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ABSTRACT 

For 3D bioprinting to fulfill its promise and enable automated fabrication of complex tissue-

mimicking constructs, there is a need for developing bioinks that are not only printable and 

biocompatible, but also have integrated cell-instructive properties. Towards this goal, we here 

present a scalable technique for generating nanofiber 3D printing inks with unique tissue-guiding 

capabilities. Our core methodology relies on tailoring the size and dispersibility of cellulose fibrils, 

through a solvent-controlled partial carboxymethylation. This way, we generate partially 

negatively charged cellulose nanofibers with diameters of ~250 nm and lengths spanning tens to 

hundreds of microns. In this range, the fibers structurally match the size and dimensions of natural 

collagen fibers making them sufficiently large to orient cells. Yet, they are simultaneously 

sufficiently thin to be optically transparent. By adjusting fiber concentration, 3D printing inks with 

excellent shear thinning properties can be established. In addition, as the fibers are readily 

dispersible, composite inks with both carbohydrates and ECM-derived proteins can easily be 

generated. We apply such composite inks for 3D printing cell-laden and cross-linkable structures, 

as well as tissue-guiding gel substrates. Interestingly, we find that the spatial organization of 

engineered tissues can be defined by the shear-induced alignment of fibers during the printing 

procedure. Specifically, we show how myotubes derived from human and murine skeletal 

myoblasts can be programmed into linear and complex non-linear architectures on soft printed 

substrates with intermediate fiber contents. Our nanofibrillated cellulose inks can thus serve as a 

simple and scalable tool for engineering anisotropic human muscle tissues that mimic native 

structure and function. 
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INTRODUCTION 

Extrusion-based three-dimensional (3D) printing is redefining in vitro and in vivo biomedical 

research, by enabling automated fabrication of complex biomaterial scaffolds1, engineered 

tissues2, and micro-physiological systems3. Across these areas, a core challenge in 3D bioprinting 

is the formulation of biomaterial inks that facilitate the formation of functional tissues from 

embedded cells or spheroids, while simultaneously assuring printability and shape-fidelity4,5.  

Bioinks incorporating nano- and micro-fibrils are intriguing in both of these regards. In the first 

regard, fibrillar inks may structurally mimic extracellular matrix (ECM) nanofibers derived from 

e.g. collagen and fibronectin that guide cellular adhesion, migration, proliferation, differentiation 

and organization in the native tissue6. In the second regard, fibrillary components can be potent 

thixotropic agents at low concentrations, capable of forming viscous shear-thinning solutions or 

viscoelastic gels with low yield stress for extrusion-based printing7–11. 

Two diverse approaches currently coexist within fibrillary bioinks: The most widespread 

approach relies on simply applying ECM-derived biomaterials as the core component of the inks. 

Here, nanofiber polymerization generally occurs after deposition, and often lead to the formation 

of viscoelastic gels. Common examples are collagen where a post-printing temperature increase to 

physiological levels induces polymerization of soluble collagen into fibers, or fibrin where 

thrombin is applied to induce polymerization of fibrinogen to fibrin12. Similarly, for inks based on 

decellularized ECM (dECM) derived from primary tissues or in the form of commercial 

Matrigel®, gel formation is induced by ECM fiber polymerization in response to physiological 

temperature13,14. The other key direction within nanofibrillar inks relies on producing micro- or 

nano-fibrils prior to ink formulation and printing. In these cases, the fibrils simultaneously serve 

as rheological modifiers, ensuring reliable extrusion or multilayer stacking7. Various types of 
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nano- and micro-fibrils have been introduced, including fibrils derived from collagen15, modified 

hyaluronic acid16, mechanically fractured electrospun polymers such as polycaprolactone (PCL)17, 

and cellulose nanofibers7–11.  

Cellulose nanomaterials and nanofibers are highly diverse, and nomenclature often inconsistent. 

They span from tiny cellulose nanocrystals (CNC) with diameters ~2-20 nm and lengths of 100-

600 nm to microfibrillated cellulose (MFC) where diameters span from the nano- to micro-range, 

but where lengths are generally much longer than 1 µm. Nanofibrillated cellulose (NFC) usually 

refer to fibrils with lengths similar to MFC (>>1 µm), but where diameter are consistently below 

1 µm.  Regardless of inconsistencies in nomenclature, CNC, NFC, and MFC have all been applied 

in a range of 3D printing applications as they all can display shear-thinning behavior, 

biocompatibility, and low cost. 7,18–22 Early on, biomimetic 3D structures such as a human ear were 

for instance been printed by combining  MFC with alginate, followed by ionic cross-linking.7 

However, a key challenge for MFC-derived inks is the limited transparency caused by light 

diffraction by the larger fibers and aggregates. This is particularly problematic for cell and tissue 

engineering applications where optical microscopy is an essential tool. One potential solution is to 

degrade the cellulose using e.g. chemical oxidation. For instance, oxidization of fibrillary cellulose 

using 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO) yields  transparent gel with shear-thinning 

rheological properties9–11,23,24. This approach have been applied to yield bioprinting  inks that e.g. 

incorporate gelatin to provide cell adhesive motifs 10,11. However, TEMPO oxidation of NFC 

generally yields fibers in the single micron range or less25,26, far shorter than single collagen fibers 

that range between 20-200 µm.27 This compromises ability of such highly degraded cellulose 

fibers for guiding tissue organization. 
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As an alternative to such procedures, we here present a robust protocol for generating optically 

transparent MFC inks that retain lengths of tens to several hundred microns. Specifically, we 

tailored the well-known carboxymethylation reaction28–31 to partially functionalize and oxidize 

MFC. Thereby we generated transparent fibers with widths in the range of a few hundred of 

nanometers, just below the wavelength of visible light. In tuning the reaction, we found that 

adjusting the polarity of mixed alcohol reaction solvent is effective in controlling the degree of 

reaction. The partially carboxymethylated nanofibrillated cellulose (cNFC) readily disperse in 

aqueous buffers, but display less pronounced shear-thinning properties that the non-treated MFC 

counterparts. However, we found that excellent printability can be reestablished by increasing 

cNFC concentration slightly. The cNFC is further readily miscible with protein biomaterials, such 

as gelatin and collagen, which we leveraged to create cell-adhesive composite bioprinting inks. 

Interestingly, these composite inks can serve as programmable biomaterial scaffolds for aligning 

skeletal muscle myotubes derived from human or murine myoblasts. Replicating the native 

alignment of skeletal myotubes has been found beneficial for generating in vitro tissue models 

with physio-mimetic myotube lengths and function32–37. When cultured on planar, printed 

cNFC:gelatin composites, myotube extension follows print direction, in accordance with shear-

induced orientation of the embedded fibers during extrusion. We demonstrate the robustness of 

our procedure by organizing muscle tissues into a range of anisotropic, linear, and complex 

architectures. The cNFC-based inks are thus promising as a scalable material for generating 

physiologically relevant models of striated muscle. 
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RESULTS 

As our base material, we applied a commercially available aqueous MFC paste, which was 

generated from wood pulp cellulose by mechanical shearing. Without further modifications, the 

MFC was readily printable from concentrations ≥1% w/v with a characteristic white appearance, 

indicative of fibers and aggregates scattering visible light. To improve material transparency, we 

chose carboxymethylation, which has previously been applied to generate transparent MFC30,31. 

However, similarly to cellulose nanofibrils generated using TEMPO oxidation, reported 

transparent carboxymethylated fibers have diameters <20 nm and  lengths ~1µm, limiting their 

structural similarity to ECM protein nanofibers21,22,30. To gain transparency while retaining 

structural properties, we here aimed to generate fibrils with diameters just below the wavelength 

of visible light.  

To control the degree of carboxymethylation, we investigated the effect of adjusting solvent 

composition in detail. In addition to amount of reactants, solvents have previously been shown to 

influence the overall degree of reaction29 in bulk cellulose treatments. In general, the reaction 

comprised two steps: i) Dispersing a stock MFC aqueous paste (10% w/v) in polar organic solvent 

for mercerization with sodium hydroxide (NaOH), ii) etherification with monochloroacetic acid 

(MCA), see figure 1a. For the majority of our studies the amount of reactants relative to cellulose 

anhydroglucose units (AGU) were 2.5:1 NaOH:AGU and 1:1 MCA:AGU. To evaluate the degree 

of reaction we applied Fourier transformed-infrared spectroscopy (FT-IR) and quantified the 

relative degree of substitution (DSrel) by relating the stretching vibration of the carboxylate peak 

at 1595 cm-1 to the stretching vibration of the C-H group at 2894 cm-1, similarly to Miyamoto et 

al.38 
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Figure 1. Carboxymethylation of MFC in different solvents compositions: comparison of DSrel 

and transmittance. (a) Reaction mechanism of carboxymethylation of MFC. Increasing the degree 

of reaction increases transparency of substituted fibers. (b) FT-IR of MFC reacted in 0:1, 1:2, 1:1, 

2:1, and 1:0 IPA:EtOH. Normalized absorbance used to calculate degree of substitution (rel). (c) 

Photograph of fibers reacted in respective IPA:EtOH mixes at 2.5:1 NaOH:AGU/1:1 MCA:AGU.  

(d) Transmittance at 400 nm in % and DSrel calculated based on IR data of 2.5:1 NaOH:AGU/1:1 
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MCA:AGU. Full transmission spectra across UV-VIS region can be found in supplementary 

information (e) Degree of substitution calculated by titration of fibers. Error-bars indicate standard 

error of the mean (SEM) for n=3. 

 

We initially screened common polar alcohols including methanol (MeOH), ethanol (EtOH), and 

isopropanol (IPA). Only in the least polar alcohol –IPA– did we observe a notable carboxylate 

peak, indicative of a successful reaction (Figure S1). We therefore hypothesized that the degree of 

reaction may be tuned by adjusting the polarity of IPA:EtOH mixtures. FT-IR indicated that this 

was indeed the case (Figure 1b). We further observed that the optical transparency qualitatively 

increased with decreasing solvent polarity (Figure 1c). Notably the absorption was decreased 

across the visible spectrum and into the UV range, with minimal absorption for all wavelengths 

≥250nm, (Figure S2).  

This was confirmed quantitatively, as we found that both DSrel and transparency increased 

gradually with decreasing polarity of the solvent mix from 1:2 IPA:EtOH to pure IPA (Figure 1d). 

This trend was further confirmed when determining the degree of substitution via titration (Figure 

1e). Interestingly, when we repeated the solvent composition study with lower amounts of 

reactants 1.25:1 NaOH:AGU and 0.5:1 MCA:AGU, the degree of control was somewhat 

diminished. For this set of reactants, the DSrel as well as the transmittance, was negligible for all 

solvent mixtures except pure IPA (Figure S3). Also, for this condition we observed a large variance 

in the degree of reaction. We speculate that this could be due to a larger sensitivity to external 

factors that were not controlled such as the humidity. We thus conclude that the degree of 

substitution can be fine-tuned by changing the polarity of IPA:EtOH mixed solvents for reactant 

concentration of at least 2.5:1 NaOH:AGU and 1:1 MCA:AGU. The degree of substitution further 
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correlated with transparency, yielding highly transparent fibers for IPA:EtOH solvent mixtures 

containing at least 66% v/v IPA. 

The increasing transparency of the fibers indicates a decrease in fiber size as well as a better 

dispersion of the fibers. To evaluate fiber size as a function of IPA:EtOH solvent composition, we 

applied electron microscopy, see Figure 2. Interestingly, SEM analysis showed that the average 

fiber diameter gradually decreased from roughly 350 nm to 250 nm when increasing the IPA 

content, while maintaining lengths of tens of microns or more across all conditions. These 

observations were in excellent correlation with transparency data.  Moreover, the SEM data 

showed that we successfully achieved transparent fiber samples that maintained physiologically 

relevant sizes. Still, while micrometer-long fibers dominated, smaller structures could also be 

identified in TEM, especially for the reactions in pure IPA (Figure S4). Thus, for the majority of 

our subsequent studies we focused on the transparent nanofiber samples obtained when performing 

the carboxymethylation in 2:1 IPA:EtOH.  Given their dimensions, we will refer to the modified 

cellulose fibers as carboxymethylated nanofibrillar cellulose (cNFC) in the remainder of the 

manuscript. 
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Figure 2. Size and appearance of carboxymethylated fibers analyzed via SEM. (a) Illustration of 

breakdown of fibers with increasing degree of reaction. (b) SEM images of fibers reacted in 0:1, 

(c) 1:2, (d) 1:1, (e) 2:1, and (f) 1:0 IPA:EtOH. Scale Bar: 50 µm. (g) Average fiber width in nm 

and SEM for n = 100, calculation based on different fields of view of same sample. 

 

While all the carboxymethylated cellulose fibers preserved lengths of at least tens of 

micrometers, the rheological properties were affected notably with increasing degree of 
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substitution, see Figure 3a-f. For samples with a low degree of substitution, shear-thinning gels 

with a defined yield stress were maintained for 1% w/v samples. However, for transparent samples 

with a higher degree of reaction, these beneficial properties for 3D printing were largely lost 

(Figure 3g). However, the rheological properties required for 3D printing can be recovered by 

adjusting fiber concentration. (Figure 4a-c).  Specifically, by increasing the concentration up to 

3% w/v the transparent fibers obtained by carboxymethylation in 2:1 IPA:EtOH, shear thinning 

gels were re-established. As expected, these rheological improvements are immediately reflected 

in excellent 3D printing properties (Figure 4d-f). Moreover, the storage modulus of the shear-

thinning gels could be tuned in the printable window from ~50 Pa to ~2.5 kPa, by increasing cNFC 

concentration, thus spanning a large part of the physiologically relevant range for soft tissue, 

(Figure 4g). Importantly, increasing the fiber concentration only lead to minor decreases in sample 

transparency and the transmittance did not fall below 95% in a 3% w/v fiber solution, (Figure 4h). 

Therefore, it is possible to recover printability and shape fidelity of the fiber dispersion by 

increasing its concentration, without losing transparency.  

 

  



 12 

 

Figure 3. Rheology and printability of carboxymethylated fibers at 1% in milliQ water. 

Storage modulus G’ and Loss modulus G’’ of (a) MFC, fibers oxidized in (b) 0:1, (c) 1:2, (d) 1:1, 

(e) 2:1, and (f) 1:0 IPA:EtOH. Determined in oscillation sweep recorded at 25°C in milliQ water 

at 1 Hz. SEM for n = 3. (g) Optical appearance and print of DTU logo with steel needle (ID 

400 µm) with 2% MFC,  2% cNFC 0:1, 2% cNFC 1:2, 2% cNFC 1:1, 2% cNFC 2:1, and 2% cNFC 

1:0. Scale bars = 1 cm. 
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Figure 4. Rheology, transmittance and printability of cNFC 2:1 at higher concentrations. Storage 

modulus G’ and Loss modulus G’’ of (a) 1 % cNFC 2:1, (b) 3 % cNFC 2:1, and (c) 5% cNFC 2:1. 

The oscillation sweeps were recorded at 25°C in milliQ water at 1 Hz. (d) Printability of DTU logo 

at 1 %, (e) 3%, and (f) 5% cNFC 2:1 in milliQ water. Scale bar = 1 cm. (g) Storage G’ and loss 

G’’ modulus at 1 % oscillation strain as a function of increasing concentration of cNFC 2:1 in %. 

(h) Transmittance at 400 nm in (%) as a function of increasing concentration of cNFC 2:1 in milliQ 

water.  
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The excellent shape fidelity at higher cNFC concentrations allowed us to develop cross-linkable 

inks for complex structures. As example, we formulated composite inks composed of cNFC and 

alginate. Notably, MFC:alginate inks have been studied extensively for bioprinting, yet for 

unreacted fibers these composites have very limited transparency7. To generate an optically 

transparent alternative, we formulated a cNFC:alginate ink with similar rheology to MFC:alginate. 

This required using slightly higher concentration of cNFC than MFC (Figure 5a-c). The shape 

fidelity and transparency of an example octopus figurine was intact throughout printing and 

crosslinking for cNFC:alginate (Figure 5d). 

 

 

Figure 5. Rheology and 3D print of cross-linkable cNFC:alginate composite inks. Storage 

modulus G’ and Loss modulus G’’ for (a) 3% alginate. (b) 3% MFC + 3% alginate composite ink. 

(c) 5% cNFC 2:1 + 3% alginate composite ink. The oscillation sweeps were recorded at 25°C in 
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milliQ water at 1 Hz. (d) Side by side comparison of  Octopus figurine printed with 3% MFC + 

3% alginate and 5% cNFC 2:1 + 3% alginate composite inks. (Scale bars = 1 cm). 

 

Although alginate is a widely applied biomaterial, cNFC:alginate is largely irrelevant as ECM-

mimicking bioink since it lacks the native protein landscape and cell-adhesive motifs. As a simple 

solution, we found that the cNFC was readily miscible with both gelatin and collagen-based gels 

at a wide range of ratios and concentrations. Notably, this is not the case for unmodified MFC, 

where phase separation occurs. For formulating cNFC:gelatin inks, we aimed to decouple ink 

gelation and rheology during printing from stiffness of the final printed construct (Figure 6, Figure 

S6). This would be advantageous as compared to pure gelatin or gelatin-methacrylate inks, where 

these properties are highly correlated and thermal control during printing is essential. For our 

composite inks, we thus focused on low Bloom gelatin at low concentrations that do not gel at RT 

(Figure 6a). On the other hand, since cNFC behaves like physical gels with concentration-defined 

yield stress for concentrations ≥3% w/v, the rheology of cNFC:gelatin inks at RT can be 

completely dominated by the fiber content at RT (Figure 6b-c, Figure S6). Yet, while cNFC 

content dominates printability, gelatin content largely defines the final stiffness of the final 

material after cross-linking enzymatic microbial transglutaminase (mTG) (Figure 6d-e, Figure S6). 

It is thus straight-forward to formulate printable cNFC:gelatin composite inks with independent 

control of flow and final material mechanics (Figure S6). We found the Young’s modulus of 

cNFC:gelatin matched well with that of native muscle tissue39 when combining ~5% w/v cNFC 

and ~5% w/v gelatin (Figure 6e). 
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Figure 6. Rheology and stiffness of cNFC:gelatin composite inks before and after crosslinking. 

The oscillation sweeps were recorded at 25°C in Dulbecco’s modified eagle’s medium (DMEM) 

at 1 Hz. Rheology of (a) 5% gelatin + 5% cNFC, (b) 0% gelatin + 5% cNFC and (c) 5% gelatin + 

0% cNFC composite inks. (d) Illustration of printing of cell-instructive coatings: substrates are 

subsequently cross-linked with mTG at 4 °C overnight. (e) Young’s modulus E in kPa of cross-

linked substrates printed with 5% gelatin + 5% cNFC, 5% gelatin + 0% cNFC, and 0% gelatin + 

5% cNFC composite inks. E calculated from G’ at 1 % oscillation strain and SEM for n=3.   
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Given their structural similarity to native collagen, we hypothesized that the cNFC fibers may 

serve as cell-guiding structures within cNFC:gelatin composites. Further, inspired by previous 

studies that have used extrusion-driven orientation of cellulose fibrils during 3D printing as basis 

for composites with programmable swelling or diffraction18,19, we aimed to explore if of cNFCs 

would suffice to define the orientation of cells and tissues. To test this hypothesis, we printed a 

range of planar cNFC:gelatin tissue culture substrates, and studied whether murine C2C12 

myoblasts developed into myotubes that followed the print direction. At a constant gelatin 

concentration of 4% w/v, we observed a gradual improvement in orientation of myotubes with 

increasing fiber concentration and highly parallel alignment for cNFC concentrations ≥ 4% w/v 

(Figure S7), and at 5% w/v gelatin with 5% w/v cNFC (Figure 7a-d, Figure S8). Notably, 

macroscopic surface from filaments was negligible (Figure S9), and cellular orientation was thus 

in all likelihood caused by shear induced orientation of fibers (Figure S10). This print-guided 

orientation was highly controllable, as we could easily generate complex circular and checkerboard 

geometries (Figure 7e, f).  
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Figure 7. Self-alignment of C2C12 on cNFC:gelatin substrates. (a) Illustration of seeding of 

C2C12 muscle cells onto cross-linked, printed substrates. (b) Polynucleated myotubes of seeded 

cells differentiated on printed substrate. White: Actin. Blue: Nucleus. Scale bar: 50 µm. (c) False-

color mapping of myotube (actin) orientation with OrientationJ. Scale bar: 500 µm. (d) Alignment 

score (0-1) of C2C12 myotube alignment on 5% LBG compared to 5% LBG + 5% cNFC. SEM 
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for n = 3. (e) Illustration of printing of alternating blocks of horizontal and vertical lines in a 

checkerboard-like fashion and false-coloured 15x15 mm checkerboard with alternating orientation 

of seeded cells. Scale bar: 5 mm. (f) Illustration of printing of concentric circles with r = 3.5 mm 

and false-coloured print with circular oriented cells. Scale bar: 5 mm. 

 

 

Beyond C2C12 cells, the substrates were also well-suited for orienting of human skeletal myotubes 

derived from primary myoblasts (Figure 8). These substrates enabled extended myotube culture 

and maturation, as we observed no indication of cytotoxicity or myotube delamination during 17 

days of maturation of the human samples (Figure S11). Moreover, we observed an improvement 

in myotube thickness during extended culture and physiological responses to insulin stimulation, 

indicative of native-like metabolic functionality (Figure S11). Beyond programmable soft tissue 

culture substrates, cNFC:gelatin could also be formulated into bioinks with embedded myoblasts 

for room-temperature bioprinting. Here, our preliminary studies indicated that a high fiber content 

could limit cell spreading and division. We therefore applied a lower cNFC content of 2% w/v and 

4% w/v gelatin in the inks. During culture, these bioprinted myoblasts developed into 

polynucleated myotubes (Figure S12). 
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Figure 8. Self-alignment of human skeletal myocytes (HSkM) on printed cNFC:gelatin substrates. 

(a) Alignment of HSkM according to print direction. Substrates were printed with a steel nozzle 

(ID 250 µm) in circular motion with 4% gelatin (left) and 4% LB gelatin + 4% cNFC (right). 

White: Actin-stain. Scale bar: 1.5 mm. (b) Alignment score (0-1) of human myotubes aligned on 

4% LB gelatin and 4% LB gelatin + 4% cNFC. SEM for n = 3. 

 

 

DISCUSSION 

Cellulose nanofibers are appealing for extrusion-based 3D printing and biomedical applications 

due to their accessibility, biocompatibility, and shear-thinning properties. However, such fibers 

may have radically different properties and size dependent on their preparation. Thus far micron-

scale opaque MFC or tiny nano-crystalline fibers have received considerable attention7–11,21,22, as 

these can be generated with relative ease24,30. We hypothesized that intermediate sizes that mimic 

the size of native collagen fibers, may have unique properties for tissue engineering applications. 

To generate such fibers, we established a procedure for tuning the carboxymethylation of MFC to 

yield transparent, ten-to-hundreds of µm long cNFC. In the process, we observed that the 
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carboxymethylation reaction can be closely controlled by adjusting the composition of IPA:EtOH 

solvent mixes. This is likely caused by the low solubility of NaOH in IPA: When NaOH is added 

to the dispersed fibers, the driving force to accumulate on the surface of the hydrated fibers is 

higher with increasing IPA content29. The activation of the alcohol-groups by NaOH is therefore 

highest in pure IPA, followed by 2:1 IPA:EtOH, which is reflected in the final DS. Following the 

reaction, we observed a decrease in viscoelasticity with increasing DS. However, SEM images 

indicated that long fibrils remained for all reaction conditions, which seems to exclude fiber 

breakdown as the reason for the decrease in mechanical properties. Instead, we propose that 

accumulation of surface charge as well as recrystallization of the cellulose are likely explanations. 

Indeed, organic solvents can induce decrystallization and changes in the polymorphism of 

cellulose, which can notably decrease cellulose stiffness40,41. Still, we were able to restore the 

shear-thinning properties and shape-fidelity by increasing the concentration of fibers in solution 

without a significant loss in transparency. 

As cNFC fibers were readily dispersible and miscible with common hydrogel bio-materials, such 

as alginate, collagen, and gelatin, we were able to formulate a range of composite bioinks. 

Importantly, while cNFC provided excellent printability to such inks, the mechanical properties of 

e.g. cNFC:gelatin was dominated by gelatin after crosslinking. It is thus possible to decouple and 

independently control the mechanics during and after printing in these composite inks. Most 

importantly, we further found that cNFC provided unique anisotropic and cell-instructive 

properties to these common biomaterials. When differentiating human or mouse myoblast into 

myotubes on planar, 3D-printed cNFC:gelatin substrates, we observed a unidirectional alignment 

of myotubes along the toolpath applied in the printing. Notably, the degree of control was so high 

that we could easily organize myotubes into complex non-linear patters. Previously, similar shear-
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induced alignment of cellulose fibrils has been applied as basis of 3D printed composites with 

programmable swelling or optical properties 18,19, however, to the best of our knowledge this effect 

has not been demonstrated as a method for organizing engineered tissues. We speculate that 

significant length of our transparent cNFC may be critically important in this regard. Notably, the 

fiber length significantly exceeds that of a single myoblast, meaning that each fiber may serve as 

physical cue for several myoblasts prior to their fusion into myotubes.  

Soft and structured hydrogel substrates have previously been shown beneficial for self-

organization, long-term culturing and maturation of engineered striated muscle tissues32–34,42. 

Similarly, synthetic nanofiber scaffolds produced e.g. by force-spinning or electrospinning, are 

efficient for generating anisotropic engineered muscle tissues35,36,43. More recently, printed 

composites composed cellulose fibrils and hyaluronic acid methacrylate, have also been explored 

from organizing fibroblasts44.Similarly previous anisotropic soft substrates for muscle, printed 

cNFC:gelatin enable maturation of humans myotubes for at least several weeks. The myotubes 

displayed steadily increase in size and basic metabolic function, indicating that cNFC:gelatin 

composites were not cytotoxic. This is in good agreement with earlier reports studying where CNF 

and CNCs were found not to be cytotoxic45. Further, we speculate that the extensive length of the 

present cNFCs, will lower the risks of cellular uptake or lysosomal damage. Indeed such risks have 

been reported to occur mainly for tiny CNCs with lengths in the order of hundreds of nanometers45. 

It is worth stressing that we have not considered or studied the use of cNFC for in vivo uses where 

e.g. foreign body reaction could be a concern.  

However, we believe that 3D printing of cNFC:gelatin carries unique practical advantages for 

in vitro tissue modelling, as the procedure can readily be customized and adapted to a range of 

culturing formats, not least multi-well plates. Moreover, since it does not rely on high-resolution 
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nozzles and is inherently a single step procedure conducted a RT, it is highly scalable. Given the 

thixotropic and tissue-guiding properties of the cNFC, an additional and potentially larger impact 

may lie within their application in 3D bioprinting of cell laden inks. Within this paper, we 

showcased this application in proof of principle printing of 3D muscle strips, where we again 

combined cNFC with gelatin to achieve cross-linkable bioinks. In these studies, we observed that 

cell-spreading and division appeared to be diminished for when applying high cNFC 

concentrations. We propose that this was mainly caused by the lack of cell-adhesive motifs on the 

cNFCs. It is however worth noting that for high fiber concentrations the risk of damaging 

embedded cells is also increased, as the high viscosity will produce a higher shear-stress on the 

cells upon extrusion46. We therefore applied only 2% w/v in these inks. Given the low fiber 

concentration, the myotubes elongation and alignment was in this case largely a product of 

filament geometry. Therefore, for broadening our approach and tailoring cNFC-based bioinks 

more closely to a given tissue, an important future direction will be the functionalization of 

carboxylic groups of cNFC with tissue-specific and cell adhesive proteins and peptides. This may 

ultimately enable more specific inks and cross-linkable inks based solely on cNFCs.  

 

CONCLUSION 

In this study, we detailed a robust procedure for generating transparent, dispersible and cell-

instructive cellulose nanofibrils and 3D printing bioinks. A key foundation for the procedure is the 

observation that the degree of carboxymethylation can be accurately controlled by adjusting 

polarity of ethanol-isopropanol reaction solvents. In doing so, we generated transparent cellulose 

fibers with excellent 3D printing properties that mimic the size and shape of native ECM protein 

fibers. When applying these cellulose nanofibers in composite bioinks, we were able to predict 
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and control the tissue-level organization of human and murine skeletal myotubes by extrusion 

direction and pattern. The aligned and extended myotubes could be matured for several weeks, 

making our approach relevant as a scalable method for generating physiologically relevant models 

of human muscle. The functional groups introduced through the carboxymethylation further 

provides means of tailoring of nanofiber biochemistry, which significantly broadens their future 

relevance for tissue-engineering applications. 

 

MATERIALS AND METHODS 

Carboxymethylation 

MFC was obtained from Norwegian spruce by Borregaard in Sarpsborg (NO) and delivered as 

10% aqueous paste. Isopropanol (IPA), methanol and ethanol absolut ≥ 99.9% were purchased 

from VWR and always freshly opened before each experiment as the usage of old IPA and EtOH 

will reduce the reactivity of the reactants. NaOH (S5881) and monochloroacetic acid (MCA, 

402923) were purchased at Sigma Aldrich as solids. First, MFC was disintegrated using an Ultra-

Turrax homogenizer with a S25N - 18G - ST dispersing element. The dispersion was conducted 

in pure solvent and the following solvent combinations IPA:EtOH: 0:1, 1:2, 1:1, 2:1, 1:0. . The 

day before the experiment, a 5% w/v NaOH (2% w/v in pure IPA) solution was prepared in the 

respective solvent. The day after, 10 g of MFC pulp (1 g dry content) were homogenized for 10 

min. at 10,000 rpm. The homogenized MFC was heated up to 35 °C while stirring. 12 mL of a 5% 

w/v NaOH solution (600 mg) were added to the dispersed fibers and left stirring at 35 °C for 30 

min. After, the temperature was increased to 45 °C. Once the temperature was reached, 4 mL of a 

142.2 mg/mL (570 mg total) MCA solution in the respective solvent was added and left stirring at 
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45 °C for 3 h. The substitution reaction was repeated in the same solvents with half amount of 

reactants (300 mg NaOH and 285 mg MCA).  

Around 10 mL of a 10% v/v acetic acid solution was added to the fibers for neutralization and the 

fibers were filtered. The filtered fibers were washed 3x with methanol, followed by dialysis against 

deionized water for three days in a 12-14 kDa cut-off dialysis tube with 2 daily water changes. The 

dialyzed fibers were freeze-dried and stored at room temperature until further use.  

 

IR 

IR spectra were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer. The spectra were 

recorded with a resolution of 1 cm-1 from 4000 – 800 cm-1. All spectra were recorded in absorbance 

units and normalized at 1050 cm-1. The relative degree of substitution (DSrel) was calculated by 

relating the intensity of the normalized absorbance (NA) of the stretching vibration of the carboxyl 

group (C=O) at 1595 cm-1 to the stretching vibration of the glucose backbone (C-H) at 2894 cm-1: 

 

[1] 𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑁𝑁𝑁𝑁1595 𝑐𝑐𝑐𝑐−1

𝑁𝑁𝑁𝑁2894 𝑐𝑐𝑐𝑐−1
− 𝐶𝐶  

 

The constant C indicates the relation between these two stretching vibrations of the carboxyl group 

and glucose backbone in non-oxidized cellulose.  

 

Titration 

Between 20 and 50 mg of cNFC were weight in and transferred to a clean 100 mL Erlenmeyer 

flask. Calcium acetate (10229177, Thermo Fisher) solution 2 % w/v was added to the fibers (10 

ml) and let the solid material imbibe for 30 minutes. 2 drops of phenolphthalein indicator 
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(A0424229, Thermo Fisher) were added to the flask (prepared as 1.0 % w/v in ethanol). A burette 

was filled with standardized NaOH solution (0.0121 M or 0.00121 M). The cNFC solution was 

titrated until the faint, pink endpoint is reached (persisting for at least 30 seconds). Three separate 

weighed samples of each cNFC sample were analyzed. The percentage of carboxyl content was 

calculated using the following equation:  

 

[2] Carboxyl groups [%] = N∙V∙MWCOOH
m[mg]∙100

 

 

Where N is normality of NaOH solution, V is the volume of NaOH consumed to reach the endpoint 

(corrected for the blank). MWCOOH is 59, corresponding to the introduced group -CH2COOH. 

 

Transmittance 

The absorbance of MFC and cNFC was measured using a Thermo Scientific NanoDrop 2000, at a 

path length of 1 mm. In general, the samples were homogenized at 1 % w/v for 10 min. using an 

Ultra-Turrax homogenizer at 10,000 rpm for 10 min. The absorbance was measured immediately 

after homogenization.  

 

Rheology 

The rheology of each ink was analyzed using a Discovery Hybrid Rheometer (TA instruments, 

DE, USA) equipped with a Peltier plate thermal controller and a plate geometry with a diameter 

of 40 mm and a fixed gap of 1 mm. All samples were freshly prepared right before measurement. 

Fiber dispersion where prepared right before measurement and homogenized as described before. 

As a standard, amplitude sweeps were recorded at 25°C in milliQ water at 1 Hz at an oscillation 
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strain of 0.01 – 10,000 %. For calculation of Young’s modulus, hydrogel precursor solutions with 

desired conditions (gelatin and cNFC content) were casted in between two poly(methyl 

methacrylate) (PMMA) slides with 1 mm spacer. Prior to gelation, the slides were coated with 

polyvinylalcohol to avoid the hydrogel from sticking to the PMMA surfaces. The hydrogels are 

incubated at 4 °C for 30 min. to achieve pre-polymerization of gelatin. Then, the PMMA slides 

were removed and the gels are replaced in the micro plate with 10 U/ml mTG solution for 1 day 

at 4 °C to achieve the enzymatic cross-linking. The storage modulus of the gels was determined 

by performing oscillatory shear experiments with parallel plate geometry as described above. The 

Young’s modulus E is calculated as follows E=2G′ (1+ν), assuming ν = 0.5.  

 

SEM 

Freeze-dried fibers were deposited on a carbon sticker. The samples were sputtered with a 2.4 nm 

gold layer. Images were recorded using a Quanta 200 FEG Cryo ESEM at an acceleration voltage 

of 5 kV, an aperture of 40 µm, spot size of 3.5 µm and working distance of 6 mm. Different fields 

of view of the same sample were analyzed at different magnifications and used for fiber counting.  

 

TEM  

5 µl of fiber solution was drop cast onto freshly glow discharged carbon stabilized formvar coated 

200 mesh nickel TEM grids (EMS Diasum). The fibers were allowed to adsorb for 5 min. before 

the excess solution was wicked away using filter paper.  The fibers were imaged using a Tecnai 

T20 G2 TEM at 200 kV and images were acquired using a TVIPS XF416 CCD camera. 
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Printing of 3D figurine 

A 3D computer aided design (CAD) of an octopus was created using Fusion360 and printed on a 

RegenHU 3D Discovery bioprinter. A cross-linkable composite-ink based on non-reacted MFC 

was prepared using 3% w/w MFC and 3% w/v alginate (Dynamic viscosity: 80-120 cP, 194-13325, 

FUJIFILM Wako) in milliQ water. The MFC:alginate composite-ink was printed with a pneumatic 

syringe and a steel nozzle (ID 250 µm, Cellink Swe) at a pressure of ~ 230 kPa. A transparent, 

cross-linkable composite-ink was prepared using 5% w/v cNFC and 3% w/v alginate in milliQ 

water and printed with a pneumatic syringe and steel nozzle (ID 250 µm, Cellink Swe) at ~ 

560 kPa. 

 

Culturing of C2C12 murine myoblasts 

C2C12 cell-culture was performed under sterile conditions and incubated at 37 °C, 100% 

humidity, 5% CO2. C2C12 murine myoblasts were cultured in growth medium containing DMEM 

(D5796, Sigma-Aldrich), 10% fetal bovine serum (S1810, Sigma-Aldrich) and 1% P/S (P0718, 

Sigma-Aldrich). Cells were passaged and harvested at 80% confluency. All cells were kept within 

10 passages from stock. Differentiation was initiated by changing growth medium to 

differentiation medium containing DMEM, 2% horse serum (H1270, Sigma-Aldrich). 

 

Culturing of human primary skeletal muscle cells 

Human single-donor skeletal muscle cells (SK111, Cook Myocite) were maintained and passaged 

in myotonic basal media (MB-2222, Cook Myocite) supplemented with 10% myotonic growth 

supplement (MS-3333, Cook Myocite) and 1% P/S antibiotic in a humidified atmosphere 

containing 5% CO2 and 95% air at 37°C.  
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Printing of cell-instructive surface and cell seeding 

The following procedure was performed under sterile conditions: sterile solvents with 1% 

penicillin/streptomycin (P/S, P0718, Sigma-Aldrich) were used and cross-linking solutions were 

sterile filtered with a 0.45 µm pore sized filter. All syringes and needles were additionally sterilized 

with UV light. A composite ink consisting of 5% w/v low bloom gelatin (164 G bloom, 48723, 

Sigma Aldrich) and 5% w/v cNFC was prepared as follows: dried fibers were suspended in DMEM 

at 10,000 rpm for 10 minutes. Low bloom gelatin was added to the fiber suspension and heated to 

45 °C for approx. 45 minutes. The solution was stirred from time to time with a spatula and shortly 

centrifuged to exclude air bubbles. The composite ink was printed with a steel nozzle (ID 200 µm, 

Cellink Swe) at a pressure of 580 kPa and feed rate of 12 mm/s. Subsequently, the print was cross-

linked with a 5 U/mL microbial transglutaminase (mTG, ACTIVA® TI Transglutaminase, 100 

U g-1, 1002, Modernist Pantry) solution over night at 4 °C. Before cell-seeding, the prints were 

washed 3x for 10 min. with PBS (D8537, Sigma-Aldrich). Alignment experiment in Figure 7 was 

performed with murine C2C12 myocytes at a density of 20,000 cells per well of a 12-well plate. 

Differentiation was initiated after day 3 by changing the medium from growth medium to 

differentiation medium. The experiment was ended at differentiation day 7 by fixing the cells. 

Alignment experiment in Figure 8 was performed with human skeletal muscle cells at a density of 

200,000 cells per well in 12-well plates directly on the printed substrates and kept in MEM (41090-

028, Gibco) with 10% myotonic growth supplement for 2 days before differentiation were initiated 

by switching to 2% horse serum as growth supplement (26050088, Gibco). The samples in Figure 

8 were fixed after 8 days of differentiation. The samples in Figure S11 were fixed after 10 and 17 

days of differentiation. 
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Immunoblotting 

Immunoblotting of S6 Ser235/236 and Akt Ser473 phosphorylation was performed by starving the 

myotubes from serum and glucose for 3 hours and then keeping them basal or stimulated with 1 

or 100 nm insulin for 15 min prior to harvest. Samples were lysed in lysis buffer (50 mM Tris 

base, 150 mM NaCl, 1mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 5 mM pyrophosphate, 

2 mM sodium orthovanadate, 1 mM dithiothreitol, 1 mM benzamidine, 0.5% protease inhibitor 

cocktail (P8340, Sigma Aldrich), 20% NP-40, pH 7.4. Western blot procedure was conducted as 

previously described34. The following antibodies from Cell Signaling Technology (US) were used: 

phospho (p)-Akt Ser473 (#9271), p-S6 Ser235/236 (#2211).  

 

Bioprinting 

A sacrificial ink was prepared consisting of 8% alginate (Dynamic viscosity: 300-400 cp, 192-

09995, FUJIFILM Wako) and 10 U/mL mTG was prepared under sterile conditions. The sacrificial 

ink was printed at a feed rate of 15 mm/s with a pneumatic printhead at ~ 130 kPa with a plastic 

nozzle (ID 250 µm). A bioink consisting of 3% w/v cNFC and 6% w/v low bloom gelatin was 

prepared under sterile conditions. C2C12 skeletal muscle cells were harvested and mixed 1:4 with 

the bioink. The final concentrations were 2% cNFC, 4% low bloom gelatin, and 10 mio/mL 

C2C12. The print was performed at a feed rate of 15 mm/s with a pneumatic print head at approx. 

25 kPa with a steel nozzle (ID 250 µm). Sacrificial and bioink were printed in parallel into a 12-

well plate. The print was incubated at 4 °C for 5-10 min. to allow gelation of gelatin. Afterwards, 

a cold 10 U/mL mTG solution was added to each well and the print incubated at 37 °C for 1 h. The 

mTG solution was discarded and growth medium added to the wells. Differentiation was initiated 

at day 2. The samples were fixed at differentiation day 7. 
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Cell staining, fiber staining & imaging 

Printed constructs were washed 3x with PBS. After, cells were permeabilized and fixed with 

0.1% v/v Triton X and 4% v/v paraformaldehyde and incubated for 20 min. at RT. The prints were 

washed 3x with PBS while shaking. A 1:1000 dilution of 4′,6-diamidino-2-phenylindole, 

dihydrochloride (DAPI, 62247, Thermo Scientific), 1:200 dilution of Alexa Fluor™ Plus 555 

Phalloidin (A30106, Thermo Fisher) for F-actin staining in PBS was added and incubated 

overnight at 4 °C. The prints were washed 3x with PBS and kept in PBS at 4 °C until further use. 

MFC was stained with calcofluor white (18909, VWR) by immersing the printed, dried substrate 

in 5mL of a 0.01% solution calcofluor white with 5 drops 10% KOH for 2 h. The substrate was 

rinsed and imaged with ProLong™ Gold Antifade (P10144, Molecular Probes). A 5% w/v cNFC 

ink was prepared by directly mixing 100 µL 0.01% calcofluor solution per 1 mL ink. The sample 

was printed and directly mounted with ProLong™ Gold Antifade. Images of fluorescent stains 

were recorded with a Nikon Eclipse Ti2 microscope and NIS-Elements software and a Zeiss 

Observer Z1 microscope with a mounted Zeiss AxioCam. 

 

Myotube orientation quantification 

The ImageJ plugin OrientationJ47 was used to determine the orientation of the myotubes on printed 

substrates. For this, F-actin stain was recorded after 7 days of differentiation. The hue and 

saturation of the false colored images correspond to the orientation angle and coherency, 

respectively. The distribution of orientation was plotted against the principal orientation angle. 

The alignment score corresponds to the total fraction of distribution within ± 15 ° of the principal 
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orientation angle to the total count of oriented pixels. The alignment score was calculated for n = 

3 fields of view of 1.75 mm x 1.65 mm of 3 different samples. 

   

ASSOCIATED CONTENT 

The following files are available free of charge: 

Supporting information with additional data is included as a single PDF. 

The supplementary information contains additional experimental data including, IR screening of 

carboxymethylation in different solvents; transmittance and absorbance spectra of cNFC reacted 

in IPA:EtOH mixtures; transmittance and Dsrel of carboxymethylation reaction with lower 

reactant content; TEM images; rheological studies; fiber-dependent alignment score analysis; 

brightfield image of fiber gel; stained fiber gels and cross-section of aligned cells on gel; human 

skeletal muscle cell myotube width analysis and immunoblotting; bioprint.example 
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