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Abstract 

Silk fibroin is a natural protein which has shown great promise for tissue engineering, but is not 

printable due to slow gelation or harsh gelation conditions which are not cell-friendly. In this 

study, a two-step gelation process is proposed for the printing of silk fibroin, which utilizes 

alginate as a sacrificial hydrogel during an inkjetting-based process. A cell-laden blend of 

alginate with silk fibroin is utilized to achieve rapid gelation by calcium alginate formation 

during printing; it is followed by horseradish peroxidase (HRP) catalyzed covalent crosslinking 

of the fibroin protein at tyrosine residues after printing. This two-step gelation process 

successfully enables 3D bioprinting of well-defined cell-laden silk fibroin constructs suitable for 

long term culture. The constructs remain intact after calcium chelation to liquefy the alginate 
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component, demonstrating the formation of silk fibroin hydrogel. NIH 3T3 fibroblasts proliferate 

and spread through the hydrogel after printing. Increasing metabolic activity is observed for 5 

weeks after printing, and histology shows dense cell populations in cultured constructs. The 

proposed two-step gelation technique is expected to enable 3D silk fibroin printing for various 

applications. 

 

Keywords: Silk fibroin, 3D bioprinting, two-step gelation, sacrificial material, alginate, 

horseradish peroxidase 

 

1. Introduction 

Enabled by advances in engineering and cellular biology, three dimensional (3D) bioprinting has 

recently emerged as an important tissue engineering tool, aiming to construct functional 

biological structures for various medical applications
1-3

. Two primary applications of such 

constructs are: clinical applications in regenerative medicine
4
 and research tools for pre-clinical, 

diagnostic, and developmental studies
5
. As a freeform fabrication approach, 3D bioprinting is 

capable of generating porous living constructs with pre-determined heterogeneity on demand and 

therefore has great potential to produce a suitable architecture for functional tissues with 

adequate mass transport to encapsulated cells. 

 

For bioprinting to be a viable technology, material development for bioprinting is as important as 

the development of fabrication processes
6-12

. In terms of printability, such materials should be 

flowable or deformable in order to be deposited in addition to being biocompatible and 

biodegradable; after printing, they should retain the shape as printed, and the chemical and/or 
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physical mechanisms resulting in shape conservation must be compatible with living cells
13-16

. In 

terms of in vitro or in vivo performance, some biomaterials which closely mimic native tissues, 

such as collagen and fibrin, are rapidly contracted and distorted in vitro, so the designed 

architecture is easily lost
17

; on the other hand, synthetic materials may provide better control 

over construct shape and properties but lack chemical and microstructural features to direct cell 

functionality. 

 

Recently, silk fibroin, a natural protein from a non-mammalian source, has been extensively 

studied for tissue engineering applications
18-21

. In particular, silk fibroin is valuable for long term 

in vitro studies, where a stable matrix having well-defined mechanical and physical properties is 

necessary
21

. Many constituents of native extracellular matrix are remodeled too rapidly to be of 

use for such applications; in contrast, silk is robust enough to maintain its original morphology 

over many weeks of culture while supporting normal cell functions including spreading, 

migration, and proliferation. Silk fibroin degrades slowly
22-24

 and effectively supports cell 

functionality
25

. While chemical modifications of silk fibroin are possible and have been 

explored, the native fibroin protein does not require any additional functionality to generate 

various stable constructs for tissue engineering
20

. Silk fibroin contains approximately 5% 

tyrosine residues
18

 bearing phenol functional groups; in the presence of trace amounts of 

hydrogen peroxide, the enzyme horseradish peroxidase (HRP) forms a covalent bond between 

two such residues, resulting in a covalently crosslinked hydrogel
26

. Physical silk fibroin 

hydrogels can also be generated by promoting crystallization of silk fibroin protein via vortex 

mixing
27

, sonication
28

, or solvent exposure
29-31

. 
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As a promising biomaterial, silk fibroin has been utilized to fabricate 3D periodic grid 

constructs
28-31

. To fabricate mechanically stable, gelled constructs, these extrusion-based 3D 

fabrication methods utilize either cytotoxic conditions which promote the crystallization of 

protein for effective gelation
29-32

 or a silk fibroin solution in which crosslinking is initiated 

before fabrication
28

. In the former case, deleterious conditions used during fabrication include 

methanol exposure
29-31

 and freeze drying
32

. Both treatments promote secondary structures which 

are insoluble in water, but unfortunately neither treatment is compatible with living cells. In the 

latter case
28

, the ink rheological properties change continuously during printing due to ongoing 

gelation (enzymatic crosslinking and physical interactions), making the printing process difficult 

to control. Unfortunately, freeform bioprinting of truly 3D constructs has not been possible 

because most silk gelation mechanisms are too slow (on the order of minutes to hours) to form a 

defined hydrogel construct unless using cytotoxic conditions
29-32

 or pre-gelled silk fibroin ink
28

 

as described above. It is noted that inkjet printing of 2D fibroin patterns has been reported
33, 34

 in 

which stable motifs were formed after the printed solution dried to form a film; however, this 

process is also incompatible with living cells since it involves desiccation to stabilize the printed 

films. While the acellular scaffolds achievable with existing methods have value, it is difficult to 

homogeneously and efficiently seed cells post-fabrication
24

, and spatially-defined seeding of 

multiple cell types is impossible. It is of great importance to keep the excellent in vitro and in 

vivo performance of silk fibroin hydrogel while improving the printability of silk fibroin for cell 

encapsulation. 

 

The objective of this study is to demonstrate the feasibility of using silk fibroin to freeform 

fabricate 3D cellular constructs via a two-step gelation process, which utilizes alginate as a 
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sacrificial hydrogel during an inkjetting-based process. To that end, a silk fibroin-alginate bioink 

is prepared and investigated for 3D bioprinting, which is made possible using a two-step gelation 

approach: first near-instantaneous ionic gelation of sodium alginate on contact with calcium 

chloride, and second covalent gelation via the enzymatic crosslinking of the silk fibroin protein 

entrapped in the calcium alginate construct. Sacrificial alginate provides structural definition 

during printing and may be removed later by mild chelating agents such as sodium citrate or 

ethylenediaminetetraacetate (EDTA). Its excellent performance in freeform fabrication 

applications is well documented
8-11, 13-14, 25, 35-37

; in addition, it can be gelled and liquefied 

without damaging encapsulated cells or interfering with the enzymatic crosslinking of silk 

fibroin. In contrast to other additives
28-32

 which have been reported to facilitate silk fibroin 

construct formation, alginate gelation is easy to control and does not require desiccation or 

solvent exposure; this blend is therefore suitable for the direct fabrication of cell-laden 

constructs. As a non-toxic and FDA approved material
38

, residual alginate has little impact on the 

functional or clinical potential of this approach. While alginate is selected as the sacrificial 

material in this study due to its rapid gelation, other sacrificial materials may also be explored. 

The proposed two-step gelation technique is expected to enable 3D silk fibroin printing for 

various applications. 

 

2. Materials and Methods 

2.1 Bioink preparation 

Aqueous silk fibroin (5%, Advanced Biomatrix, San Diego, CA) was stored at -80°C, and an 

aliquot was thawed immediately before use. HRP (Type I, essentially salt free, Sigma-Aldrich, 

St. Louis, MO) stock solution was prepared at a concentration of 5000 U/mL in deionized water 
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and stored frozen at -20°C until use. Alginate stock solution was prepared by dissolving sodium 

alginate (450-550 kDa, Acros Organics, NJ) at a concentration of 5% in 10× phosphate buffered 

saline (PBS) (10× Dulbecco’s PBS without Ca and Mg cations, MP Biomedicals, Solon, OH). 

The bioink was prepared by mixing these solutions to obtain final concentrations of 4.5% silk 

fibroin, 200 U/mL HRP, and 0.5% sodium alginate. As needed, 1M HCl was used to adjust the 

pH to 7. NIH 3T3 mouse fibroblasts (ATCC, Rockville, MD) were maintained as described 

previously
8
. For cellular ink preparation, harvested cells were washed with 1× PBS to remove 

media, centrifuged, and re-suspended in the hydrogel precursor mixture at 5×10
6
 cells/mL. A 

non-toxic surfactant, Pluronic L101 (BASF, Florham Park, NJ)
39

, at a concentration of 0.005% 

w/v, was also included in ink formulations to reduce foaming and cell settling. As noted 

elsewhere
40

, silk fibroin and alginate are not fully miscible, so the ink mixture could not be 

prepared in advance since it may gradually separate into two distinct phases. Fortunately, when 

used promptly, ink remains homogeneous. During printing, the bioink mixture should be pipetted 

gently every 15-20 min to mitigate cell settling while re-mixing the hydrogel components. 

 

2.2 Three-Dimensional Printing 
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Figure 1. Schematic of 3D printing with inset schematic of mixed components of bioink (cells 

not shown). (a) Printing process with inset schematic of printed bioink showing typical egg-box 

ionic calcium alginate gel with entrapped silk fibroin and HRP. (b) HRP-catalyzed silk fibroin 

crosslinking in H2O2 bath. (c) Alginate gel disrupted by sodium citrate treatment, leaving a 

crosslinked silk fibroin gel construct. 

 

Silk constructs were fabricated with a previously described piezoelectric inkjet 3D printing 

system
8, 9, 35, 36 

based on a two-step gelation approach. The key innovation is the use of fast-

gelling alginate as a sacrificial material to maintain the structural integrity of constructs being 

printed since enzymatic silk fibroin gel cannot form rapidly enough to build well-defined 3D 

constructs. As illustrated in Figure 1, the silk-alginate mixture is firstly used to form the desired 

geometry as a result of immediate alginate gelation (Figure 1(a)). Sodium alginate, which gels 
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almost instantaneously when exposed to divalent cations such as calcium, is added to the bioink 

to enable gelation of well-defined constructs as printed. Then, the construct is transferred to a 

second crosslinking bath for 10 minutes for horseradish peroxidase (HRP)-catalyzed crosslinking 

of tyrosine residues along the silk fibroin chain to generate a covalently crosslinked, cell-laden, 

stable silk fibroin construct (Figure 1(b)). As needed, alginate can be removed using mild 

chelating agents such as sodium citrate or EDTA (Figure 1(c)) to achieve a silk fibroin construct, 

which would have otherwise been difficult or impossible to fabricate due to the slow gelation 

rate of silk fibroin. 

 

During fabrication, each layer was formed as a 120 µm nozzle (MicroFab, Plano, TX) traveling 

at 5 mm/sec deposited droplets of the bioink at 60-120 Hz along designed print paths. Layers 

were deposited consecutively onto a platform
9
 which was lowered by a Z translational stage 

(Aerotech, Pittsburgh, PA) into an initial crosslinking solution of 2% w/v CaCl2•2H2O (Sigma-

Aldrich, St. Louis, MO) as shown in Figure 1(a). As each layer was completed, the construct was 

lowered into the bath by the thickness of the layer, such that the top of the construct remained at 

the surface of the bath solution, which facilitated the formation of a calcium alginate hydrogel 

with entrapped silk fibroin. Printing time varied with construct size and shape, and was between 

5 and 10 minutes for tubular constructs (5 mm diameter, 2.5 to 5.0 mm height) fabricated herein. 

 

2.3 Post-printing treatment  

Printed constructs were immediately transferred to aqueous 4.4 mM (0.015%) H2O2 (from 3% 

solution, Swan, Smyrna, TN) in 2% CaCl2•2H2O for HRP catalyzed silk crosslinking. As 

observed, a long delay (such as 1 hour) between printing and H2O2 treatment resulted in weak 
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constructs after citrate treatment, likely due to the diffusive loss of HRP to the CaCl2 bath and 

resulting inadequate silk fibroin crosslinking. It should be noted that a higher HRP concentration 

in bioinks may mitigate this problem if there is a long delay between printing and H2O2 

treatment. Alternatively, HRP could be mixed with the bath rather than the bioink to make 

crosslinking conditions more consistent instead of dependent on the processing time before H2O2 

exposure. However, placing HRP in the bath would likely result in only surface crosslinking of 

the silk fibroin construct since the large enzyme (~44 kDa) cannot reach the interior of printed 

constructs effectively and efficiently. The low concentration of H2O2 (0.015%) adopted in this 

study is only mildly toxic to unprotected cells
41

; furthermore, as it diffused into printed 

constructs, H2O2 was consumed by the crosslinking reaction so encapsulated cells were exposed 

to an even lower concentration of H2O2. 

 

After enzymatic crosslinking, printed constructs were placed in sterile aqueous 1.62% sodium 

citrate (molecular biology grade, VWR, West Chester, PA) for 30 minutes to remove alginate. 

For comparison, additional printed constructs were not treated with sodium citrate. Citrate-

treated and non-citrate-treated constructs were cultured separately to evaluate whether the 

removal of alginate affects the structural stability or cell proliferation. 

 

For incubation, each printed construct was transferred to a well of a 24 well plate with 1 mL of 

normal growth media, which consisted of Dulbecco’s modification of Eagle’s Medium (DMEM, 

Corning Cellgro, Manassas, VA) supplemented with 10% fetal bovine serum (FBS, Hyclone, 

Logan, UT) and 1% antibiotic antimycotic solution (Antibiotic Antimycotic Solution (100×), 

Stabilized, Sigma-Aldrich, St. Louis, MO). 
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2.4 Material characterization 

Scanning electron microscopy (SEM) was utilized for the observation of resulting construct 

microstructure. Acellular tubes were printed as described for cellular tubes but omitting cells 

during the ink preparation. Some tubes were treated with 1.62% citrate for 30 minutes to remove 

alginate after crosslinking with both CaCl2 and H2O2. All were rinsed with DI water to remove 

excess salt and frozen at -80°C for 12 hours before freeze drying. The freeze dried constructs 

were mounted on stubs, double coated with carbon, and imaged using a desktop SEM (Phenom 

Pro-X, Phenom-World B.V., Endhoven, Netherlands) at a voltage of 15 kV. 

 

For mechanical property characterization, tensile testing was conducted for three types of 

samples: alginate only, alginate/silk fibroin mixture without citrate treatment, and alginate/silk 

fibroin mixture with citrate treatment. Specifically, six dog-bone shaped samples (1.5 mm thick, 

2.5 mm gauge width, and 6 mm gauge length) were cast in poly(dimethylsiloxane) molds from 

acellular ink solutions (4.5% silk fibroin, 0.5% alginate, 0.005% L101, 200 U/mL HRP, in PBS) 

and crosslinked using 2% CaCl2•2H2O with 4.4mM H2O2. Three of six cast gels were placed in 

1.62% sodium citrate solution for 30 minutes to remove alginate immediately before testing. 

Three alginate-only samples were also fabricated from 0.5% alginate in PBS for comparison. 

After excess water removal by blotting, each sample was clamped in an eXpert 4000 

MicroTester testing system (Admet, Norwood, MA) and stretched at 0.05 mm/sec while 

recording load on a 50 g load cell for 10 mm or until failure. The Young’s modulus was 

determined based on the slope of the linear region of the force-elongation curve and the sample 

geometry. 
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2.5 AlamarBlue assay 

The cellular activity in incubated constructs was evaluated using the alamarBlue assay at various 

time points up to 42 days after printing. In the reducing environment of living cells, the blue non-

fluorescent resazurin dye is converted to fluorescent pink resorufin; the fluorescent intensity after 

a defined incubation period is proportional to the cell population. Because it is nontoxic, the 

same sample can be assayed repeatedly to obtain data over time without sample-to-sample 

variation affecting results. Each well, containing a single construct in 1 mL culture media, was 

treated with 100 µL of alamarBlue (Thermo Scientific, Rockford, IL) and incubated for 4 hours 

at 37°C with 5% CO2. Then, the media from each well was carefully transferred to a separate 

plate to avoid the influence of hydrogel in the detection area, and read immediately using a 

microplate reader (Synergy HT, Biotek, Winooski, VT; fluorescent excitation 530 nm/emission 

590 nm) at 37°C. Fluorescence data was exported to Microsoft Excel for processing. 

 

2.6 Fluorescent imaging 

Fluorescein diacetate (FDA) (Sigma-Aldrich, St. Louis, MO) was used to stain live cells for 

fluorescent imaging (EVOS FL, Grand Island, NY), and Hoescht 33342 (Life Technologies, 

Eugene, OR) was used to counterstain nuclei blue. Constructs were rinsed with 1× PBS, then 

incubated in PBS containing 50 ng/mL FDA and 1.2 ng/mL Hoescht 33342 for 10 minutes at 

room temperature before imaging. Both fluorescent and transmitted light images were collected 

at various time points after printing using microscopy (EVOS FL, Grand Island, NY). 

 

For comparison of cell morphologies, cell-laden alginate gel (0.5% w/v in PBS) and silk-alginate 

gel (0.5% alginate and 4.5% silk fibroin in PBS) were formed by pipetting 20 µL aliquots of the 



12 
 

appropriate precursor into a 2% CaCl2•2H2O bath. After 10 minutes, all gels were transferred to 

a second CaCl2 bath containing 4.4 mM H2O2 for another 10 minutes. Then, they were 

transferred to fresh aqueous 2% CaCl2•2H2O without H2O2 for an additional 10 minutes. Finally, 

half of the silk and alginate gels were transferred to sterile 1.62% sodium citrate for 30 minutes 

to remove alginate. All constructs were cultured for one day in DMEM supplemented with FBS 

and antibiotics as described for printed constructs and stained with FDA for microscopic 

examination. 

 

2.7 Histology 

Printed constructs immediately after printing and cultured for 50 days were fixed, equilibrated in 

PBS (twice, 15 minutes each), and stored in fresh PBS before histological processing. The 

constructs were dehydrated, embedded in paraffin, sectioned (4 µm), and stained with 

hematoxylin and eosin (H&E). Sections were observed and imaged using a digital color 

microscope in brightfield mode (EVOS XL, Grand Island, NY). 

 

3. Experimental Results and Discussion 

3.1 Printed constructs 

Various tubular constructs, the simplified basic unit of vascular structures
8, 35-36

, are successfully 

printed using the proposed two-step gelation process. For easy handling and examination, the 

tubular constructs herein have a diameter of 5 mm and a height of 2.5 or 5.0 mm. The resulting 

tube thickness is on the order of 400 µm. Figure 2(a) and 2(b) shows the homogeneous 

distribution of living cells, stained with Hoescht 33342 and FDA, respectively, for all and living 

cells within a construct immediately after printing. As illustrated in Figure 2(c)-(f), there is no 
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noticeable change in construct appearance during the long culture period. The constructs hold 

their shape well and are easy to handle; even after 6 weeks in culture with embedded cells, the 

printed tubes are capable of supporting their own weight in air, indicating that citrate-treated silk 

fibroin hydrogel can maintain the structural integrity of printed constructs. For comparison, some 

non-citrate treated constructs are also incubated and examined, and there is no pronounced shape 

difference between the citrate-treated and non-citrate treated tubular constructs. It is concluded 

that the structural integrity is not affected by the removal of alginate. It should be noted that such 

silk fibroin hydrogels retain structural integrity from weeks to months
22-24, 26

, and future study 

may include degradation experiments to confirm this behavior. 

 

 

Figure 2. (a) Hoescht 33342 and (b) FDA stained printed citrate-treated constructs on Day 0. (c) 

Micrographs of an incubated construct on Days 4, 12, 18, and 42, reconstructed from multiple 

images (scale bar: 1 mm). (d) Top view of a 5-mm high tube immediately after printing (Inset: 

design schematic and scale bar: 3 mm) (e) Side view of the tube from (d). (f) Macroscopic view 

of a printed 2.5-mm high tube after eight-day incubation (scale bar: 1 mm). 
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3.2 Material characterization results 

Both non-citrate-treated and citrate-treated constructs are porous as shown in Figure 3. Non-

citrate-treated constructs have a more fibrous and open microstructure, while citrate-treated 

constructs show generally smooth-walled pores with fewer inter-connections. The higher inter-

connectivity in non-citrate-treated constructs is attributed to microscale phase separation between 

alginate and silk fibroin as well as differences in ice crystal formation during freezing as a result 

of heterogeneities which provide nucleation points
42

. The latter is likely more significant since 

the microscale heterogeneities in polymer composition are present in all constructs and fixed by 

the gelation process prior to citrate treatment. That is, any features arising from the ink 

preparation and crosslinking process should be similar in both cases since these features are 

preserved before citrate treatment. A similar trend of increasing fibrous character with increasing 

alginate content has been observed in other freeze-dried silk fibroin-alginate blends
43

. In 

addition, a very large cavity is visible in Figure 3(b), which is likely a result of a gas bubble in 

the original gel as a result of HRP catalyzed H2O2 decomposition. 

 

 

Figure 3. SEM images of acellular constructs: (a) non-citrate treated and (b) citrate treated 

(showing a large cavity likely formed by an air bubble). 

200 µm

b

200 µm

a
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The Young’s moduli of alginate samples, alginate/silk fibroin samples without citrate treatment, 

and alginate/silk fibroin samples with citrate treatment are 9.0 ± 0.9 kPa, 7.5 ± 1.8 kPa, and 6.6 ± 

0.4 kPa, respectively, showing that the silk-containing samples are less stiff than alginate and the 

removal of alginate makes the samples elastic. As observed, the silk-containing samples have a 

good elastic recovery while alginate samples are permanently deformed. These measurements 

are consistent with data reported for HRP-crosslinked silk fibroin in compression
26

 and of the 

same order of magnitude as reported for concentrated alginate gels
11

. 

 

3.3 Post-printing metabolic activity 

The alamarBlue results show that the printed constructs, both citrate treated and non-citrate 

treated, provide a hospitable environment for 3T3 cell growth and proliferation. As seen from the 

alamarBlue assay data in Figure 4, the post-printing metabolic activity of citrate-treated 

constructs increases rapidly up to Day 33 then decreases slowly. This observation illustrates that 

encapsulated cells in the printed silk fibroin hydrogel constructs are not only alive but also 

proliferating. The observed increasing metabolic activity during the first 33 days is indicative of 

adequate porosity left by alginate removal, allowing cells to spread and proliferate through the 

volume of the constructs rather than restricting them to their deposited locations. As cells further 

proliferate, they may form dense cellular surface layers, blocking nutrient and oxygen diffusion 

to cells further from the surface. This leads to the slight decline in metabolic activity near the end 

of the 42-day culture period. A similar pattern of rapid growth followed by slow decline is 

commonly reported for the long-term culture of different cell types including fibroblasts
42, 44

 

using silk fibroin matrices
26, 45

. 
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Interestingly, little difference in metabolic activity is observed between printed constructs treated 

and not treated with citrate to remove alginate. Generally, the metabolic activity of citrate-treated 

constructs is higher than that of non-citrate-treated constructs. In particular, this discrepancy is 

large during the first two weeks of incubation since citrate-treated constructs have a porous 

structure providing more channels for nutrient and oxygen exchange, which is necessary for 

good cell proliferation. After two weeks, the metabolic activity of the two types of constructs is 

similar. This is attributed to the relatively rapid loss of alginate to culture media as calcium is 

chelated by phosphate and other buffers to provide additional mass transport channels; it is 

reported that calcium alginate constructs may lose structural stability after a week of 

incubation
37

. 

 

The slightly lower maximum metabolic activity in non-citrate-treated constructs may be due to 

earlier formation of a dense cell layer on the tube surface, where alginate would be lost first, and 

less proliferation in the interior of construct wall due to the combination of residual alginate and 

limited nutrition. In contrast, citrate-treated constructs support similar proliferation throughout 

the wall thickness, so the cell population in construct walls increases along with the surface cell 

population, resulting in a higher maximum. Once the cell population starts to decline, the two 

construct types have a similar level of metabolic activity since both have similar surface areas for 

active cells. 
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Figure 4. alamarBlue data for cultured printed constructs with ±1σ error bars for three replicates. 

 

3.4 Cell morphology 

For illustration, the cell morphology is observed using fluorescent microscopy. Figure 5 shows 

typical cell morphologies one day after encapsulation in pipetted gels of 0.5% alginate, non-

citrate-treated 0.5% alginate and 4.5% silk fibroin, and citrate-treated 0.5% alginate and 4.5% 

silk fibroin. While the green fluorescence shows that live cells are abundant in all three cases, 

alginate holds cells trapped in their original round morphology, and cells remain isolated. As 

observed, there is no noticeable difference in terms of the cell morphology between the non-

citrate-treated and citrate-treated alginate and silk fibroin hydrogels. The presence of silk, 

whether mixed with alginate or after alginate removal by citrate treatment, enables cells to 

extend and make contact with one another, generating a cellular network throughout the hydrogel 

volume. The lack of spatial confinement also permits rapid proliferation, as indicated by the 

almarBlue data in Figure 4. Similar results are reported when culturing mammalian cells in/on 
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silk fibroin materials
25, 26, 43, 46, 47

. Such cell proliferation and cellular interactions are essential for 

tissue formation; cells should communicate with each other directly in order to form a functional 

tissue-like construct
48, 49

. Matrices which support cell adhesion and spreading also enhance 

differentiation
50

 and functionality
51, 52

. Since the silk-alginate blends employed in this work 

support excellent cell adhesion and network formation, they can also be expected to support the 

functionality and/or differentiation of encapsulated cells, which is a topic for future work.  

 

 

Figure 5. FDA stained 3T3 cells in (a) alginate, (b) non-citrate-treated alginate and silk fibroin, 

and (c) citrate-treated alginate and silk fibroin constructs after one-day incubation. 

 

3.5 Histology study 

As seen from Figure 6(a)-(c), H&E stained sections of citrate-treated constructs immediately 

after printing show homogeneously distributed cells in a continuous porous silk fibroin matrix. 

Even distorted by the embedding and sectioning process, an open lumen is still clearly visible. 

The tube walls are porous, having two types of pores: one is the result of alginate removal by 

citrate treatment (irregular pores with poorly-defined edges), and the other is due to bubbles 

formed as a result of HRP catalyzed H2O2 decomposition (round, smooth-walled pores). 

 

100 µm100 µm 100 µm

(a) Alginate (b) Alginate and fibroin, 

non-citrate-treated

(c) Alginate and fibroin, 

citrate-treated
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H&E stained sections of cultured constructs at Day 50 (Figure 6(d)-(f)) show dense cellular 

regions around the tube inner and outside surfaces, with comparatively few cells in the wall 

interior. While the construct still retains its original tubular shape during incubation (Figures 2(c) 

and 6(d) inset), it may be distorted during sectioning as seen from Figure 6(d). Nevertheless, the 

silk fibroin matrix is intact and porous after 50 days in culture. Deep blue nuclei are visible 

throughout the constructs, but there is an obvious difference between the surfaces of the tube, 

where multiple layers of densely packed cells are present in and over the pores, and the wall 

interior, where most of the pores are empty. As discussed earlier, the difference in cell density is 

likely due to faster proliferation at the surface, where the population is in contact with the 

surrounding media, than in the wall interior, where nutrient and oxygen diffusion is limited. 

Therefore, cell proliferation in the wall interior is limited by nutrition and oxygen and slower 

than on the surfaces of constructs. This disparity becomes significant over time as the surface 

cell density increases and nutrients and oxygen are consumed before they reach the wall interior. 

Similar dense surface/sparse interior cell populations in engineered constructs have been 

observed elsewhere and may be mitigated in future studies by dynamic, rather than static, culture 

of printed constructs
53

. 
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Figure 6. H&E stained sections of two citrate-treated constructs: (a-c) immediately after printing, 

and (d-f) after 50 days. Legend: ▲indicates pores from alginate loss, Δ indicates pores from 

bubbles,  indicates isolated cells in wall interior, and * indicates the peripheral dense cell 

region. (The constructs may be slightly distorted during sectioning; their physical shapes before 

sectioning can be seen in the insets; scale bars: 3 mm) 

 

4. Conclusions 

This study demonstrates that well-defined cell-laden silk fibroin hydrogel constructs can be 

fabricated by droplet-based 3D inkjet printing using alginate as a sacrificial material. 

Incorporation of alginate during the printing process is essential for well-defined constructs since 

the HRP catalyzed crosslinking of tyrosine residues in silk fibroin is too slow, and alginate in 

printed constructs can be removed using sodium citrate.  It is concluded that the proposed two-

step gelation-based inkjetting technique is an effective and efficient approach for 3D silk fibroin 

printing. Printed silk fibroin constructs are suitable for long term culture since cells continue 
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proliferating and remain metabolically active within structurally stable constructs. Removal of 

alginate from the printed constructs by immediate citrate treatment has little impact on cell 

morphology or long-term metabolic activity compared with constructs from which alginate is not 

actively removed. As such, the removal of alginate may be not necessary, especially, when 

biodegradable alginate is used.  

 

The combination of silk fibroin’s outstanding physical and mechanical properties with this 

freeform fabrication process will enable on-demand production of silk fibroin-based living tissue 

analogues suitable for a wide range of in vitro and in vivo applications. Future plans include 

improving the compatibility of silk and alginate to prevent demixing, printing heterogeneous 

constructs, encapsulating more clinically relevant cell types, development of dynamic culture 

facilities to promote vascular function, and more extensive biological characterization of printed 

constructs including temporally and spatially resolved live/dead imaging, H&E staining at 

intermediate time points, extracellular matrix production, and cell type-specific functionalities. 

While alginate is selected as the sacrificial material in this study due to its rapid gelation, other 

sacrificial materials may also be explored. 
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