected. In this study, a hybrid Matrigel–agarose hydrogel 

system has been formed that is 3D printable and supports cell growth and cell–matrix 

interactions. Agarose is the material of choice due to its fast solidification rate upon printing 

and can maintain the printed structures in air. When human intestinal epithelial HCT116 

cells were used as a model cell line and encapsulated in the printed Matrigel–agarose 

hydrogel, high cell viability and cell spreading morphology were observed. The proper 

combination of Matrigel with agarose therefore overcomes the disadvantages of individual 

hydrogels as bio-inks and provides a new type of bio-ink for 3D bio-printing and cell 

culturing.
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Materials and methods

Cell maintenance

Human colonic epithelial HCT116 cells (ATCC) were cultured in a T-25 culture flask 

supplied with DMEM (Life Technologies) containing 10% (v/v) fetal bovine serum (FBS) 

(Life Technologies) and 1% (v/v) penicillin/streptomycin (Life Technologies) under 37°C 

and 5% CO2. For preparation of the cell suspension, cells were washed by a PBS solution 

(Life Technologies) and treated by Trypsin (Life Technologies) for 5 min to detach them 

from the culture flask. The cell suspension was then centrifuged and re-dispersed in a fresh 

DMEM solution without adding FBS (1 × 108/ml) for further experimental use. Since dead 

cells were not attached on the culture flask and could be washed away by the PBS buffer 

during the washing step, the viability of cells in the suspension was approximately the same 

for all experiments.

Hydrogel preparation

Agarose stock solution was prepared by dissolving agarose powder (Sigma) in DI-water at 2 

wt% or 3 wt%, and then homogenized and sterilized by boiling. The stock solution was then 

stored in an incubator at 37°C. Matrigel (50 µg/ml) (Corning) was stored at −18°C and pre-

warmed overnight at 4°C before experimental use. To produce a gel mixture for 3D printing, 

agarose stock solution was first poured into a tube (Cristalgen) that had been pre-warmed at 

37°C. Matrigel was then added by continuously mixing with a sterilized spatula, followed by 

the addition of cell suspension (1 × 108/ml). The gel mixture was homogenized by 

continuous stirring, and then transferred to the printing head of the 3D printer (Seraph 

Robotics) for printing or to the plate of a rheometer (Discovery Hybrid Rheometer, TA 

Instrument) for rheological testing.

Rheological measurement

The storage modulus (G′) and loss modulus (G″) of the hydrogel mixture at each 

concentration ratio were measured using a Discovery Hybrid Rheometer (TA Instrument) 

with a 40 mm diameter parallel plate. The measurements were conducted at room 

temperature and performed using six different angular frequencies from 1 to 10 rad/s. As 

soon as the Matrigel and agarose were mixed, the G′ and G″ of samples were measured 

every 3 min for 21 min.

3D bio-printing

A dual syringe 3D printer (Seraph Robotics) was used for the 3D bio-printing. The printing 

process was controlled by Seraph Print (Seraph). The programming code was written to 

design the shape of the printing structures point by point and imported to the Seraph Print 

software to be recognized by the printer. The 3D printer was sterilized with 70% ethanol 

before printing and was placed in a bio-cabinet to avoid contamination. During the printing 

process, a 0.9 mm diameter dispensing needle was used which produced printed line width 

on the order of 2 to 2.5 mm. The printing head was moved in x- and y-directions, and the 

platform was moved in z-direction. A motorized plunger inside the printing syringe 

continuously pushed the hydrogel out of the syringe. Hydrogel was printed layer by layer at 
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a speed of 6 mm/s to build tubular structures in a collecting petri dish (Corning) or on glass 

slides (VWR) in air. The printed cell-laden tube was then filled with a DMEM culture 

medium and placed in an incubator at 37°C with a 5% CO2 atmosphere for culturing. In 

order to facilitate microscopic imaging and observation of cell growth, some of the tubular 

structures were controlled at a height of 5 mm during printing.

All printing experiments without the syringe heater were conducted at room temperature and 

each printing cycle took approximately 20 min. Note that the initial temperature of agarose 

has to be kept at 37°C. This is due to agarose gelation process at temperature below 37°C, 

which results in blockage of the printing head. When the temperature is above 37°C, on the 

other hand, agarose solution has a relatively low viscosity, which compromises the printing 

resolution and 3D constructs. For 3D printing with temperature control, a syringe heater 

(New Era) was wrapped around the printing syringe and the temperature was maintained at 

37°C during printing.

Determination of cell growth and cell viability

The growth and morphology of HCT116 cells cultured in hydrogel were examined using an 

inverted fluorescence microscope (Leica Microsystems, DMI 6000). Cell viability was 

determined using Live/Dead assays (Life Technologies) following the manufacture’s 

protocol. To image cells encapsulated in the printed hydrogel, cells were stained with 

nucleus-blue (Life Technologies) and/or actin-green (Life Technologies) and imaged using a 

confocal microscope (Leica, TCS SP5). The percentage of cells that exhibited spreading-out 

morphologies was calculated by dividing the total number of cells counted each day with the 

number of spreading cells. Each set of experiments was repeated three times with at least 

100 cells being counted for each experiment. Error bars are presented as the standard 

deviation of the mean.

Results

Printing 3D agarose structures and their cell viability

The printability of agarose was initially examined using a Seraph Robotics 3D printer. A 

circular pattern was designed by defining the coordinates of printing pathways in the Seraph 

Robotics code, which was then imported to the Seraph Print program to control the 

movement of the printing head. Then 2 wt% agarose solution heated at 37°C was loaded into 

the print head syringe, and was continuously extruded while printing (Figure 1(a)). By 

adjusting the tool path and the number of printed layers, tubular structures of agarose with a 

height of 5 cm, a wall thickness of 2 mm, and diameters of 12, 17, or 25 mm were printed 

(Figure 1(b)). By changing the design of printing patterns, tubular structures with star, 

triangle, and square morphology were constructed (Figure 1(c)). The highest tube printed 

using the current experimental setup was about 8 cm (online supplementary Figure S1).

We then printed agarose with encapsulated human HCT116 colonic epithelial cells to study 

the cell viability in such printed constructs. As shown in a 3D constructed confocal image of 

the tube (online supplementary Figure S2(a)), cells were dispersed throughout the entire 

structure of the agarose tube including the inner and outer surfaces. We found that cells were 
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able to stay alive in the agarose tube after printing. However, the cell viability dropped 

rapidly to 35% after three days of culture (online supplementary Figure S2(c)). It was also 

observed that in contrast to the spindle-shaped cells cultured in protein-based hydrogels such 

as Matrigel,20 cells growing in the agarose tube exhibit spherical morphology (online 

supplementary Figure S2(b)), indicating the lack of essential proteins that support cell 

attachment and spreading in agarose.21

3D printing Matrigel–agarose hybrid hydrogel

In order to improve cell growth and attachment in printed agarose constructs, we added 

Matrigel into the agarose matrix to form the Matrigel–agarose hybrid hydrogel. Agarose 

solidifies at temperatures below 32°C, whereas gelation of Matrigel occurs at temperatures 

above 4°C. The mixing of cold Matrigel with hot agarose solution therefore causes partial 

gelation of the hydrogel mixture immediately. We thus investigated the time-dependent 

change of the storage modulus (G′) and loss modulus (G″) of the agarose solution mixed 

with different volumetric fractions of Matrigel. Briefly, Matrigel was added to a 2 wt% 

agarose solution in volumetric ratios of 15%, 30%, or 50%. G′ and G″ as a function of time 

were then measured using a rheometer. As shown in Figure 2(a) and (b), increase of G′ and 

G″ with time was observed for all formulations. However, G′ was much larger than G″ 
and increased fourfold within 21 min, indicating that the mixed hydrogel became a more 

elastic-like polymer along gelation. When volumetric fractions of Matrigel increased from 

15% to 50%, the value of G′ decreased, suggesting that adding Matrigel compromises the 

elastic property of the hybrid hydrogel. We further tested the printability of these hybrid 

hydrogels and found that 15% and 30% Matrigel possessed the desired mechanical 

properties (G′ > 1800 Pa at 21 min) for printing (Figure S3(a) and (b)), whereas 50% 

Matrigel (G′ ~ 850 Pa) failed to maintain the printed structure (online supplementary Figure 

S3(c)). Note that since the printing process was usually completed within 20 min, the 

rheological performance and printability of Matrigel–agarose hydrogels were examined 

within 21 min.

We further tested cell viability in the hybrid hydrogel with different volumetric factions of 

Matrigel. Our results showed that the percentage of spreading cells increased with the 

increase of volumetric factions of Matrigel (Figure 2(c)). When the volumetric factions were 

15% and 30%, there were 9% and 23% of cells that exhibited spindle-like morphology after 

three days of culture (Figure 2(c)). Higher percentage of spreading cells (37%) was found 

when Matrigel fraction was 50%, which was consistent with a previous study of 3D colonoid 

culture in Matrigel.13 Although hybrid hydrogel with 50% Matrigel supported more cells to 

spread and grow, it had poor printability due to the low G′ (Figures. 2(a) and S3(c)). In 

order to increase G′, the concentration of agarose stock solution was increased to 3 wt% 

while the volumetric faction of Matrigel was kept unchanged as 50%. As a result, a 

relatively high G′ (1250 Pa) of Matrigel–agarose hydrogel system was obtained. The hybrid 

hydrogel with 3 wt% agarose and 50% (v/v) Matrigel were then printed into a stable tubular 

structure with a diameter of 17 mm and a wall thickness of 2 mm (Figure 2(d)).

Therefore, human HCT116 cells were introduced to the tube composed of 3 wt% agarose 

and 50 v/v% Matrigel and culture the cells for 11 days. The results showed that, before day 
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8, the number of cells with spindle-like shape increased and that 72% of cells maintained 

spreading morphology (Figure 3(a)). Cells also tended to form clusters and spheroids 

(Figure 3(a) inset) after seeding, consistent with reported 3D cell culture in hydrogel.22,23 

The percentage of spreading cells, however, decreased from 70% to 47% between day 8 and 

day 11. Cell viability remained relatively high within the first six days (77%) but dropped 

after seven days (Figure 3(b)), which was consistent with the observed decrease of the 

percentage of spreading cells after day 8 (Figure 3(a)).

3D printing Matrigel–agarose hybrid hydrogel at constant temperature

Because printing was conducted at room temperature (25°C) whereas the initial temperature 

of the hybrid hydrogel was 37°C, the change of temperature along printing led to the change 

of rheological properties of the hybrid hydrogel with time (Figure 2). We thus tested whether 

the hybrid hydrogel could be printed at constant temperature (37°C). A syringe heater was 

used to wrap around the printing syringe and maintain the printing temperature at 37°C 

(Figure 4(a)). By repeating the printing process described above, a tubular structure with the 

same dimensions as the one printed without temperature control (a diameter of 17 mm and a 

wall thickness of 2 mm) was printed (Figure 4(b)). The tube printed at constant temperature 

was more transparent than that printed without temperature control (Figure 2(d)), probably 

due to a more homogeneous composition. When the tube was cut at its top, middle and 

bottom sections and examined under a microscope, no massive hydrogel clusters or granular 

structures were observed, indicating a relatively homogeneous composition (Figure 4(c)). 

Most importantly, when HCT116 cells were introduced to the hybrid hydrogel and printed at 

constant temperature (37°C), the percentage of spreading cells increased with culture time 

and reached 75% after 11 days of culturing (Figure 4(d)). Cell viability was also improved 

and maintained over 70% after 11 days of culturing, even though a slight decrease was found 

at the end of the culture (Figure 4(e)).

Discussion

In the current study, we developed Matrigel–agarose hybrid hydrogels and examined their 

rheological properties and 3D printability. Using human HCT116 cells in the printing 

hydrogels, cell growth and viability were evaluated. The desired mechanical properties of 

the hybrid hydrogel should first ensure a successful printing process and provide mechanical 

support for the printed structures. In addition, the mechanical properties of the hybrid 

hydrogel should not play a negative role in supporting cell growth. Furthermore, because 

Matrigel has been demonstrated for intestinal stem cells culture,17,18 we expect the 

application of the developed hybrid Matrigel to benefit intestinal stem cells culture in 3D-

printed structures. Hence, this can contribute to the construction of in vivo-mimicking 

intestinal model systems.

Agarose has feasible temperature-based gelation features and proper mechanical properties 

for 3D printing.22,23 As a result, tubular structures that are consistent with previous studies24 

can be constructed and structures with star, triangle, and square morphology are further 

demonstrated by 3D printing agarose (Figure 1). In addition, our study shows that tubular 

structures with a height of 8 cm (online supplementary Figure S1) can be achieved in air 
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without the need of external structural support. In our experimental setup, agarose was 

loaded in the printing head at 37°C and cooled down during the printing process, which 

improved its elastic properties. As a result, agarose extruded from the printing head had 

enough mechanical strength to support the printed structure. However, it shall be noted that 

the printing process is accomplished within 20 min; otherwise, the gelation of agarose will 

block the printing head.

Agarose, however, lacks essential proteins to which cells can adhere and develop cell–matrix 

interactions.12 HCT116 cells cultured in the printed agarose exhibited spherical morphology 

(online supplementary Figure S2) and failed to generate tensions against the 3D matrix to 

exhibit critical spindle-like morphology. This has been observed in protein-based hydrogels 

such as Matrigel and collagen.20,25 When Matrigel was added into the agarose matrix, 

HCT116 cells started to spread out and the number of spreading cells increased with the 

increase of volumetric fractions of Matrigel (Figure 2(c)), indicating that adding Matrigel 

improves cell growth and adhesion in the 3D matrix. The percentage of spreading cells with 

spindle-like morphology in 50% Matrigel was 37% after three days of cell culturing. In fact, 

a previous study has shown that the growth of intestinal stem cells depends on the amount of 

Matrigel: the highest efficiency of colonoid formation (33 ± 5%) has been observed when 

50% Matrigel is used.13

Adding excess Matrigel significantly affects the rheological performance and printability of 

agarose. It is known that when agarose solution (37°C) is placed at room temperature 

(25°C), G′ increases with time due to the gelation of agarose at low temperature.26 This is 

consistent with what we observed here (Figure 2(a)). The temperature drop due to the 

addition of Matrigel (4°C) to agarose solution (37°C) did not increase the G′ of the hybrid 

hydrogel significantly; instead, G′ decreased with the increase of volumetric fractions of 

Matrigel. Since solidified Matrigel has a relative low G′ due to its high water content,27 it is 

likely that adding Matrigel dilutes the hybrid hydrogel and compromises its elastic 

properties. Indeed, when the Matrigel–agarose was used to print tubes, 2 wt% agarose with 

50% (v/v) Matrigel had the poorest printability (online supplementary Figure S3(c)). In 

order to increase the printability of Matrigel–agarose bio-ink while maintaining the high 

percentage of Matrigel to support cell growth and spreading, the concentration of agarose 

stock solution was increased to 3 wt% while Matrigel was kept constant at 50% (v/v). 

Because the volumetric fraction of Matrigel was kept constant, the increase of wt% of 

agarose did not affect the concentration of Matrigel in the mixture. The concentration of 

Matrigel in the hybrid hydrogel was 7.5, 15, and 50 µg/ml corresponding to 15%, 30%, and 

50% (v/v) Matrigel, respectively. As a result, not only was G′ of 1250 Pa (G″ ~ 60 Pa) 

obtained for the hybrid hydrogel (Figure 2(a) and (b)) due to the increased wt% of agarose, 

but cell growth and cell–matrix interactions were improved. Stable tubular structure can 

therefore be printed and maintained (Figure 2(d)). Although previous studies have shown the 

development of hybrid hydrogel for 3D printing,5,28 our study shows the correlation between 

the formulation of hybrid hydrogels with their rheological properties and biocompatibility, 

and hence provides quantitative understanding of the material properties and biological 

activities of hybrid hydrogels for 3D bio-printing.
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The results of culturing of HCT116 cells in 3D printed hydrogel constructs show that cells 

can spread and exhibit stretched non-spherical morphology during culture (Figure 3), 

indicating that the matrix supports cell adhesion and growth and cell–matrix interactions are 

established. However, a decrease of cell viability and reduced percentage of spreading cells 

in the late stage of culture was observed, which may arise from the heterogeneous structures 

of the tube when printed without temperature control. Because temperature of the hybrid 

hydrogel decreased with time, agarose would solidify during printing resulting in granular 

and non-uniform microstructures in the printed tube (Figures 1 and S1). The heterogonous 

structure could render various physical properties such as stiffness at different locations of 

the tube and affect cellular behavior and direct cell fate.29–31 In fact, our results show 

improved percentage of spreading cells and cell viability when cells are printed in more 

homogenous hybrid hydrogels. This indicates that homogeneous hydrogel matrix is 

supportive for cell growth and spreading. Note that it is also possible that the relative high 

modulus (G′ ~ 1250 Pa) of the printed hybrid hydrogel negatively affects cell viability.32–34 

In addition, the diffusion length of oxygen and nutrient in hydrogel is around 150–200 µm,35 

whereas the wall thickness of the tube is 2 mm. Although the entire hydrogel tube is 

immersed in a culture medium during cell culture, it is likely that the cells had insufficient 

uptake of nutrients and oxygen through the tube wall. Our results thus highlight the much 

needed strategies for the development of physiologically relevant biomaterials and 

construction of vascular systems for 3D cell culture and tissue engineering, as shown by 

many recent efforts including results from our laboratory.6,36,37

Conclusion

In summary, we have demonstrated an approach to develop Matrigel–agarose hybrid 

hydrogels with desired rheological properties for 3D bio-printing and culturing human 

intestinal epithelial cells. The elasticity of the hybrid hydrogels increases with gelation time 

but decreases when the volumetric concentration of Matrigel increases. An optimized 

formulation of hybrid hydrogel with 50% (v/v) Matrigel and 3 wt% agarose was identified to 

be 3D printable and showed the ability to support cell growth and adhesion. In addition, both 

cell spreading and cell viability were significantly improved when printing was performed at 

a constant temperature (37°C). Therefore, the study provides useful guidelines to develop 

Matrigel-based hydrogels for 3D printing and tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental setup and representative images of 3D printed agarose constructs. (a) 

Schematic representation of the 3D printing setup. Cell-containing hydrogel loaded into a 

dispensing syringe in the printing head of a 3D printer is continuously extruded onto a petri 

dish in air. (b) 3D printed agarose tubes with different diameters (from left to right: d = 12, 

17, and 25 mm) (scale bar = 10 mm). (c) 3D printed agarose constructs with a star, triangle, 

or square shape (scale bar = 8 mm).
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Figure 2. 
Characterization of Matrigel–agarose hybrid hydrogel. Dependence of the (a) storage 

modulus (G′) and (b) loss modulus (G″) of hybrid hydrogel on time at different 

compositions of Matrigel and agarose. **P < 0.01 was calculated based on paired Student’s 

t-test analysis. (c) Percentage of cells that exhibit spreading morphology after three days of 

culturing in 3D printed tubular structures composed of 2 wt% agarose and 15, 30, or 50% 

(v/v) Matrigel. **P < 0.01 was calculated based on paired Student’s t-test analysis. (d) An 

image of a 3D printed tubular structure using 50% (v/v) Matrigel and 3 wt% agarose. The 
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tube has a diameter of 17 mm and a wall thickness of 2 mm (scale bar: 5 mm). Note that the 

purple color comes from the Matrigel and culture medium.
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Figure 3. 
Cell growth in 3D printed Matrigel–agarose tubes composed of 3wt% agarose and 50% (v/v) 

Matrigel. (a) Percentage of cells that exhibit spreading morphology for 11 days of culturing. 

The percentage of spreading cells was calculated by dividing the total number of living cells 

with the number of spreading cells counted each day. Inset: A fluorescent confocal image of 

spreading cells and clusters formed in the printed tube. Cells are stained with actin-green 

and Nuc-blue (scale bar = 50 µm). (b) Cell viability over 11 days of culturing. The 

percentage of living cells was calculated by dividing the total number of cells with the 

number of living cells counted each day. Each set of experiments was repeated three times 
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with at least 100 cells being counted for each experiment. Error bars are presented as the 

standard deviation of the mean.

Fan et al. Page 15

J Biomater Appl. Author manuscript; available in PMC 2017 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
3D printing Matrigel–agarose hybrid hydrogel at constant temperature (37 °C). (a) An image 

of the experimental setup in which a syringe heater was wrapped around the printing syringe 

to maintain the temperature at 37 °C during printing. (b) An image of 3D printed tubular 

structure composed of 3wt% agarose with 50% (v/v) Matrigel (scale bar: 5 mm). (c) 

Microscopic images of the 3D printed hybrid hydrogel tube cut at the top, middle, and 

bottom sections (scale bar: 100 µm). (d) Percentage of cells that exhibit spreading 

morphology for 11 days of culturing. (e) Cell viability over 11 days of culturing. **P < 0.01 
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was calculated based on paired Student’s t-test analysis between Figures 3(a) and 4(d), 

Figures 3(b) and 4(e), respectively.
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