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Abstract A novel biomaterial ink consisting of

regenerated silk fibroin (SF) and 2,2,6,6-tetram-

ethylpiperidine-1-oxyl (TEMPO)-oxidized bacterial

cellulose (OBC) nanofibrils was developed for 3D

printing lung tissue scaffold. Silk fibroin backbones

were cross-linked using horseradish peroxide/H2O2 to

form printed hydrogel scaffolds. OBC with a concen-

tration of 7wt% increased the viscosity of inks during

the printing process and further improved the shape

fidelity of the scaffolds. Rheological measurements

and image analyses were performed to evaluate inks

printability and print shape fidelity. Three-dimen-

sional construct with ten layers could be printed with

ink of 1SF-2OBC (SF/OBC = 1/2, w/w). The com-

posite hydrogel of 1SF-1OBC (SF/OBC = 1/1, w/w)

printed at 25 �C exhibited a significantly improved

compressive strength of 267 ± 13 kPa and a com-

pressive stiffness of 325 ± 14 kPa at 30% strain,

respectively. The optimized printing parameters for

1SF-1OBCwere 0.3 bar of printing pressure, 45 mm/s

of printing speed and 410 lm of nozzle diameter.

Furthermore, OBC nanofibrils could be induced to

align along the print lines over 60% degree of

orientation, which were analyzed by SEM and X-ray

diffraction. The orientation of OBC nanofibrils along

print lines provided physical cues for guiding the
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orientation of lung epithelial stem cells, which main-

tained the ability to proliferate and kept epithelial

phenotype after 7 days’ culture. The 3D printed SF-

OBC scaffolds are promising for applications in lung

tissue engineering.

Keywords Silk fibroin � Bacterial cellulose
nanofibrils � 3D printing � Hydrogel � Stem cells

Introduction

Pulmonary disease, especially COVID-19, is a world-

wide public health problem recently. Transplantation

of lung suffers the shortage of donors as well as

inevitable immunosuppressive drugs for patients.

Lung tissue engineering shows an alternative to relieve

the problems of shortage of lung transplantation

(Tebyanian et al. 2019) and is beneficial to the recovery

of patients’ lung. Biological scaffolds made by three-

dimensional printing technology combining regenera-

tive cell population is an attracting candidate strategy

for lung tissue engineering. Natural polymers or

synthetic polymers have been introduced to the

scaffold’s studies of lung tissue. For example, decel-

lularized scaffolds from human or animals, collagen

type I-GAG, gelatin, polyglycolic acid (PGA), poly-

DL-lactic acid (PDLLA), poly lactic-co-glycolic acid

(PLGA), polylactic acid (PLLA), Pluronic F-127 etc.

(Tebyanian et al. 2019; Wagner et al. 2014) However,

synthetic polymers sometimes fail to drive the differ-

entiation of cultured cells (Lin et al. 2006; Mondrinos

et al. 2006). In contrast, natural biomaterials are

promising for constructing biomimetic extracellular

matrix (ECM) for ex-vivo research of lung tissue

engineering. Recently, 3D printing technology using

biomaterials as inks offers a fascinating method for

tissue engineering application. Various natural poly-

mers-based biomaterials such as ECM components,

alginate, chitosan, cellulose, starch, and silk fibroin,

etc., have been used for bioink preparation (Aljohani

et al. 2018). Proteins and polysaccharides are the

commonly used natural polymers-based biomaterial

inks due to their biocompatibility, biodegradability and

low immunogenicity properties (McCarthy et al. 2019;

Moohan et al. 2020).

Silk fibroin (SF) derived from silkworm cocoons

(Bombyx mori) has been developed as an ink because

of its excellent biocompatibility, low toxicity and

immune reactivity in addition to its low bacterial

adherence (Wlodarczyk-Biegun and Campo 2017). SF

is a fascinating material for the preparation of

physically crosslinked ink. It is possible to induce a

sol-to-gel transition in SF conformation from random

coil to b-sheet using shear force (Ghosh et al. 2008),

sonication (Das et al. 2015), polyols (Jose et al. 2015),

high temperature (Hu et al. 2011), low pH (Terry et al.

2004), etc. Physical cross-linking caused by dynamic

and reversible bonding due to noncovalent interac-

tions was mild and the corresponding SF hydrogel

exhibited good cytocompatibility in cell-laden print-

ing (Jungst et al. 2016). However, although the b-sheet
domains of the SF hydrogel provided stiffness and

tensile strength they exhibited poor elasticity (Yan

2016). Enzymes have also been adopted to produce

chemically-crosslinked SF hydrogel (Chawla et al.

2018; Das et al. 2015). Approximately 5% tyrosine

residues provide the phenol functional groups in the

SF sequence (Murphy and Kaplan 2009) which can

form dityrosine through an enzyme-mediated reaction

in horseradish peroxide (HRP)/H2O2 (Kurisawa et al.

2010). The SF inks exhibited the required thinning

behavior at low concentrations (\ 20%) for printing

prior to gelation (Chawla et al. 2018). However, it is

difficult to form a self-standing construct from pristine

SF solution with high shape fidelity during printing.

Therefore, bulk filling agents, e.g. gelatin (Das et al.

2015), hydroxyapatite (Sun et al. 2012) or polyethy-

lene glycol (Zheng et al. 2018) have been commonly

used for SF-based inks. Even so, it has been a huge

challenge for applications of SF-based inks due to

their suboptimal printability and poor ECM mimicry

in contemporary research.

Cellulose nanofibers have good mechanical prop-

erties and biocompatibility and are of great interest in

biomedical applications (Fernandes et al. 2013; Mark-

stedt et al. 2015;Wang et al. 2018, 2020). Furthermore,

cellulose nanofibers are promising printer-friendly

materials whose properties include shear thinning

behavior, high zero shear viscosity, high shape fidelity,

and structural stability when 3D printed (Cheng et al.

2019; Liu et al. 2019; Nimeskern et al. 2013; Schwarz

et al. 2015). Various cellulosic nanomaterials includ-

ing cellulose nanofibrils (CNF), cellulose nanocrystals

(CNC), bacterial cellulose (BC) have been used as

hydrogels or reinforced materials for 3D printing

(Chinga-Carrasco 2018; Xu et al. 2018). BC displays
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the unique physiochemical characteristics of highly

pure and crystalline in comparison with plant cellulose

(Moniri et al. 2017). Recently, Dorishetty et al.

reported for the first time the detailed effects of various

kinds of nanocellulose, namely, BC, CNF, andCNC on

the morphology, structure–property relationship, and

3D printability of the photochemically cross-linked

SF/nanocellulose composite hydrogels. Results indi-

cated that SF/BC composite hydrogel possessed the

superior mechanical performance among the hydro-

gels (Dorishetty et al. 2020). However, it has been

found that clogging is experienced when pastes of

cellulose nanofibers are used at high concentration

([ 0.8%) in 3D printing, due to the large bunches of

fibers. For example, only very small quantities (0.7

wt%) of BC fibers were used for the printing of

complicate SF/Gelatin mixture (Huang et al. 2019b).

Dorishetty et al. developed the SF/BC inkswhich could

achieve a maximum cellulose content of about 5 wt%

and could only print two layers structure. Higher

resolution with 3D stereoscopic construct was difficult

to achieve due to limited cellulose in inks (Dorishetty

et al. 2020). Because TEMPO-mediated oxidation

helps reduce the adhesion and provide electrostatic

repulsions between microfibrils by introducing certain

amount of carboxylate groups, which facilitates the

dispersion of cellulose nanofibers, especially BC.

Therefore, this issue could be addressed by using

TEMPO-mediated oxidation and co-solvents (Dai

et al. 2019). In addition, the incorporation of cellulose

nanofibrils into inks provides structural similarity of

3D printed scaffolds to ECMs which possess filamen-

tous architecture, benefitting cell growth and pheno-

type maintenance in addition to providing tissue with

specific properties (Huang et al. 2019a; Prince and

Kumacheva 2019; Theocharis et al. 2016). Therefore,

artificial ECM-mimetic fibrillar hydrogels are impor-

tant materials for use in tissue engineering

applications.

At present, stem cell technologies have been the

focus of considerable attention in organ transplantation

and regenerativemedicine due to their unique ability to

proliferate and differentiate. However, stem cells are

sensitive to their microenvironment and can be influ-

enced by physical and chemical factors. On one hand,

the poor viability, limited proliferation and undesirable

differentiation of stem cells may be attributed to

unsuitable matrices. On the other hand, the fate of stem

cells can also be regulated by the specific design of the

stem cell niche to satisfy the requirements of stem cells

and thus direct their differentiation (Huang et al.

2019c; Prince and Kumacheva 2019). For example, in

mature lungs, cell polarity and orientation are impor-

tant in the self-renewal/differentiation of epithelial

cells and can impact normal physiological processes

such as epithelial tissue branching and differentiation

(El-Hashash and Warburton 2011; Plosa et al. 2012).

Therefore, it is of great benefit to provide essential

structure and biophysical cues for lung tissue regen-

eration. In addition, lung tissue engineering is different

from other forms of tissues engineering, for example

skin or cartilage, in that it requires complex 3D

structures comprising soft biological materials (Com-

ber et al. 2019). However, traditional molding tech-

niques do not easily lend themselves to the fabrication

of intricate geometries or precise features. 3D bio-

printing is an approach with the potential to produce

scaffolds with sufficient complexity of high resolution

using soft materials (Kang et al. 2016; Malda et al.

2013).

It is very challenging to print lung tissue engineer-

ing scaffolds with natural polymers-based biomaterial

inks. In this study, a simple binary ink containing

concentrated TEMPO oxidized bacterial cellulose

(OBC) nanofibrils and SF was developed for 3D

printing. SF backbones were cross-linked by horse-

radish peroxide (HRP)/H2O2 to form printed hydrogel

scaffolds, while OBC promoted the viscosity of the

inks and further improved the mechanical properties

and shape fidelity of the scaffolds. Additionally, the

influence of fiber alignment on lung epithelial stem

cells (LESCs) behaviors were investigated. The com-

posite hydrogel scaffolds demonstrated promising

potential in 3D implant bioprinting applications.

Materials and methods

Materials

BC bulks were obtained from Hai Nan Yeguo Foods

Co., Ltd. (Haikou, China). Silkworm cocoons from B.

mori were purchased from Tongxiang City, Zhejiang

Province, China. Horseradish peroxide was purchased

from Sigma Aldrich (St. Louis, MO, USA). Dul-

becco’s modified Eagle’s medium (DMEM) and fetal

bovine serum (FBS) were purchased from Gibco

(USA). Calcein acetoxymethylester/ Propidium iodide
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(Calcein AM/PI) were purchased from Yeasen

Biotech Co., Ltd. (Shanghai, China). Rhodamine

phalloidin, 2-(4-Amidinophenyl)-6-indolecarbamidine

dihydrochloride (DAPI) and 3-(4, 5-dimethylthiazol-2-

yl)-2, 5-diphenyl tetrazolium bromide (MTT) were

purchased from Sigma-Aldrich (USA). Rabbit anti-

Ki67, rabbit anti-p63 and fluorescein isothiocyanate

(FITC) were purchased from Abcam (UK). All other

chemicals were acquired from Sinopharm Chemical

Reagent Co., Ltd. (Shanghai, China), were analytical

grade and used as received.

Preparation of OBC

OBC was oxidized using the TEMPO/NaBr/NaClO

system. Briefly, BC bulks were homogenized by a

homogenizer (T18DS25, IKA, Germany) at

20,000 rpm for 30 min. Then the BC suspension was

concentrated to slurry by centrifuging at 3500 rpm for

10 min. The solid content of BC was obtained by

weighing method. BC suspension (0.7 wt%) with

300 mL was used. TEMPO (1.6 wt% BC) and NaBr

(10 wt% BC) were added to the suspension. After

1 min later, NaClO (7.8 mL) was immediately added

to the suspension. Oxidation time was 1 h and pH was

10.5 at room temperature (Yao et al. 2017). The OBC

was dialyzed in distilled water for 1 week and

concentrated to 7 wt% by centrifuging at 12,000 rpm

for 10 min. OBC concentration was ascertained by

measuring the dry weight of OBC pastes. The process

of OBC preparation is displayed in Fig. 1.

Preparation of SF

SF solution was prepared as reported previously

(Huang et al. 2019b). Briefly, silkworm cocoons were

cut into pieces and degummed twice in 0.5 wt% boiled

sodium carbonate solution for 30 min. The degummed

silk fibers were dissolved in 9.0 M lithium bromide

solution at 40 �C for 2 h. The SF solution was dialyzed

in deionized water for 72 h to remove salt and then

further concentrated to 20 wt% by air flow prior to

storage at 4 �C until required. The preparation process

is shown in Fig. 1.

Transmission electron microscopy (TEM)

The OBC suspension was diluted to 0.01 wt% and

0.001 wt%, respectively and placed on copper grids.

TEM images were acquired using a JEM-2100 (JEOL,

Japan) transmission electron microscope at 200 kV.

Ink preparation

Composite inks were prepared using an SF solution

and OBC pastes at varying mass fractions of SF/OBC

(2/1, 1/1, 1/2, and 0/1), denoted as 2SF-1OBC, 1SF-

1OBC, 1SF-2OBC, 0SF-1OBC, respectively. HRP

solution (500 U/mL) and H2O2 solution (490 mM)

were added to the mixtures of ink to 5% (v/v),

respectively. The solids of all inks were kept at 7 wt%.

The composite inks were mixed gently with a small

plastic spade at room temperature (Fig. 1).

Rheology

Microrheology of the SF solutions and 1SF-1OBC

inks was conducted using a Rheolaser Master (For-

mulaction Co., France) over a period of 1 h at 25 �C.
Clean 4 mL glass bottles were used for measurements.

The rotational rheological properties of the inks were

characterized using a Haake RS150L Rheometer

(Thermo Electron Co., Germany). Titanium alloy

plates (diameter = 20 mm, gap = 300 lm) were used.

All measurements were performed at 25 �C. The inks
were brought to equilibrium temperature for 1 min

prior to measurement. Shear viscosity was measured at

shear rates ranging from 0.001–100 s-1. Oscillation

logarithmic stress sweeps from 1 to 1000 Pa were

performed at a frequency of 1 Hz. The frequency

range was 0.1–10 Hz with a strain constant of 1%,

determined from the linear viscoelastic region. Mea-

surement of ink gelation times was performed for 1 h

at a frequency of 1 Hz and strain of 1%. Low viscosity

silicone oil was used to prevent evaporation of water.

3D bioprinting

A BioScaffolder Printer 4.2 (GeSim, Germany) with a

410 lm nozzle was used to fabricate the SF-OBC

hydrogel scaffolds. Different inks of SF-OBC were

introduced into the polyethylene injection cartridge

which was then fixed to the 3D printing device. Two

layers of individual constructs (10 9 10 mm2, line

spacing 1.0 mm) were prepared to study printability.

Detailed printing parameters are shown in Table 1.

The scaffolds were printed at room temperature and
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then maintained at 37 �C for 1 h to ensure SF was

sufficiently cross-linked.

Observation of scaffold morphology

The morphologies of grids were observed using

optical microscopy (Olympus CKX41, Japan). The

optical images of the scaffolds were analyzed using

Fig. 1 Process of fabrication SF solution, OBC paste, SF-OBC

composite ink and SF-OBC hydrogel. Silk solution was

extracted from silkworm cocoons and OBC paste obtained by

TEMPO-mediated oxidation of bulk bacterial cellulose. TEM

images of OBC nanofibrils were acquired at concentrations of

0.01 wt% and 0.001 wt% (Inset). Schematic representation of

tyrosine residue crosslinking on silk molecule chains
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Image-Pro-Plus 6.0 software to obtain line width

(n = 10). Printability (Pr) was defined as Eq. (1) based

on square shapes (Ouyang et al. 2016),

Pr ¼ L2= 16Að Þ ð1Þ

where L represented the perimeter and A represented

area. Freeze-dried printed scaffolds were observed

using scanning electron microscopy (SEM, JEOL

JSM-5600LV, Japan) at a voltage of 10 kV following

sputter-coating with gold.

Fourier transform infrared spectroscopy (FT-IR)

and X-ray diffraction

FT-IR spectra were acquired using a Nicolet 6700 FT-

IR spectrometer (Thermo Fisher, USA) equipped with

an attenuated total reflection (ATR) accessory at

wavenumbers over the range 400–4000 cm-1 at a

resolution of 4 cm-1. Synchrotron radiation wide-

angle X-ray diffraction (SR-WAXD) was performed

using a BL15U beamline equipped with a Rayonix-

165 detector at the Shanghai Synchrotron Radiation

Facility. Freeze-dried print lines of each ink were

tested perpendicular to the beam direction. Hydrogel

scaffolds prepared by casting 20 wt% SF solution were

also characterized for comparision. The diameter of

the beamstop was 10 mm using X-rays at a wave-

length of 0.7746 Å. The distance from the sample to

detector was 185 mm with an X-ray beam spot size of

3.2 9 2 lm2. The circular center of the pattern was

calibrated using CeO2. The azimuthal intensity distri-

bution profiles were performed along the arc referred

to a (200) lattice plane of cellulose Ib crystals. (French

2014) Corresponding full width at half maximum

(FWHM) was calculated which was then used in the

following Eq. (2) (Sultan and Mathew 2018) to obtain

the degree of orientation, p:

p ¼ ð180� � FWHMÞ=180� ð2Þ

where FWHM is the full width at half maximum of the

azimuthal peak.

Mechanical properties

Unconfined compression tests were performed on cast

cylinders of composite inks at room temperature. A

material testing machine (Instron 5969 USA)

equipped with a 100 N load cell was used. Cylinders

with a diameter of 9 mm and mean height of 6 mm

were prepared. All samples (n = 5 per group) were

incubated at 37 �C for 1 h prior to testing.

Cell culture and cell viability

Lung epithelial stem cells were isolated from human

lungs and cultured for three generation. LESCs were

cultured in DMEM supplemented with 10% FBS at

37 �C in an atmosphere containing 5% CO2. When

LESCs culture had reached nearly 90% confluence,

cells were harvested and 1 9 105 were seeded on each

grid (1SF-1OBC, 10 9 10 mm, line spacing 1.0 mm,

2 layers, nozzle diameter 410 lm). After 3 and 7 days’

culture, cells viability and morphology were both

evaluated. In addition, 1 9 104 cells were seeded on

each sample of cast discs fabricated from 1SF-1OBC

hydrogel and cultured for 1, 3 and 7 days. Samples

were obtained after different durations of culture for

cell proliferation analysis. Tissue culture polystyrene

(TCPS) was used as negative control groups. Culture

medium was replaced every 2 days.

A live/dead assay kit consisting of Calcein AM/PI

was used to visualize cells viability on the printed

scaffolds. Samples with 3 and 7 days’ culture were

washed with phosphate-buffered saline (PBS) then

stained for 20 min. Images were acquired using

fluorescence microscopy (DMi8, Leica Microsystems

GmBH, Germany). For SEM observation, samples

were cultured for 7 days then fixed with 2.5%

glutaraldehyde and dehydrated through a series of

graded ethanol concentrations (30, 50, 70, 80, 90, 95,

100 vol%) prior to freeze-drying overnight. Mor-

phologies of samples were observed using SEM at a

voltage of 10 kV after coating with a thin layer of

Table 1 Optimal printing parameter combinationsa for SF-

OBC inks

Sample code Pressure (bar) Printing Speed (mm/s)

2SF-1OBC 0.3 60

1SF-1OBC 0.3 45

1SF-2OBC 0.5 30

0SF-1OBC 1.5 30

aNozzle diameter 410 lm, distance between nozzle tip and

stage 320 lm, line space 1 mm, printing layers 2, angle

between layers 0�/90�, printing temperature 25 ± 1 �C
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gold. Samples on which LESCs had been cultured for

7 days were stained with rhodamine phalloidin and

DAPI then observed at wavelengths of 543 nm and

405 nm using laser scanning confocal microscopy

(LSCM, LSM 880, Carl Zeiss Inc., Germany). Cell

proliferation on 1SF-1OBC scaffolds was evaluated

using an MTT assay after 1, 3 and 7 days of culture.

Immunofluorescence

A total number of 1 9 106 LESCs were seeded on

1SF-1OBC scaffolds then cultured for 7 days in

growth medium. Samples were washed three times

with PBS then fixed in 4% paraformaldehyde for

30 min, permeabilized with 1% Triton-X100 in PBS

for 10 min, then blocked with 10% BSA in PBS at

37 �C for 1 h. Samples were incubated with rabbit

anti-Ki67 (1:500 dilution, Abcam) primary antibody

(Ki67 expression indicated whether proliferation

capability could be maintained) or rabbit anti-p63

(1:600 dilution, Abcam) (p63 expression indicated

epithelial phenotype) in blocking buffer at 37 �C for

1 h. Samples were rinsed three times with PBS then

incubated with secondary antibody conjugated to

FITC (goat anti-rabbit IgG 1:500 dilution, Abcam) at

room temperature for 1 h. Nuclei were stained with

DAPI. Fluorescence images of stained samples were

acquired by fluorescence microscopy.

Statistical analysis

At least three groups were compared in all experi-

ments. Data are expressed as mean value ± standard

deviation. One-way ANOVA tests were used to

analyze differences between groups. P\ 0.05 was

considered statistically significant.

Results and discussion

Effects of addition of OBC on rheological behavior

of SF inks

Approximately 70% of the SF amino acid sequence

consisted of repeat units of glycine, alanine and serine

(Mita et al. 1988). Tyrosine residues with a 4-hydrox-

yphenyl side groups occupied 5.3% of silk fibroin’s

composition (Chirila et al. 2017; Pereira et al. 2015)

and can be used in chemical crosslinking, as shown in

Fig. 1. SF hydrogel gelation time was significantly

influenced by the relative contents of HRP and H2O2.

Higher HRP content resulted in reduced gelation time

and higher H2O2 content resulted in the converse (Yan

et al. 2016). For the pregel of SF based ink driven by

enzyme, very limited crosslinking requested to remain

its printable throughout the printing procedure. Fig-

ure 2a displays the gelation time of SF solution and

SF-OBC composite ink under catalyzed crosslinking

of HRP/H2O2. The duration of gelation of SF solution

changed as the volume ratio of HRP and H2O2 was

modified from 2/1 to 1/1. To ensure sufficient gelation

time for printing, a ratio of V(HRP)/V(H2O2) = 1/1

was selected for the preparation of SF-OBC composite

inks. SF-OBC composite inks with a relatively slow

gelation process to maintain printability (Fig. 2a). In

addition, a sol–gel transition occurred over a narrow

region of time for the SF solution (Fig. 2b), while

there was a broad time window in which SF-OBC

composite inks were close to the critical point at the

interface between liquid and solid (Fig. 2b). There-

fore, it was not possible to obtain shape retention

characteristics for SF/HRP/H2O2 inks prior to gela-

tion, to allow smooth extrusion through the nozzle

after gelation in the syringe. A strategy to maintain

printability by adding OBC paste to SF inks was

tested. Dispersed nanofibrils morphology of the bac-

terial cellulose following TEMPO-mediated oxidation

is shown in TEM images in Fig. 1. Native BC fibrils

displayed an external network structure. Mechanical

treatment alone was hardly sufficient to disintegrate

the cellulose fibers into a homogeneous suspension of

separate microfibrils (Moon et al. 2011). Furthermore,

there were large numbers of hydroxyl groups on the

BC nanofibers, resulting in strong intra/intermolecular

hydrogen bonds (Moon et al. 2011). The formation of

aggregates caused a considerable barrier for the

processing of the BC. However, after a number of

hydroxyl groups of the BC were converted into

carboxyl groups, the negatively charged nanofibrils

dispersed well due to repulsive forces. The complex

moduli of SF-OBC composite inks began to increase

at approximately 1000 s, indicating the initiation of SF

chain crosslinking, as displayed in Fig. 2c. All com-

plex moduli of the composite inks exhibited a similar

tendency with different concentrations of OBC. In

addition, the complex moduli increased with increas-

ing OBC ratio in the SF-OBC composite inks, as

indicated by the red arrow in Fig. 2c. It has been
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reported that a b-sheet conformation could be induced

in spider silk ink from an amorphous state under shear-

thinning without clogging (DeSimone et al. 2015). It

was impossible to print high concentrations of silk

fibroin solution without additives due to frequent

clogging during the shearing process (Das et al. 2013).

SF at a concentration of 20 wt% displayed a tendency

to shear-thinning at the low shear rates (\ 1 s-1) but

maintained constant at higher shear rates ([ 1 s-1), as

shown in Fig. 2d. The results indicate that 20 wt% SF

solution could flow through nozzle under shear force

and did not have a negative impact on the printing of

composite inks. Unfortunately, the low viscosity of the

SF solution restricted printability. However, an OBC

paste of 7 wt% (0SF-1OBC) exhibited not only shear

thinning behavior, but also high zero shear viscosity,

Fig. 2 Rheological behavior of SF solution and SF-OBC inks.

a Elasticity index and b solid liquid balance (SLB) of SF

solutions and SF-OBC inks as a function of time, obtained using

micro-rheometer. Values of SLB larger than 0 but smaller than

0.5 indicate that inks were predominantly in a solid-like state,

while 0.5\ SLB\ 1 indicates that inks existed mostly in a

viscous liquid-like state. SLB = 1 and SLB = 0 represent pure

liquid and pure solid, respectively. SLB[ 1 represents samples

in an unstable state. cGelation kinetics, d steady-shear behavior,
e storage modulus (G0, solid symbols) and loss modulus (G00,
hollow symbols) as a function of frequency and f oscillatory
rheological behavior of SF solution and different ink formula-

tions: ( ) 2SF-1OBC, ( ) 1SF-1OBC, ( ) 1SF-2OBC, ( ) 0SF-

1OBC, ( ) 20 wt% SF. Dynamic yield stress is defined as the

value whenG0 = G00. Data in c–fwere obtained with a rotational
rheometer
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as shown in Fig. 2d. Therefore, cellulose nanofibril

pastes were an ideal choice as inks for 3D bioprinting,

also commonly used to modify the rheological

behavior of 3D printing materials (Abouzeid et al.

2018; Markstedt et al. 2015; Ojansivu et al. 2019). The

SF-OBC composite inks displayed similar shear-

thinning behavior and high zero shear viscosity

properties of the OBC paste alone, as shown in

Fig. 2d. Furthermore, OBC pastes significantly

enhanced SF solution viscosity, as indicated by the

red arrow in Fig. 2d, indicating promotional print-

ability. SF-OBC composite inks displayed greater

stability and higher storage moduli (G0) than SF

solutions due to the presence of OBC (Fig. 2e).

Furthermore, the G0 of SF-OBC composite inks

increased with higher OBC ratios, indicating the

promotion of stability. In addition, G0 values were

considerably higher than the G00 values across the

frequency range for all composite inks, providing

better initial shape fidelity and structural stability after

extrusion. Oscillatory measurements at low strains

were performed to assess the viscoelastic properties of

the inks (Fig. 2f). Storage moduli G0 that were larger
than loss moduli G00 (G0 [G00) prior to the cross point
indicated a predominantly elastic behavior at low

shear stresses. As stated previously, a solid-like

behavior of hydrogel ink is crucial to maintain

structural stability and shape fidelity and is therefore

desirable for 3D printing (Sultan and Mathew 2018).

Composite inks exhibit well-defined dynamic yield

stress values (G0 = G00) (Siqueira et al. 2017) increas-
ing from 63 Pa (2SF-1OBC) to 593 Pa (0SF-1OBC) in

the present study. The yield stress of 1SF-2OBC was

580 Pa, close to that of 0SF-1OBC. Higher OBC ratios

resulted in higher shear yield stress, which had to be

overcome during printing. This observation may guide

the optimization of print parameters.

Printability of SF-OBC composite inks

The 2SF-1OBC ink had the lowest viscosity (Fig. 2d),

thus the printed lines were fused together, so achieving

accurate 3D constructs was not feasible, as shown in

Fig. 3a, e. Inks of 1SF-1OBC, 1SF-2OBC and 0SF-

1OBC formed clear pores between print lines and the

extruded lines were uniform, as presented in Fig. 3b–

d, f–h. The line width of the printed lines decreased at

higher OBC concentrations meant improvement of

printing resolution (Fig. 3i). Furthermore, semi-

quantitative evaluation was used to characterize

printability, as shown in Fig. 3j, based on printed

grids, in Fig. 3e–h. A Pr value approaching 1 indicates

higher printability (Kyle et al. 2017). The Pr values of

1SF-1OBC, 1SF-2OBC and 0SF-1OBC gradually

approached 1 as OBC content increased. The results

demonstrate that OBC played a key role in facilitating

the printability of SF solution. Therefore, scaffolds

with more than two layers could be achieved as shown

in the inserts of 1SF-1OBC, 1SF-2OBC and 0SF-

1OBC in Fig. 3b–d. Furthermore, 3D construct with

ten layers could be printed with ink of 1SF-2OBC as

shown in Fig. S1. The printing process with 1SF-

1OBC ink can be seen in the video in the Supplemen-

tary data. Printing of scaffolds using OBC alone

demonstrated the capability of producing high fidelity

shaped scaffolds over 10 layers in the present study.

Morphology and structure of printed lines

The morphologies of printed lines were observed after

freeze-drying, as shown in Fig. 4a(i–iv). The printed

lines became smooth and uniform with higher con-

centrations of OBC, contributing to the retention of

shape. Nanofibrils of OBC were observed in enlarged

SEM images. The results in Fig. 4a(i–iii) indicate that

OBC nanofibrils could be bonded together by SF

hydrogel. Without SF, however, the OBC fibers were

incompact in the printed lines of 0SF-1OBC, Fig. 4-

a(iv). Furthermore, alignment of the OBC nanofibrils

improved with higher ratios of OBC in the inks. These

results were further supported by 2D-WAXD pattern

of SF-OBC printed lines (Fig. 4b). Their correspond-

ing 1D-WAXD diffractograms and azimuthal profiles

at d-spacing of 3.93 Å of SF-OBC printed lines are

shown in Fig. 4c, d, respectively. In Fig. 4c, the broad

peak at d-spacing of 4.07 Å indicates the amorphous

structure of SF hydrogel which agrees with the results

of FTIR in Fig. 5b. The sharp diffraction peaks at

d-spacing of 5.28 Å, 3.95 Å, 2.58 Å correspond

respectively to (110), (200), (004) planes of OBC

(cellulose Ib) (French 2014). The diffraction peaks of

OBC are significantly enhanced at d-spacing of 2.58 Å

as the increase ratio of OBC. As shown in Fig. 4b, the

arc patterns, corresponding to reflections of the (200)

lattice planes of OBC, became clearer as OBC content

increased from (i) to (iv). This suggests that improved

alignment of OBC fibers occurred along the longitu-

dinal axis of the print lines. To further assess the
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orientation of nanofibrils in the printed lines,

azimuthal intensity distribution (Fig. 4d) and degree

of orientation (p) of the lattice plane (200) which has

d-spacing of 3.93 Å (Fig. 4c) for OBC were calcu-

lated. The degree of orientation of nanofibrils in 2SF-

1OBC, 1SF-1OBC, 1SF-2OBC and 0SF-1OBC was

31%, 60%, 61%, and 69%, respectively. These results

were in good agreement with the SEM results in

Fig. 4a. As noted in Table 1, high OBC content ink

required greater printing pressure, which might also

contribute to the orientation of nanofibrils. It has been

reported that controlled filler alignment represents a

wide range of applications including improved struc-

tural properties of composites in addition to enhanced

cell growth in nanofibrous scaffolds for tissue engi-

neering (Prince and Kumacheva 2019; Siqueira et al.

2017; Song et al. 2017). Thus, alignment of OBC

nanofibers along their longitudinal direction may also

have promising applications in tissue engineering to

mimic natural tissues or organs. Note that porous

structures on the surface of print lines were covered

during the post-treatment at 37 �C. However, hydro-
gels of SF-OBC showed the porous structure (Fig. S2)

at their cross sections after equilibrium swelling in

deionized water. Moreover, nanofibrils of OBC

became visible as higher ratio of OBC mixed in

hydrogels from 2SF-1OBC to 1SF-2OBC in Fig. S2.

Structural and mechanical properties

FTIR spectra of BC and OBC are displayed in Fig. 5a.

The peak in the FTIR spectrum at 1647 cm-1 of BC

representing the hydroxy methyl group (CH2OH).

Peak at 1727 cm-1 of OBC is related to the C = O

stretching vibration of the carboxylic acid group

(Fig. 5a), indicating successful oxidation of the

Fig. 3 Printability of different SF-OBC inks. a–d Grids of two

crossing layers printed from the four inks a 2SF-1OBC, b 1SF-

1OBC, c 1SF-2OBC, and d 0SF-1OBC. Scale bar = 10 mm.

Inserts in b–d indicates structs with more than two layers printed

with their corresponding inks. SEM images of e 2SF-1OBC,

f 1SF-1OBC, g 1SF-2OBC, and h 0SF-1OBC. Scale bar = 1

mm. Line width (i) and semi-quantitative Pr value (j) of printed
constructs with different mass ratios of SF/OBC
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hydroxyl groups of BC on C6 at the surface of fibers.

FTIR spectra of printed SF-OBC grids as well as SF

hydrogel are shown in Fig. 5b. Peaks at 1026 cm-1,

1058 cm-1, 1108 cm-1 and 1157 cm-1 (Fig. 5a)

correspond to C6–O, C3–O, C2–O, C1–O–C4 stretch-

ing vibrations, respectively, representing the charac-

teristic bands of BC(OBC) (Lai et al. 2014), appearing

in 2SF-1OBC, 1SF-1OBC and 1SF-2OBC spectra

(Fig. 5b). The carboxyl groups in OBC paste reduced

adhesion between the BC nanofibers, which were well

dispersed in the paste (Lai et al. 2014). In this study,

the oxidation process was maintained for 1 h. In Yao’s

work (Yao et al. 2017), the ultimate carboxylate

groups were about 0.65 mmol/g after 1 h reaction and

kept unchanged even by multiple trials. The peak at

3348 cm-1 was assigned to OH stretching in BC and

OBC (Fig. 5a). The appearance of a broad band

around 3348 cm-1 in 2SF-1OBC, 1SF-1OBC, and

1SF-2OBC (Fig. 5b) was associated with hydrogen

bond interactions between OBC and SF.

The FTIR spectral regions 1700–1600 cm-1 and

1600–1500 cm-1 are attributable to amide I and amide

II, respectively due to the absorption of the peptide

backbone, spectra that are commonly used for the

analysis of secondary structures in SF. The regions at

1630–1610 cm-1 in amide I and 1520–1510 cm-1 in

amide II were assigned to silk II secondary structure

while the regions at 1660–1640 cm-1 in amide I and

1542–1535 cm-1 in amide II were assigned to silk I

conformation (Leisk et al. 2010; Oliveira Barud et al.

2015). Peaks at 1651 cm-1 and 1537 cm-1 in 1SF–

2OBC, 1SF-1OBC, 2SF-1OBC, and 20wt% SF

(Fig. 5b) correspond to the conformation of silk I (a-
helices and b-turns), exhibiting no significant

Fig. 4 Morphology and structure of printed lines from SF-OBC

inks. a SEM images, b 2D WAXD patterns, c 1D SR-WAXD

diffractograms and d azimuthal intensity distributions of printed

lines of (i) 2SF-1OBC, (ii) 1SF-1OBC, (iii) 1SF-2OBC, and (iv)

0SF-1OBC. The 1D SR-WAXD diffractograms of SF hydrogel

from 20wt% SF solution are also shown in c for comparison.

Scale bars in first and second lines are 500 lm and 1 lm,

respectively
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difference in intrinsic SF in aqueous solution. As a

result, SF hydrogels crosslinked using HRP/H2O2

mostly consisted of random coils, easily acquiring the

conformational transition from random coil to b-sheet
in alcohol or in vitro or in vivo conditions (Su et al.

2017; Yan et al. 2016).

Compressive strength was evaluated using cast

discs of SF-OBC hydrogels following crosslinking.

SF-OBC hydrogels consisted of SF networks with

dityrosine formation with large numbers of interpen-

etrating OBC nanofibrils, as shown in the schematic

presentation of Fig. 1. Enzymatically formed SF

hydrogel exhibited excellent elasticity and resilience

due to the covalent dityrosine bonds capable of

withstanding 3600 cycles at 10% strain. However,

the compressive stiffness of the SF hydrogel was only

0.2–10 kPa, limited practical application due to poor

rigidity (Partlow et al. 2014). The stress–strain curves

for SF-OBC hydrogels are displayed in Fig. 5c. The

hydrogel 1SF-1OBC had the highest compressive

strength at 267 ± 13 kPa compared with 2SF-1OBC

and 1SF-2OBC. The compressive strain of all SF-OBC

hydrogels was greater than 50%. The compressive

stiffness at 30% strain is shown in Fig. 5d. The 1SF-

1OBC hydrogel exhibited the largest compressive

modulus of 325 ± 14 kPa, an order of magnitude

higher than that of reported SF hydrogel (Partlow et al.

2014), which compressive stiffness was below 10 kPa.

Compared with the 2SF-1OBC hydrogel, 1SF-1OBC

hydrogel with greater OBC content provided sufficient

strength and stiffness. However, when the mass ratio

of SF/OBCwas altered from 1/1 to 1/2, the mechanical

properties of 1SF-2OBC clearly deteriorated. For

hydrogels 2SF-1OBC and 1SF-1OBC, the SF compo-

nent acted as a continuous phase, while the OBC

component displayed a dispersed phase in the hydro-

gel at the same solid content. As mentioned above, the

enzymatically crosslinked SF hydrogel displayed

excellent elasticity but poor stiffness. Conversely,

OBC nanofibrils were demonstrated to be outstanding

materials, providing sufficient rigidity due to high

crystallinity. In addition, large numbers of hydrogen

bonds formed between the SF molecular chains and

OBC nanofibrils. These contributed to the higher

strength and stiffness but relatively lower strain of

1SF-1OBC compared with 2SF-1OBC. However, in

Fig. 5 Structure and mechanical properties of SF-OBC

hydrogels. a FTIR spectra of BC and OBC. b FTIR spectra of

printed grids of 2SF-1OBC, 1SF-1OBC, 1SF-2OBC, and 0SF-

1OBC. SF hydrogel fabricated using 20wt% SF solution is

shown in b for comparison. c Stress–strain curves of cast SF-

OBC composite hydrogel disks under unconfined compression

test. d Compressive modulus (tangent modulus) of the hydrogel

disks at 30% strain
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the case of 1SF-2OBC, a phase transition might have

occurred from SF to OBC continuous phase (Fig. S2b–

d). Too many defects were formed in the SF hydrogel

and it was not possible to ‘‘lock’’ the OBC with

insufficient SF crosslinking (Fig. S2d). Thus 1SF-

2OBC exhibited poor strength and stiffness. As a

result, 1SF-1OBC showed the best combination

between SF and OBC among three kinds of hydrogels

of 2SF-1OBC, 1SF-1OBC, 1SF-2OBC (Fig. S2b–d).

These results were appeared due to the synergistic

effects of the blending and cross-linking of SF-OBC

(Campodoni et al. 2020). The swelling ratios of all SF/

OBC composite hydrogels are slightly smaller than

that of SF hydrogel due to inhibition of OBC

nanofibrils (Fig. S3). Hence, the 1SF-1OBC ink was

chosen for the preparation of printed scaffolds in

subsequent experiments. In addition, many strategies

such as immersion in PBS or alcohol can be used to

further improve the mechanical properties of the SF-

OBC hydrogels.

LESC proliferation and cellular response

The biocompatibility and potential for construction of

a lung tissue model using printed SF-OBC hydrogel

scaffolds were evaluated using LESCs. LESCs were

seeded on 1SF-1OBC scaffold and cultured for 3 and

7 days. The LESCs adhered and proliferated well on

the scaffold in growth medium, as shown in Fig. 6a–f.

The MTT results (Fig. 6i) indicate that the LESCs

grew faster on the scaffolds than TCPS from days 1–3.

This is probably because grooved structure formed by

OBC nanofibrils on the surface of printed 1SF-1OBC

scaffolds, which benefited to the initial adhesion and

proliferation of LESCs (Fig. 6f). This kind of grooved

topological surface has also been proved to be

competitive in cell culture than flat substrate of TCPS

(Campodoni et al. 2020; Kim et al. 2012). Cell

proliferation on 1SF-1OBC was not significantly

different from the TCPS control after 7 days. Similar

results were also reported in BC/SF scaffolds, that

exhibit biocompatibility (Chen et al. 2017; Oliveira

Barud et al. 2015; Wang et al. 2019). It can be seen

from Fig. 6c, d, f that cells on the printed lines

exhibited anisotropic topography and aligned along

their longitudinal axis, also the direction of orientation

of OBC nanofibrils. In lung tissues, epithelial cells are

oriented in the lining of the airway (El-Hashash and

Warburton 2011; Plosa et al. 2012). The printed SF-

OBC hydrogel scaffolds with aligned OBC nanofibrils

could be used to achieve ECM remodeling of the lung

tissue. Orientation of the OBC nanofibrils in the

printed lines provide physical cues and consequently

influence cell fate. Moreover, after culture on scaf-

folds for 7 days, LESCs maintained the ability to

proliferate, as demonstrated by Ki67 expression

(Fig. 6g) and epithelial phenotype, as indicated by

p63 expression (Fig. 6h). As for freshly isolated

pneumocytes, they generally lose their proliferative

capacity and phenotype over the first 3–5 days of

standard cell culture (Ghaedi et al. 2014; Poon et al.

2018). Therefore, it is critical important to obtain these

cells by the differentiation of corresponding stem cells

after extensive proliferation (Miller et al. 2019). As a

result, the 3D printed 1SF-1OBC scaffold represents a

biomimetic matrix similar to lung tissue that may also

supports further epithelial differentiation of LESCs. In

addition, cellulose materials alone showed a slow

degradation due to their packed molecular structure

and the lack of cellulose-degradation enzymes in

animals. Moreover, the foreign body reaction is

stimulated by cellulose materials due to their slow

degradation in vitro or in vivo (Rashad et al. 2019).

However, SF/BC hydrogel with 5wt% BC displayed a

fast degradation and lost almost 90% weight within a

month (Fig. S4), which was ascribed to the main

component of SF hydrogel with amorphous structure.

Moreover, the degradation of SF hydrogel could be

further accelerated with protease XIV (Yan et al.

2016). In addition, the degradability of BC could be

induced by modification with varieties of strategies

and thus formed the derivatives which evoked mild to

moderate foreign body reactions (Stalling et al. 2009;

Wu et al. 2012). Overall, printed scaffolds with SF-

OBC hydrogels present a promising application in

lung tissue engineering.

Conclusions

In the present study, SF-OBC composite hydrogel inks

were successfully prepared for extrusion-based 3D

printing. The viscoelastic properties of SF hydrogel

inks were modified by OBC nanofibrils pastes. The

SF-OBC composite inks exhibited excellent shear

thinning behavior with reversible stress softening, thus

producing a novel silk-based ink for 3D printing.

Shape fidelity and fiber alignment were enhanced by
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the incorporation of OBC in the printed scaffolds.

Three-dimensional construct with ten layers was

achieved by ink of 1SF-2OBC. Oxidative OBC

nanofibrils not only improved printability but also

promoted the mechanical properties of the SF-OBC

hydrogel. SF-OBC hydrogel with SF/OBC ratio of 1/1

exhibited significantly improved compressive stiff-

ness of 325 ± 14 kPa at 30% strain, which was

considerably higher than that previously reported. The

OBC nanofibrils aligned along the direction of extru-

sion in the printed lines provided the biomimetic

structures of the ECM of lung, contributing to the

micro-structure which induced orientation of LESCs.

LESCs on SF-OBC hydrogel scaffolds could maintain

their capacity of proliferation as well as epithelial

phenotype for at least 1 week. Overall, the 3D printed

SF-OBC hydrogel scaffolds mimicked lung tissue

structure with anisotropic ECM and thus could

represent a promising material for the lung tissue

regeneration applications.

Fig. 6 Cytocompatibility and cellular response of 1SF-1OBC

scaffolds in vitro. LESCs seeded on printed 1SF-1OBC

scaffolds cultured in growth medium for a 3 days and b,
c 7 days and stained using a live (green)/dead (red) assay kit.

d LSCM images of LESCs, blue (DAPI) for the nuclei and

scaffolds, red (rhodamine labeled phalloidin) for cytoskeleton.

c, d LESCs aligned parallel to the longitudinal axis (labeled by

white arrow) on the printed filament. e SEM images of cell

morphology on scaffolds and f partial enlargement in e as

labeled with red dashed square. LESCs are falsely colored to aid

visualization of the printed line. Immunofluorescent staining of

gKi67 and h p63 in LESCs on the printed scaffolds after 7 days’

culture in growth medium. i MTT results of LESCs on 1SF-

1OBC scaffolds and TCPS for 1, 3 and 7 days. ‘‘*’’ Statistically

significant P\ 0.05
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Supplementary data

Optical pictures of 3D construct of printed 1SF-2OBC

scaffold after lyophilization. Cross sectional SEM

images of SF-OBC hydrogels after equilibrium

swelling in deionized water and subsequent

lyophilization. Swelling ratio of SF-OBC hydrogels

in deionized water at 37 �C. Degradation of regular

printable SF95/BC5 hydrogel (5wt% BC) in PBS at

37 �C. The video of printing process with ink of 1SF-

1OBC.
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