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ABSTRACT

3D bioprinting allows the fabrication of 3-dimensional (3D) structures containing living cells
whose 3D shape and architecture are matched to a patient. The feature is desirable to achieve
personalized treatment of trauma or diseases. However, realization of this promising technique
in the clinic is greatly hindered by inferior mechanical properties of most biocompatible bioink
materials. Here, we report a novel strategy to achieve printing large constructs with high
printing quality and fidelity using an extrusion-based printer. We incorporate cationic
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nanoparticles in an anionic polymer mixture, which significantly improves mechanical
properties, printability and printing fidelity of the polymeric bioink due to electrostatic
interactions between the nanoparticles and polymers. Addition of cationic-modified silica
nanoparticles to an anionic polymer mixture composed of alginate and gellan gum results in
significantly increased zero-shear viscosity (1062 %) as well as storage modulus (486 %). As
a result, it is possible to print a large (centimeter-scale) porous structure with high printing
quality, whereas the use of the polymeric ink without the nanoparticles leads to collapse of the
printed structure during printing. We demonstrate such a mechanical enhancement is achieved
by adding nanoparticles within a certain size range (<100 nm), and depends on concentration
and surface chemistry of the nanoparticles as well as the length of polymers. Furthermore,
shrinkage and swelling of the printed constructs during crosslinking are significantly
suppressed by addition of nanoparticles compared to the ink without nanoparticles, which leads
to high printing fidelity after crosslinking. The incorporated nanoparticles do not compromise
biocompatibility of the polymeric ink, where high cell viability (> 90%) and extracellular
matrix secretion are observed for cells printed with nanocomposite inks. The design principle
demonstrated can be applied for various anionic polymer-based systems, which could lead to
achievement of 3D bioprinting-based personalized treatment.

INTRODUCTION
Bioprinting has attracted a great deal of attention as a promising technique facilitating direct
fabrication of personalized engineered tissue with patient-, and lesion-specific 3D tissue shape
and architecture.1,2 Extrusion-based 3D printing is often preferred for printing cells (i.e.
bioprinting) because it can fabricate 3D constructs with clinically relevant sizes in short
printing time which is desirable to maintain high cell viability after printing.2 However, to
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achieve high printability and printing fidelity in extrusion-based printing, ink materials should
meet certain mechanical properties such as high shear thinning and zero-shear viscosity, and
fast shear recovery properties.2 In addition, ink materials and crosslinking methods have to be
biocompatible to obtain desirable biological activities of printed cells and successful tissue
regeneration. Various bioinks have been developed by adding rheology modifiers to traditional
tissue engineering materials to secure both biocompatibility and printability. For instance, a
bioink comprising alginate and gellan gum has been developed where cooling-induced physical
gelation of gellan gum provided required shear thinning and recovery properties for printing.3
The ink allowed 3D printing of various cartilage structures based on 3D digital models and
supported chondrogenesis of encapsulated chondrocytes. In addition to gellan gum, gelatin or
methacrylated gelatin (GelMA) is another frequently utilized ink component often in
combination with alginate to provide some mechanical strength after printing.4,5 However,
polymer-based ink materials often result in only moderate printability, insufficient mechanical
strength and/or low printing fidelity due to intrinsic swelling and/or shrinking properties of
most polymeric hydrogels.6,7 In particular, when printing clinically relevant large constructs,
inhomogeneous crosslinking due to limited diffusion of crosslinking reagents or transmittance
of UV light could result in low printing fidelity, uncontrolled swelling and poor mechanical
properties.
Organic/inorganic composite materials have been studied to obtain desirable mechanical
properties and gel behaviors for printing.2,8,9,10 Typically, inorganic particles such as
laponite11,12 and fumed silica13,14 are added to polymeric solutions to give them a sufficient
zero shear viscosity and shear thinning properties. In particular, laponite is utilized intensively
for bone tissue engineering and 3D printing due to its unique osteoinductive properties and
shear thinning from the “house of cards” structure.11,12,15 More recently, interactions between
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nanoparticles (NPs) and polymers have been actively manipulated to control mechanical
properties of nanocomposite hydrogels. Appel et al16 reported that hydrophobic-modified NPs
within the certain diameter range can solely crosslink the polymers with hydrophobic moieties
to form a gel via hydrophobic interactions between the NP surfaces and polymers. They
reported that the diameter of NPs should be similar to, or smaller than the persistence length of
the polymer chain to achieve NP-mediated crosslinking. In the follow-up study, they
crosslinked anionic polymers by utilizing the same hydrophobic NPs and a positively charged
surfactant which electrostatically interact with both NPs and polymers to crosslink them.17 In
another study, the formation of covalent linkages between magnetic NPs and modified
poly(ethylene glycol) resulted in stiff nanocomposite hydrogels at a very low NP
concentration.18 The mechanical properties of nanocomposites were significantly affected by
the size of used NPs: a NP dispersion with 8 nm-diameter was found to be the optimal size for
mechanical enhancement, which was attributed to the maximum interacting surface area and
minimum aggregation of NPs compared to 4 or 12 nm.
Here, we report for the first time that sub-100nm cationic-modified silica NPs can effectively
crosslink anionic polysaccharides, which results in high printability and 3D printing fidelity.
(Figure 1A) Despite of great advantages of solid silica NPs (SiNPs) including control of size,
cost, reliability, reproducibility and large-scale production,19 the use of SiNPs in
nanocomposite applications has been limited due to marginal increase in mechanical properties
(high viscosity or shear thinning properties) and their limited interactions only with several
synthetic polymers such as poly(acrylic acid) or polyacrylamide.19,20,21 By cationic
modification of SiNP surfaces, particles can electrostatically interact with a variety of anionic
polysaccharides commonly used in tissue engineering (Figure 1B). We hypothesize that 1)
cationic SiNPs within a certain size range would reversibly crosslink anionic polymers to
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provide shear thinning and recovery properties and 2) addition of cationic SiNPs will suppress
swelling of gels by reducing hydrophilicity and thus improve printing fidelity. In fact, addition
of cationic SiNPs to a bioink composed of two anionic polysaccharides, alginate and gellan
gum, resulted in significant improvement in printability, mechanical strength and printing
fidelity.

RESULT
Commercially available LUDOX SiNPs were used as an unmodified, anionic control SiNP
and as starting material for aminopropyl-modified aminated cationic SiNPs (AmNPs). After
aminopropyl-modification, the size and zeta potential of SiNPs changed from 37.6 nm and 25.8 mV to 41.58 nm and +28.7 mV, respectively (Table S1). To confirm the interactions
between the AmNPs and polymers, the AmNP dispersion was added to various polymers with
different charges. As expected, addition of AmNPs to anionic polymers, heparin (Hep), gellan
gum (gellan), chondroitin sulfate (CS), carboxymethylcellulose (CMC), and alginate, resulted
in increased turbidity, which indicates formation of polymer-AmNP complexation. (Figure 1B)
On the other hand, when positively charged polymers (polyethyleneimine (PEI) or chitosan
(Chi)) were mixed with AmNPs, the turbidity change was not observed. The NP-polymer
complexation was further confirmed by measuring light scattering using a UV-Visible
spectrometer, where intensity of scattered light corresponded well to the turbidity changes
(Figure 1C): significant light scattering was observed for anionic polymers mixed with
AmNPs, whereas the light scattering by mixtures of cationic polymers and AmNPs was
negligible. The interaction between differently charged NPs and anionic polymers was studied
using an alginate solution (2 mg/mL) and SiNPs or AmNPs. The turbidity of the alginate
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Figure 1. Interaction of NPs with various polymers. A) Schematic presentation of 3D printing
utilizing AmNP-based nanocomposite inks. B,C) Photos (B) and UV spectra (C) of mixtures
comprising AmNPs and various polymers with different charges. D) Interactions of alginate
with AmNPs or SiNPs according to NP concentrations. E) Zeta potentials of alginate solutions
mixed with AmNP dispersion with different concentrations.
solution started to change when an AmNP dispersion at 0.5 mg/mL was added, and increased
with increasing concentrations of AmNPs. (Figure 1D) On the other hand, addition of same or
higher amounts of SiNPs (0.5 – 2.5 mg/mL) did not result in any turbidity changes. Lastly, zeta
potentials of mixtures composed of alginate and AmNPs were measured. (Figure 1E) The zeta
potential of an alginate solution was -70.4 mV without AmNPs. The value increased with
increasing amounts of AmNPs, and turned positive when the concentration of an added AmNP
dispersion was higher than ~2.0 wt%. The result implies that AmNPs electrostatically bind to
polymers to form complexation during which charge neutralization occurs.
Nanocomposite inks were prepared by adding NPs to a mixture of two clinically compliant
anionic polysaccharides, alginate and gellan. The polymer mixure has been reported as a bioink
6

Figure 2. Mechanical properties of inks and crosslinked hydrogels. A-C) Shear thinning (A),
shear recovery (B) and storage moduli (C) of Alg/Gellan inks without/with AmNPs. D) Storage
modulus of Alg/Gellan inks without/with AmNPs prepared using alginate with different
molecular weight (MW). E) Storage modulus of Alg/Gellan inks (Alg-Short) with different
amounts of AmNPs. F) Storage modulus of Alg/Gellan inks without NPs, with AmNPs, and
with SiNPs. G) Storage modulus of Alg/Gellan inks (Alg-Short) with AmNPs having different
diameters. H, I) Storage (H, Alg-Short) and compressive (I, Alg-Short and Long) modulus of
Alg/Gellan inks with/without AmNPs after calcium crosslinking for 30 min. *P-value < 0.05;
***P-value < 0.001; ns: Not significantly different
where gellan provided shear thinning and recovery properties.3 Although the polymeric ink
was shown to have good printability and biocompatibility, it showed poor printing fidelity after
7

calcium crosslinking due to swelling and shrinkage of the gel. (Figure 3D,E) We prepared inks
comprising alginate and gellan without (Alg/Gellan, 3 and 3.5 w/v%, respectively) or with
AmNPs (Alg/Gellan/AmNPs). Addition of AmNPs (6 wt%) resulted in significantly enhanced
shear thinning (Figure 2A) with much higher zero shear viscosity (2,930 Pa s, 1062 % increase)
than the Alg/Gellan ink (252 Pa s). A 6 wt% AmNP dispersion alone had very low zero-shear
viscosity and hardly exhibited shear thinning properties. (Figure S1A) Both Alg/Gellan inks
with and without AmNPs exhibited desirable fast shear recovery behaviors although the storage
moduli slightly decreased after the second high-strain phase (to 72 % for Alg/Gellan and 85 %
for Alg/Gellan/AmNP) compared to the initial values. (Figure 2B) In addition, the storage
modulus (G’, at 1 rad/s) increased by 486 % with AmNPs. (Figure 2C) The increased G’ was
attributed to increased crosslinking density (i.e. decreased pore sizes) by AmNP-mediated
crosslinking, which was confirmed by scanning electron microscopy (SEM) analyses (Figure
S2). The gels with AmNPs had much smaller pore sizes compared to the ones without NPs.
We further studied how various factors affect the mechanical properties of the nanocomposites.
First, alginates with different MW (Table S2) were used to prepare the inks to study the effect
of alginate chain lengths on mechanical properties. The storage moduli of Alg/Gellan inks
without NPs changed according to the alginate chain length (Figure 2D). In particular, when
the shortest alginate (Alg-Short) was used, the storage modulus of the ink significantly
decreased compared to the others (Alg-Long or Alg-Med). Addition of AmNPs to each ink
resulted in enhanced G’. Interestingly, the degree of enhancement was highest for the ink with
Alg-Short (485.7 % increase for Alg-Short, 98.5 % increase for Alg-Long). Next, the effect of
the concentration of added AmNPs was studied using inks with Alg-Short. (Figure 2E) At a
low AmNP concentration (2 wt %), no significant change in G’ was observed. However, it
started to increase when 4 wt% AmNP was added and continued to increase with increasing
8

AmNP amounts. To study the effect of the NP surface charge on mechanical properties,
Alg/Gellan inks with SiNPs or AmNPs were prepared using either Alg-Short or Alg-Long. We
did not prepare the ink with Alg-Med because no significant difference was observed between
the ink with Alg-Long and Alg-Med. For an Alg/Gellan ink with Alg-Long, addition of SiNPs
did not result in significant increase in storage modulus, and the storage modulus of an ink with
Alg-Short slightly increased by added SiNPs. (Figure 2F) In the SEM analysis, we confirmed
that the crosslinking density of an Alg/Gellan with SiNPs was lower than that of the one with
AmNPs, where the smaller pore sizes were observed for the gel with AmNPs compared to the
one with SiNPs. The result shows that unmodified SiNPs did not crosslink the alginate and
gellan as much as AmNPs did. (Figure S2)18,22 The size of NPs was critical for the mechanical
strengthening effect of the nanocomposites. Addition of AmNPs with 108 nm in diameter to
an Alg/Gellan ink did not result in significant mechanical enhancement. When AmNPs with
25 nm in diameter were added to an Alg/Gellan ink (Alg-Short), the degree of mechanical
enhancement was not significantly different from the nanocomposite with AmNP-41 nm. (Pvalue = 0.866) (Figure 2G) Lastly, the mechanical properties of gels after calcium crosslinking
were analyzed. The storage modulus increased with addition of AmNPs (Figure 2H for AlgShort, Figure S1B for Alg-Long). In addition, ~50 % higher compressive moduli were
observed for the nanocomposite gels compared to the polymeric gels (Figure 2I). In addition,
as we hypothesized, swelling of gels was suppressed with AmNPs, which was confirmed by
calculating equilibrium swelling and swelling ratio (Figure S3).
Next, printing was performed using an extrusion-based printer to study printability and
printing fidelity of the inks. The Alg/Gellan ink prepared using Alg-Short could not be extruded
in a continuous uniform strand (Video S1) due to its low viscosity. In addition, when printing
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Figure 3. Printability and printing fidelity of prepared inks. A) Left 4 images: Grid structures
with small (1 layer) or medium (2 layers) spacing printed using Alg/Gellan inks with/without
AmNPs (with Alg-Short). Right 4 images: Grid structures with small (2 layer) or medium (2
layers) spacing printed using Alg/Gellan inks with/without AmNPs (with Alg-Long). B)
Printing 8th and 10 th layer using Alg/Gellan inks with/without AmNPs. Red arrows indicate
just extruded line that was not properly deposited on the below printed layer due to collapse.
C) Images of printed 10-layered grids (2*2 cm) before and after crosslinking. The red boxes
have the same size. D) Images of printed ears and 3D scans of printed ears after crosslinking.
Bar=5 mm E) Digitalized images of crosslinked ears. The color indicates dimension difference
between the printed, crosslinked construct and the original 3D digital model. The grey
background is the outline of the 3D design used.
lines with the ink, an extruded line quickly merged to the already printed lines. (Figure 3A,
left) Addition of AmNPs to the ink dramatically improved its printability: uniform lines could
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be continuously extruded (Video S2), and the grid structures were maintained with high
printing fidelity. Next, printability of an Alg/Gellan ink with Alg-Long was assessed. Although
printability of the ink was better than that of the Alg/Gellan ink with Alg-Short, the linemerging phenomena was observed when printing a grid with small spacing so that most of
printed pore structures closed during printing. (Figure 3A, right) Even when printing a grid
with medium spacing, low printing fidelity was observed where the angular pore shape was not
kept after printing due to diffusion of the ink at the intersections.23 With AmNPs in the ink,
both line-merging phenomena and ink diffusion at the intersections were greatly suppressed so
that both grid structures with small or medium spacing were printed with high fidelity. All
printed pores maintained open structures and kept their angular shapes without notable merging
or diffusion at the intersection (Figure 3A), which was even higher printing fidelity than those
of the nanocomposite ink with Alg-Short (Figure S4). To further assess the printability, a 10layered grid structure (Figure S5A) was printed. When printing a multi-layered porous
structure, some parts of the extruded lines inevitably are printed on air (pore), for which high
G’ of an ink is highly desirable to prevent collapse of porous structures and achieve highquality printing.24 In fact, when the grid was printed using an Alg/Gellan ink, low-quality
printing was observed after printing seven layers due to accumulated line-drooping events.
(Figure S5B) As accumulation of line-drooping events led to significant collapse of the printed
construct, the actual height of the printed construct was smaller than the 3D design so that the
extruded line was printed on the air instead of the underlying construct. As a result, low-quality
printing was observed as indicated by red arrows in Figure 3B. On the other hand, with an
Alg/Gellan/AmNP ink, the same grid was printed without any collapse, which was attributed
to high G’ of the Alg/Gellan/AmNP. In addition, for a grid printed using an Alg/Gellan ink,
most of pores closed during and after printing due to line-merging phenomena and low-quality
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printing, whereas none of pores closed in the grid printed using an Alg/Gellan/AmNP ink.
(Figure 3C, left column) Furthermore, after crosslinking in a calcium chloride solution, the
grid without AmNPs shrank significantly (~10% decrease in length of each side) (Figure 3C,
right column, Figure S5C,D). However, the grid with AmNPs maintained its dimension
without notable shrinkage. Finally, we printed an ear as a clinically relevant, large (centimeterscale) structure. Based on the same 3D ear model, printing was performed using an Alg/Gellan
(Alg-Long) ink with or without AmNPs or Alg/Gellan (Alg-Short) ink with AmNPs. We did
not use the Alg/Gellan (Alg-Short) ink without AmNPs because it is not printable as
demonstrated above. With all three inks used, ear structures were printed without any
pronounced collapse. However, the use of an Alg/Gellan ink without AmNPs resulted in
smaller hole in the middle (Figure 3D, Top) than the 3D digital design (Figure S6), whereas
printing with Alg/Gellan/AmNP inks resulted in high printing fidelity. (Figure 3D, Middle row
& bottom) Furthermore, after 1 hr in crosslinking solution, the ear printed using an Alg/Gellan
ink severely shank and swelled, which eventually led to low printing fidelity. In contrast, both
swelling and shrinking were greatly suppressed for the ears printed with Alg/Gellan/AmNP
inks. (Figure 3D) The crosslinked ears were further digitally analyzed to determine the
retention of shape. The degree of swelling was presented by the deviation between the 3D
design and printed construct. (Figure 3E) The degree of swelling varied according to the
location in a gel. However, throughout the ear, suppressed swelling was observed for an ear
printed using AmNP-containing inks. In addition, even after 1-week incubation in PBS at 37
o

C, higher structural fidelity of ears printed with nanocomposite inks was observed compared

to the one printed with the control ink even though all ear structures swelled to a certain degree.
(Figure S7)
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Figure 4. Biocompatibility of the inks. A) Live/dead staining image of printed cells using an
Alg/Gellan/AmNP ink. B) Viability of printed cells with an Alg/Gellan or Alg/Gellan/AmNP
ink according to culture time. *P-value < 0.05; **P-value < 0.01; ns: Not significantly different
C) Immunostaining of collagen I and II expressed by printed cells after 6 weeks of in vitro
culture. D) Safranin O/Fast green staining of printed cells after 6 weeks of in vitro culture. For
all the staining, inks prepared with Alg-Long were used. Bar=100 µm
Lastly, we investigated biocompatibility of the nanocomposite inks. We chose chondrocytes
as a cell component considering that cartilage tissue is one of the most targeted tissue in
bioprinting research due to its avascularity, a single resident cell type (chondrocytes) and the
fact that the function of cartilage is strongly related to its shape.25 Bovine chondrocytes were
isolated from bovine knee articular cartilage and added to each ink. When the cell-containing
13

inks were casted in a gel caster and crosslinked, the viability for both Alg/Gellan inks (AlgLong) with and without AmNPs was around ~90 % at day 4. (Figure S8) When the same
bioinks were printed and crosslinked, the viability at day 0 was comparable to that of casted
gels (Figure 4 A,B). The viability decreased to 60-70 % at day 3 for both inks, however, it
recovered after 1 week of in vitro culture. The printed gels were cultured in chondrogenic media
supplemented by TGFβ-3 to confirm the secretion of extracellular matrix by printed
chondrocytes. The gels were collected after 6 weeks of culture, and sections immunostained
for Collagen I (Col I) and II (Col II). (Figure 4C, Figure S9 for negative IgG control) Col II,
the main collagen type present in hyaline cartilage,26 was distributed uniformly throughout a
gel, although Col I expression was not efficiently suppressed. Furthermore, we also confirmed
uniform expression of glycosaminoglycans (GAGs) by safranin O staining. (Figure 4D) When
the nanocomposite ink with Alg-Short was used for printing cells, uniform and intense
expression of collagens and GAGs was observed (Figure S10) similar to the results of the inks
with Alg-Long.

The results show that the presence of the AmNPs in a gel does not

compromise the matrix secretion by cells.

DISCUSSION
Addition of cationic NPs to an anionic polymer mixture led to significant mechanical
enhancement in terms of shear thinning properties, zero-shear viscosity, G’ and mechanical
strength after crosslinking, which is attributed to reversible, electrostatic crosslinking of
polymers by the NPs. We demonstrated such a mechanical enhancement by AmNPs is affected
by several different factors. An Alg/Gellan with Alg-Short exhibited lower G’ compared to an
Alg/Gellan with Alg-Long. Interestingly, when AmNPs were added to the ink with Alg-Short,
the G’ increased by 485.7 % which is much higher enhancement compared to the ink with Alg14

Long. According to a previous study,27 the observed difference in mechanical enhancement
between two inks could be because the number of polymer chains adsorbed by a particle (N)
decreases with increasing polymer MW due to larger free adsorption site on a longer polymer
chain. In the study, G’ of a composite gel composed of poly(ethylene oxide) and laponite
decreased with increasing MW of poly(ethylene oxide). In addition, several studies18,28
suggested that mechanical enhancement by NPs in a composite material is possibly because
NPs act as ‘crosslink epicenters’ which bring multiple polymer chains to one point (surface of
a NP) and connect them. Therefore, the higher N number implies more efficient crosslinking
by a NP. Furthermore, another study reported that the longer polymer chain is used in a
nanocomposite, the more aggregations are induced due to the weaker interaction with NPs.29
Indeed, we experienced more clogging for the ink with Alg-Long and AmNPs compared to the
one with Alg-Short and AmNPs. When agglomeration is induced in a composite, the number
of NPs with effective interacting surface area is reduced, which would lead to reduced
interactions between NPs and polymers and thus decreased mechanical enhancement.18
Therefore, we conclude that the higher degree of mechanical enhancement of the ink with AlgShort possibly results from both the higher N number and less agglomeration compared to the
ink with Alg-Long. In addition to the MW of alginate, the surface functionality of NPs greatly
affected the mechanical property, where addition of unmodified SiNPs to polymers resulted in
only slightly increased G’. In general, SiNPs are known to interact with certain synthetic
polymers via hydrogen bond formation.

20,21

However, for polysaccharides, no such a

significant interaction has been reported, and we also confirmed that addition of SiNPs did not
have significant impact on mechanical properties of the Alg/Gellan. Thus, the result strongly
implies the observed mechanical enhancement by AmNPs is attributed to strong electrostatic
interactions between anionic polymers and cationic AmNPs as we hypothesized. The size of
15

NPs was another critical factor which affected mechanical properties of the nanocomposite
inks. Addition of AmNPs larger than 100 nm did not result in any enhancement in G’, which
is probably because such a large particle does not provide sufficient interacting surface area
required for mechanical enhancement. In addition, when the diameter of NPs is too large
compared to the persistence lengths of polymers in the nanocomposite, the NPs cannot be
bridged by a polymer strand but are rather coated by polymers.16 Considering the reported
persistence lengths of alginate (~15 nm
temperature

31

30

) and gellan (9.4 - 98 nm depending on the

), the NP with 108 nm in diameter would likely induce surface coating by

polymers rather than crosslinking. No significant difference in G’ was observed between
Alg/Gellan/AmNP inks prepared using AmNPs with 25 or 41 nm. Although the smaller particle
(25 nm) has the larger interacting surface area than the larger one (41 nm), the smaller particle
also has higher tendency to aggregate.18 Thus, the actual interacting surface area of the smaller
particles is possibly reduced by aggregation.
The mechanical enhancement by added AmNPs led to significantly improved printability
and printing fidelity. The ink with AmNPs allowed printing small spacing grid structures with
high printing quality, which means the printing resolution is improved. In addition, when
printing a medium spacing grid structure with an Alg/Gellan ink, the printed angular pore
structure was quickly lost due to diffusion of the ink at the intersections.23 (Figure 3A, right,
inset) In contrast, the use of an Alg/Gellan/AmNP ink for printing the same structure resulted
in high shape fidelity. (Figure 3A, right, inset) Furthermore, an ink with AmNPs enabled
printing of a tall (10 layer), porous structure without collapse of underlying strands. A material
with high yield stress can maintain the straight filament shape on the air better without collapse
than the material with low yield stress.24 (Figure S5B) Thus, printing the tall structure using
the ink without AmNPs which has low yield stress (10.8 Pa) resulted in low-quality printing
16

after printing ~7 layers due to collapse of the printed layers. In contrast, the nanocomposite ink
(yield stress of 51.4 Pa) exhibited much better printability without notable collapse. In addition
to printability, the printing fidelity was greatly improved with AmNPs where swelling and
shrinking of printed gels were suppressed during crosslinking. Suppressed swelling is
attributed to higher crosslinking density (Figure S2) as well as decreased hydrophilicity32
which was confirmed by increased zeta potentials of alginate solutions with AmNP additions.
(Figure 1D) Suppression of shrinkage by AmNPs improved printing fidelity of printed
constructs after crosslinking. (Figure 3C,E) The observed shrinkage for Alg/Gellan gels is
possibly due to swelling of the gel in the vertical direction. (Figure S5E, Figure 3E) Rapid,
diffusion-driven calcium crosslinking of Alg/Gellan gels led to formation of a shell-like layer
near the gel surface, (Figure S11) which resulted from efficient ion diffusion at the gel surface
and thus high crosslinking density.33,34 The highly crosslinked shell structure could physically
limit the swelling-driven volume expansion of the gel, and thus, the vertical volume expansion
(swelling) could lead to shrinkage in the horizontal direction for a given volume of the gel. We
observed that printed constructs with higher degree of swelling such as a small spacing multilayered grid or large ear structure tended to shrink in a greater extent compared to gels with
lower swelling. For gels with AmNPs, thus, the shrinkage was suppressed possibly due to
suppressed swelling. The exact mechanism of the gel-shrinkage, however, should be further
studied.
For both inks with/without AmNPs, reduced viability of printed cells was observed at day 3.
(Figure 4B) Considering that the ‘day 0’ test was performed right after the printing and
crosslinking, it seems that some of cells damaged during printing9 eventually died and were
detected at day 3. However, no significant difference between two inks was observed at day 3.
In addition, the viability recovered the level higher than 90 % after 1 week of culture for both
17

gels. More importantly, the uniform expression of collagens and GAGs was confirmed for both
gels. (Figure 4C, D) Safranin O is a cationic dye that stains negatively charged GAGs in tissue
via electrostatic adsorption. Thus, the dye also stained the gels even without cells but less
intensively compared to the gels with cells. (Figure S12) In addition, the intensity of the
background staining was significantly lower for the ink with AmNPs than the one without
AmNPs possibly due to reduced negative charges in the gel with AmNPs.

CONCLUSION
We demonstrated that addition of cationic NPs to anionic polymeric bioinks greatly
enhanced printability during printing, and printing fidelity and mechanical strength after
crosslinking. In particular, the cationic NPs efficiently suppressed swelling and shrinking
behaviors of printed gels, which is attributed to decreased hydrophilicity and high crosslinking
density of the NP-containing gels. In addition, the nanocomposite gels supported the growth
and extracellular matrix secretion of printed chondrocytes as much as the control gels did.
Considering that many of tissue engineering and bioprinting systems utilize anionic
polysaccharides such alginate and hyaluronic acid, the design principle incorporating cationic
NPs could be extensively applied to various systems and be a key component of advanced
materials in tissue engineering and personalized regenerative medicine.

EXPERIMENTAL SECTION
Preparation of inks All inks were prepared in a solution containing 300 mM glucose (SigmaAldrich) and 20 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES, SigmaAldrich) at pH 7.4. To prepare a control ink, alginate and gellan powder were added to the
18

solution followed by magnetic stirring at 90 oC and 300 rpm for 1 h. Then, the mixture was
taken from the oil bath and vigorously mixed with a spatula until it cooled down to RT. To
remove agglomerations, the ink was post-processed using two-syringes connected to each other
by a lure connector with a small homogenizing screw (Medmix Systems AG, Risch-Rotkreuz,
Switzerland). The ink was passed through the connector back and forth for 5 min. Finally, the
ink was centrifuged at 3000 rpm for 30 min to remove air bubbles. Inks containing SiNPs or
AmNPs were prepared according to the same method described above but NPs were added to
the Glucose/HEPES solution at typically 6 wt% prior to additions of polymer powder. All inks
were used for mechanical testing and printing within 7 days.
Mechanical testing Rheology of all inks and gels were characterized using a rheometer (MCR
301, Anton Paar, Zofingen, Switzerland) with a flat plate geometry (diameter of 20 mm for
inks and 10 mm for gels) at 25 oC. The measuring chamber was saturated by water vapor to
prevent samples from drying. For assessing shear thinning properties, viscosity of an ink was
measured in a range of shear rate (0.01 – 500 1/s) with a gap of 0.5 mm. In a shear recovery
test, storage (G’) and loss (G”) modulus were recorded at a frequency of 1 Hz for an ink
exposed to mechanical cycles as follows: at 0.5% strain for 200 s – at 1000 % strain for 10 s –
at 0.5% strain for 600 s – at 1000 % strain for 10 s – at 0.5% strain for 600 s. To measure
storage modulus, a frequency sweep test was done with 0.07 % strain and in a range of
frequency (100 – 0.1 rad/s). The strain used for the frequency sweep test was determined within
the linear viscoelastic (LVE) range by an amplitude sweep test. Compression test for gels was
performed using a texture analyzer (TA.XT plus, Stable Micro Systems). For that, an ink (50
µl) was casted in a gel caster with 1 mm thickness and crosslinked in a crosslinking solution
(CaC12 100 mM, NaCl 70 mM) for 30 min. Afterwards the gel was cut into 6 mm using a
biopsy punch. The compressive test was performed with a probe speed of 0.01 mm/s until 25%19

strain is reached. The young’s modulus was calculated from a slope of the resultant stressstrain curve in a linear region (5-10 %, R2>0.99).
3D printing Design of 3D objects was done with software, Autodesk Fusion 360. G-codes were
created using Slicer software based on created 3D object files (.stl). Printing acellular
constructs was performed using an extrusion-based 3D printer from Cellink (INKREDIBLE,
Gothenburg, Sweden). The typical printing pressure ranges were 35-40kPa for the control ink
and 40 – 50 kPa for inks with AmNPs. A needle with a diameter of 410 µm was used for all
printing. The printing speed was controlled in the range of 10 – 20 mm/s. For printing cells,
another extrusion-based 3D printer (Biofactory, RegenHu, Switzerland) installed in a sterile
hood was used, but other printing conditions were controlled in the same range used for the
INKREDIBLE printer. To prepare cell-containing inks, a cell suspension with 1*108 cells/mL
was added to an ink at 1:9 (v/v) followed by gentle mixing with a spatula. The ink was then
loaded to a printing syringe and used for printing. After printing, printed constructs were
crosslinked in the crosslinking solution with gentle shaking (70 rpm) for 1 h. For the swelling
tests, the crosslinked ears were transferred to a tube filled with 20 mL PBS, and incubated at
37 oC for 7 days.
Image analysis For digital analyses, the ears were scanned using a 3D scanner (Mono scan,
Smart optics sensortechnik GmbH, Bochum, Germany). In order to estimate the point-wise
shape deviation between the 3D digital design of the ear (reference triangular mesh model R)
and the 3D scan of a printed construct (triangular mesh model P), it was necessary to obtain a
dense correspondence between their surfaces via a non-rigid registration process where the
reference model R is deformed. First, 20 landmarks were defined over the surface of R, and
their counterpart points were picked over the surface of P. Based on these 20 pairs of points, a
Procrustes analysis lead to the rigid alignment of R on P, resulting in R0. The same landmarks
20

were then used as the control points of a Thin-Plate Spline deformation,4 resulting in R1. The
vertices of the warped model R1 were then projected onto the surface of P, and used as target
points in a smooth deformation stage involving the mesh Laplacian (Laplacian surface editing5)
and resulting in R2. The mesh R3 was finally obtained as the projection of R2 onto P, thus
providing the desired dense correspondence : the point-wise shape deviation was derived as
the Euclidean distance between the vertices of R0 and their counterpart in R3
Cell culture and viability test All reagents for cell culture and staining were purchased from
Life Technologies (Zug, Switzerland) unless stated otherwise. Chondrocytes were isolated
from bovine knee cartilages. For the isolation, firstly, pieces of cartilages were collected from
a bovine knee cartilage and minced into small pieces (<1*1*1 mm). The minced cartilage was
treated with collagenase (9.6 mg pear 1 g cartilage) at 37 oC with mild shaking for 5 h.
Afterwards cells were collected by filtering them through a sieve with a mesh size of 100 µm
followed by centrifugation at 250 g for 8 min. The cell pellet was dispersed in a culture medium
and washed once followed by centrifugation at 250 g for 6 min. Finally the cells were frozen
in a recovery media and stored in liquid nitrogen. For viability test, cells were expanded to
passage 3 in a culture medium (No.31966) supplemented with fetal bovine serum (FBS),
gentamycin 10 µg/mL, and ascorbic acid (Sigma-Aldrich) 50 µg/mL. The cells were added to
each ink at 1:9 (v/v), and the cell-containing ink was either casted or printed followed by
crosslinking for 30 min. The gels were incubated at 37 oC and 5 % CO2 for 0, 3, 7, or 21 days.
For live/dead staining, gels were collected at each time point, washed twice with PBS, and
incubated in a staining solution containing calcein-AM (2 µM) and propidium iodide (5.88
µg/mL, Sigma-Aldrich) in PBS for 30 min. Afterwards the gels were washed with PBS and
imaged using a microscope (Axio Observer, Carl Zeiss, Oberkochen, Germany).
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