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Creating tissue and organ equivalents with intricate architectures and multiscale func-
tional feature sizes is the first step toward the reconstruction of transplantable human 
tissues and organs. Existing embedded ink writing approaches are limited by achievable 
feature sizes ranging from hundreds of microns to tens of millimeters, which hinders 
their ability to accurately duplicate structures found in various human tissues and organs. 
In this study, a multiscale embedded printing (MSEP) strategy is developed, in which 
a stimuli-responsive yield-stress fluid is applied to facilitate the printing process. A 
dynamic layer height control method is developed to print the cornea with a smooth 
surface on the order of microns, which can effectively overcome the layered morphol-
ogy in conventional extrusion-based three-dimensional bioprinting methods. Since the 
support bath is sensitive to temperature change, it can be easily removed after printing 
by tuning the ambient temperature, which facilitates the fabrication of human eyeballs 
with optic nerves and aortic heart valves with overhanging leaflets on the order of a few 
millimeters. The thermosensitivity of the support bath also enables the reconstruction 
of the full-scale human heart on the order of tens of centimeters by on-demand adding 
support bath materials during printing. The proposed MSEP demonstrates broader 
printable functional feature sizes ranging from microns to centimeters, providing a viable 
and reliable technical solution for tissue and organ printing in the future.

3D bioprinting | multiple scales | high-precision | human tissue and organ equivalents |  
yield-stress support bath

Reconstructing human tissues and organs from an autologous source is one of the ultimate 
goals of tissue engineering (1, 2). Engineered tissue and organ equivalents can not only 
be used as transplants to overcome the crisis of global organ shortage (3, 4) but also present 
diverse promising biomedical applications, such as surgery planning (5), education (6), 
and disease modeling (7), to name a few.

The conventional strategy in tissue engineering for reconstructing tissues and organs is 
to seed living cells onto a scaffold made from either biomaterials (8, 9) or decellularized 
natural organs (10, 11). However, it is still challenging to rebuild human tissues and organs 
with complex architectures, heterogeneous cell and tissue constituents, as well as sophisti-
cated physiological functions using this strategy. The emergence of three-dimensional (3D) 
bioprinting provides a promising technical solution that can accurately position various 
biomaterials and cells in a layer-by-layer fashion based on a patient-specific design. Of the 
three commonly used bioprinting strategies [inkjet-based (12, 13), extrusion-based (14, 15), 
and light-based (16)], extrusion-based 3D bioprinting has evoked the majority of interest 
because of its broad range of printable materials, low fabrication cost, and capability of 
depositing multiple cells/bioinks (17, 18). Particularly, embedded ink writing, a subtech-
nique of extrusion-based 3D bioprinting, has been proposed in recent years, in which a 
bioink is deposited into a predefined architecture within a support bath usually made from 
a yield-stress fluid. The bath is switchable between liquid and solid-like states during printing 
and provides stable and ubiquitous physical supports, demonstrating great potential for 
fabricating engineered tissue and organ equivalents with intricate structures (19, 20).

Human tissues and organs generally possess functional feature sizes at multiple scales 
(Fig. 1A). For example, the cornea is a transparent layer on the front of a human eyeball with 
a surface roughness on the order of submicrons (21, 22). An eyeball and aortic heart valve have 
an overall size of around tens of millimeters, but the key features [e.g., the diameter of the optic 
nerve sheath (23) and thickness of the leaflet (24)] are on the order of a few millimeters. The 
heart is one of the largest organs in the human body, which has a whole size of more than ten 
centimeters (25). Although significant success has been achieved in tissue/organ printing using 
current embedded ink writing approaches [such as freeform reversible embedding of suspended 
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hydrogel (FRESH) (1, 26–30), writing in granular gel medium  
(4, 8, 15, 31–35), nanoclay-assisted 3D printing (3, 14, 36), and 
others (7, 10, 18–20, 37–44)], the achievable feature sizes are still 
constrained on the orders of hundreds of microns to tens of millim-
eters, as summarized in Fig. 1B. This limitation is mainly attributed 
to the poor flowability of current yield-stress fluids (as summarized 
in SI Appendix, Table S1), making it difficult to add support bath 
materials on demand during printing. As a result, the overall size and 
resolution of a printable construct are directly limited by the geom-
etries (i.e., length and inner diameter) of the available dispensing 
nozzle, bioink viscosity, and cell density. To accurately duplicate 
human tissues and organs with multiscale key features, it is necessary 
to develop alternative embedded ink writing strategies.

Results and Discussion

Multiscale Embedded Printing and Potential Application Scope. 
In this work, a multiscale embedded printing (MSEP) approach is 
explored and evaluated for its effectiveness in producing engineered 
tissue and organ equivalents with enhanced precision and accuracy. 
As shown in Fig. 1C, the support bath material used in this approach 
is a stimuli-responsive yield-stress fluid, which is composed of a 
thermosensitive polymer component—Pluronic F127 and a yield-
stress additive component—nanoclay platelets. Pluronic F127 is a 
triblock copolymer that consists of poly(ethylene oxide) (PEO) and 

poly(propylene oxide) (PPO) blocks. When the working temperature 
is higher than a threshold temperature, known as critical micelle 
temperature (Tcm), the hydrophobic PPO block is surrounded by 
hydrophilic PEO blocks in a spherical micelle morphology. Numerous 
jammed micelles enable Pluronic F127 to present a gel state at the 
macroscale level (Inset of Fig. 1C). When the working temperature 
is lower than Tcm, the hydrophobic PPO core is hydrated, which 
makes PEO and PPO blocks soluble in an aqueous solvent in an 
alternating linear PEO–PPO–PEO configuration. At the macroscopic 
view, Pluronic F127 converts from a gel state to a sol state with low 
viscosity. Nanoclay is a class of 2D nanoparticles with positive and 
negative charges on the edge and faces, respectively (Inset of Fig. 1C). 
In an aqueous solvent, nanoclay platelets aggregate together due to 
electrostatic interactions, forming a “house-of-cards” microstructure. 
When an external shear stress higher than the nanoclay suspension’s 
yield stress is applied, this house-of-cards microstructure is disrupted, 
allowing suspension to transition into a liquid state. Once the external 
stress is removed or reduced below the yield stress, the disrupted 
microstructure can rapidly rebuild, causing the suspension to exhibit 
solid-like behavior. Upon mixing, the resulting nanoclay-Pluronic 
F127 nanocomposite acquires the thermosensitivity and yield-stress 
property of its individual components.

When serving as a support bath, the movement of the nozzle 
induces shear stress, creating a fluidized region around the nozzle tip 
that facilitates ink deposition within the bath. The nanocomposite 

Fig.  1. Schematic of printing human tissues and organs with multiscale functional feature sizes using the proposed MSEP method. (A) Clinical needs of 
reconstructing engineered human tissues and organs with multiscale functional feature sizes. (B) Size constraint of existing embedded ink writing approaches. 
(C) Schematic of the proposed MSEP method, in which engineered human tissues and organs are printed in a stimuli-responsive yield-stress support bath using 
a short dispensing nozzle. (D) Targeted tissue and organ equivalents and their potential applications. (Scale bars, 2.0 mm for the cornea, 10.0 mm for the eyeball 
and aortic valve, and 30.0 mm for the heart.)
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far away from the nozzle experiences shear stress lower than the yield 
stress, resulting in the formation of a solid region that stably holds a 
printed structure in situ. In addition, due to the thermosensitivity, 
sol-state support bath material can be easily added to a stackable 
container at lower temperatures because of its negligible yield stress, 
low viscosity, and good flowability. When the temperature of the 
newly added support bath rises to the ambient temperature (45), the 
printing process can be continued, as shown in Fig. 1C. Thus, it is 
technically feasible to achieve the fabrication of multiscale human 
tissues and organs using a short dispensing nozzle with a small orifice 
to ensure the resolution and cell viability, if printed. In this study, four 
representative tissue and organ equivalents, including the cornea, 
eyeball, aortic heart valve, and full-scale human heart, are recon-
structed via MSEP to demonstrate the printing capability space of 
the proposed approach, as shown in Fig. 1D.

Characterization of the Support Bath Material. In MSEP, the 
support bath material must have a sufficient yield stress at room 
temperature to effectively hold the deposited features in place 
within the bath. Herein, the effects of Pluronic F127 concentration 
on yield stress are investigated, and the results are illustrated in 
Fig. 2A. It is observed that at three representative concentrations, 
nanoclay-Pluronic F127 nanocomposites present different rheological 
behaviors. When the Pluronic F127 concentration is at a low level 

[e.g., 0.25% (w/v)], the nanocomposite possesses a low yield stress of 
0.72 Pa. When Pluronic F127 is added at a medium concentration, 
e.g., 5% (w/v), the resulting nanocomposite loses its yield-stress 
property and behaves as a shear-thinning suspension. In contrast, 
when the Pluronic F127 concentration reaches a high level [e.g., 
30% (w/v)], the nanocomposite becomes a yield-stress fluid with 
a yield stress of 380.50 Pa, significantly higher than the sum of 
the yield stress of each component (45). This phenomenon is 
attributed to the interactions between nanoclay platelets and 
Pluronic F127 polymer chains, as well as the formed microstructures 
at different concentrations. Micellization of Pluronic F127 is not 
only determined by ambient temperature but also depends on its 
concentration (46). When the concentration [e.g., 0.25% (w/v)] is 
below a critical value [usually 20% (w/v) (47)], linear PEO-PPO-
PEO chains, instead of micelles, mainly exist in the nanocomposite. 
Specifically, PPO blocks act as anchors to be absorbed onto nanoclay 
platelets since hydrophobic PPO blocks have a better affinity with 
nanoclay in the aqueous solvent (48, 49). As a result, a less densified 
house-of-cards microstructure is formed, causing the yield stress 
of the resulting nanocomposite (0.72 Pa) to be lower than that 
of pure nanoclay at 2% (w/v) [13.6 Pa (45)]. When the Pluronic 
F127 concentration increases to 5% (w/v), there are more PEO–
PPO–PEO chains to encapsulate all nanoclay platelets and prevent 
the formation of house-of-cards microstructure. As a result, the 

Fig. 2. Characterization of support bath materials and ink materials. (A) Yield stresses of nanocomposites with 2% (w/v) nanoclay (NC) and 0.25, 5, and 30% 
(w/v) Pluronic F127 (F127). (B) Thermosensitivity of the nanocomposite with 2% (w/v) nanoclay and 30% (w/v) Pluronic F127. (C) Repeatable thermosensitivity 
in multiple heating-cooling cycles. (D) Microstructure evolution in the temperature range of 5 to 45 °C (tF: face thickness, tR: rim thickness, Dm: micelle diameter, 
and dn: nearest neighbor distance). (E) TEM image of nanoclay distribution within the nanocomposite. (F) UV transparency of the nanocomposite. (G) Printability 
of bioinks with different formulas. (Scale bar, 1.0 cm). (H) Mechanical properties of bioinks with different formulas. The quantitative values in A, B, D, G, and H 
are reported as means ± SD with n = 3 samples per group.D
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nanocomposite turns into a shear-thinning fluid. At a concentration 
higher than the critical value [e.g., 30% (w/v)], Pluronic F127 
forms a jammed micelle microstructure while released nanoclay 
platelets rebuild the house-of-cards microstructure. The co-
existence of dual microstructures enables the nanocomposite to 
possess a high yield stress of 380.50 Pa, which is suitable for MSEP 
applications. Therefore, the nanocomposite with this formula [i.e., 
2% (w/v) nanoclay and 30% (w/v) Pluronic F127] is selected as 
the thermosensitive yield-stress support bath.

In order to add support bath materials during printing, the nano-
composite for MSEP must exhibit varying viscosities at different 
temperatures. Fig. 2B illustrates the viscosity change over time and 
temperature. At 5 °C, the nanocomposite possesses a low zero- 
shear-rate viscosity less than 1.0 Pa·s. This viscosity is comparable 
to or even lower than that of materials commonly processed by 
casting, e.g., polydimethylsiloxane with a viscosity of around 3.5 
Pa·s (50, 51). As a result, the good flowability at lower temperatures 
can ensure the rapid filling of containers when perfusing additional 
support bath materials in printing. When the temperature increases 
to 20 °C, the nanocomposite’s viscosity starts to increase and stabi-
lizes at a relatively high level of more than 103 Pa·s at room temper-
ature, indicating that the nanocomposite switches to a yield-stress 
fluid and is suitable to serve as a support bath. The viscosity change 
is reversible and repeatable. As shown in Fig. 2C, the nanocomposite 
demonstrates stable viscosities at lower and higher temperatures in 
three heating-cooling cycles, making it feasible to liquefy the sup-
port bath after printing for easily releasing a printed construct.

The change of macroscopic rheological behaviors upon tempera-
ture variation can be explained by the evolution of the nanocompos-
ite’s microstructure. Small angle neutron scattering (SANS) is applied 
to obtain the microstructures at different temperatures (SI Appendix, 
Fig. S1), and the results are summarized in Fig. 2D. In a low- 
temperature range (from 5 to 10 °C), Pluronic F127 exists in the 
nanocomposite in the form of linear PEO–PPO–PEO chains. The 
attachment of PPO blocks to nanoclay platelets enables nanoclay to 
be encapsulated by Pluronic F127, resulting in the formation of a 
core–shell microstructure within the nanocomposite, as shown in the 
Inset of Fig. 2D. Since nanoclay platelets are isolated from each other 
by Pluronic F127 shells, the house-of-cards microstructure cannot 
form, preventing the nanocomposite from possessing a high yield 
stress in this temperature range. The interaction distances between 
nanoclay platelets and Pluronic F127 molecules [including face thick-
ness (tF) and rim thickness (tR) in Fig. 2D] can be calculated based on 
the SANS data by Eqs. (1– 3) (48, 52) as follows:
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where Binc is the scattering contribution from an incoherent back-
ground, ϕp is the volume fraction of particles, vp is the volume of 
a single core particle, R0 is the mean radius, Rp is the radius of the 
core, σ0 is the mean SD, Q is the scattering vector, Hp is the thick-
ness of the core, ρp is the scattering length density of the core, ρl 
is the scattering length density of the shell, ρs is the scattering 
length density of the solvent, vt is the total volume of a core-shell 
unit, θ is the angle between the axis of a nanoclay platelet and the 
scattering vector, and J1 is the first-order spherical Bessel function. 
The values of the parameters for fitting the SANS data are sum-
marized in SI Appendix, Table S2. The results show that the tem-
perature change from 5 to 10 °C leads to negligible variations in 
both tF and tR. Therefore, the microstructure of the nanocomposite 
is not varied significantly, which explains the stable rheological 
behaviors in Fig. 2 B and C. However, when the temperature 
increases from 15 to 45 °C, the nanocomposite’s microstructure 
varies greatly. Pluronic F127 micelles generate and aggregate 
together to form the jammed micelle microstructure belonging to 
the polymer phase, while the detachment of PEO–PPO–PEO 
chains from nanoclay platelets results in the reconstruction of the 
house-of-cards microstructure belonging to the additive phase. 
Specifically, the house-of-cards microstructure interpenetrates with 
the jammed micelles to form an interactive dual microstructure 
in a body-centered cubic (BCC) morphology (Inset of Fig. 2D), 
which enables the nanocomposite to have a high yield stress, as 
measured in Fig. 2A. The key dimensions, including micelle radius 
(Rm = Dm/2) and nearest neighbor distance (dn), can be determined 
according to the SANS data using Eqs. 4 and 5 as follows:
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where scale is the volume fraction of the micelles, Vp is the volume 
of the primary particles, and Vlattice is the volume correction for 
the crystal structure. P(Q) and Z(Q) are the form factor of the 
normalized spheres and the paracrystalline structure factor for a 
BCC structure, respectively, which can be determined by the pub-
lished results (53, 54). It is found that in the transition regime, dn 
decreases rapidly and Rm increases slowly, which illustrates the 
micellization and jamming processes at temperatures between 10 
and 20 °C. From 20 to 45 °C, dn increases due to the rise of Rm 
because larger micelles also widen the distance between neighbor-
ing micelle lattices. The house-of-cards microstructure of nanoclay 
platelets is also imaged by transmission electron microscopy 
(TEM) at room temperature, as shown in Fig. 2E.
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such that sufficient radiation can reach the printed structure and cause 
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characterized, and the result is illustrated in Fig. 2F. In the UV wave-
length range from 325 to 500 nm, the nanocomposite presents neg-
ligible absorbance. As a result, it can serve as an exceptional support 
bath for reconstructing human tissue and organ equivalents from 
UV-curable materials.

Determination of Bioink. In this study, a sodium alginate (NaAlg)/
PEGDA mixture is selected as a photocurable bioink to print 
different human tissue and organ equivalents. The key rheological 
properties, including viscosity and shear moduli, of the mixtures 
with varying component concentrations are measured as shown in 
SI Appendix, Fig. S2A–F. The results are summarized in Fig. 2G. 
It is found that at a lower NaAlg concentration [e.g., 5% (w/v)], 
the increase of PEGDA concentration leads to the increase of zero-
shear-rate viscosity from ~1.0 to 100.0 Pa·s. In contrast, when the 
NaAlg concentration exceeds a given value [e.g., 10% (w/v)], the 
viscosity decreases with the increase of PEGDA concentration. 
Particularly, phase separation is observed when the mixture has a 
NaAlg concentration of 15% (w/v) and a PEGDA concentration of 
15% (v/v). This phenomenon is mainly attributed to the interactions 
between NaAlg and PEGDA. At 5% (w/v), alginate molecular 
chains are far apart from each other, resulting in weak intermolecular 
forces. In this case, the introduction of PEGDA enhances the end-
binding effects (55) on alginate molecular chains through promoted 
interactions between PEGDA and NaAlg, thereby increasing the 
bioink viscosity. At higher NaAlg concentrations, intermolecular 
distance is compact, which makes the bioink more viscous. 
However, the addition of PEGDA enlarges the spacing between 
alginate molecules, weakening the entanglement between polymer 
chains and reducing the viscosity accordingly (56).

For clinical applications, printed equivalents need to have 
mechanical properties comparable to human tissues and organs. 
Thus, fracture strength and elastic modulus of each NaAlg/
PEGDA mixture are characterized as shown in Fig. 2H. At a given 
PEGDA concentration [e.g., 10% (v/v)], the increase of NaAlg 
concentration from 5 to 15% (w/v) results in the raise of both the 
elastic modulus from 0.16 to 0.51 MPa and fracture strength from 
0.15 to 0.68 MPa. At a given NaAlg concentration [e.g., 10% 
(w/v)], increasing the PEGDA concentration also increases both 
the elastic modulus and fracture strength. This is because more 
hydrogels in the mixture cause the formation of a more densified 
networked microstructure after cross-linking, which also enhances 
the mechanical properties (55, 57). Since some of the mixtures 
present elastic moduli fitting into the range of human soft tissues 
[from 1.0 kPa to 1.0 MPa (58)], they can be used for fabricating 
tissue and organ equivalents. Therefore, by comprehensively eval-
uating the rheological and mechanical properties (SI Appendix, 
Fig. S2G), the mixture with 10% (w/v) NaAlg and 15% (v/v) 
PEGDA is selected as the bioink for MSEP.

The degradation property of bioink is characterized in 13 d, as 
shown in SI Appendix, Fig. S3A. In the first 3 d, the bioink spec-
imen rapidly loses 8.54% of its original mass, while in the follow-
ing 10 d, the mass loss rate becomes stable. This degradation 
process is attributed to different cross-linking mechanisms of the 
bioink. NaAlg is a physically cross-linkable hydrogel, which has 
a weaker networked microstructure after cross-linking via calcium 
ions (59). Thus, when submerged in a phosphate-buffered saline 
(PBS) solution, the phosphate component in PBS de-cross-links 
the formed calcium alginate network by taking away calcium ions 
(60), resulting in the generation of free-moving alginate chains 
(61). The diffusion of alginate from the specimen leads to the mass 
loss eventually. In contrast, the networked microstructure of 
PEGDA formed via chemical cross-linking is more stable and 
irreversible. As a result, the bioink specimen can maintain its shape 

and a relatively constant mass after 3 d (62). The alginate diffusion 
also affects the mechanical properties of bioink. As demonstrated 
in SI Appendix, Fig. S3B, the specimen, before undergoing deg-
radation, has an elastic modulus of 904.70 kPa. After immersing 
in the PBS for 3 d, the elastic modulus decreases greatly to 179.89 
kPa, even lower than that of pure PEGDA (311.13 kPa). This is 
because NaAlg and PEGDA form an interpenetrating polymer 
network in the bioink specimen. The diffusion of alginate makes 
the network less densified than that of pure PEGDA, causing the 
weakened mechanical properties. From the cell growth aspect, 
bioinks with lower stiffness can facilitate the maintenance of the 
physiological phenotype of living cells (63, 64). Also, the elastic 
modulus of the specimen after degradation/dissociation still falls 
in the range of human soft tissues. Thus, the bioink designed in 
this work is suitable for fabricating human tissue and organ equiv-
alents. The ratio of PEGDA in the bioink can be adjusted if more 
robust bioinks are needed, as shown in SI Appendix, Fig. S3A. 
With the increase of the PEGDA ratio, the mass loss decreases 
significantly in 14 d.

3D Printing of High-Precision Corneas. In extrusion-based 3D 
bioprinting, a construct is stacked layer by layer, resulting in the 
formation of layered surface morphology that is directly affected 
by the distance between adjacent layers, also known as layer height. 
As a result, it is challenging to fabricate engineered human tissues 
and organs with a surface roughness on the order of microns or 
below. In this work, a dynamic layer height control strategy is 
introduced, which can effectively eliminate the layered surface 
morphology to achieve high-precision constructs in MSEP.

In current extrusion-based 3D printing, layer height (ds) along 
the vertical direction is constant, as illustrated in Fig. 3 A-1. 
However, surface roughness is directly determined by the inter-
layer distance (df), instead of ds, as shown in Fig. 3 A-2. Thus, 
when printing a 3D structure with an inclined angle (α), df varies 
with α as: df = ds∕ sin�   . As demonstrated in Fig. 3 B-1, df is 
doubled as α decreases from 90° to 30° if ds is constant, which 
results in a deteriorated surface morphology. In the proposed strat-
egy, df is controlled as a constant while ds is dynamically adjusted 
as a function of α. Thus, the surface morphology is independent 
on the change of α, as shown in Fig. 3 B-2. The total surface 
roughness (Rt) and wall thickness (t) of inclined tubes in Fig. 3B 
are further quantified in Fig. 3C. For the constant layer height 
control, Rt decreases from 168.16 to 65.63 μm when α increases 
from 30° to 90° while t increases slightly from 0.50 to 0.59 mm. 
For the dynamic layer height control, Rt changes negligibly (from 
76.00 to 65.63 μm) and t decreases from 0.68 to 0.59 mm with 
increasing α, which validates the effectiveness of the dynamic layer 
height control strategy to make smooth surfaces.

For complex 3D structure printing, slicing using dynamic layer 
height control enhances the uniform distribution of surface rough-
ness. An L-shaped tube is printed via constant layer height control 
and dynamic layer height control, respectively. The slicing strategy 
and generated printing trajectories are detailed in SI Appendix, 
Fig. S4. Four representative positions are selected to measure local-
ized surface roughness, as shown in the Inset of Fig. 3D. Dynamically 
slicing the L-shaped tube not only controls the surface roughness 
at a relatively low level (76.27 μm) but also ensures the smooth 
surfaces in both the vertical tube section (measured position 1) and 
different cross-sections in the horizontal tube section (measured 
positions 2 to 4). Conversely, constantly slicing the L-shaped tube 
can only achieve low surface roughness at given locations (measured 
positions 1 and 3). On the top and bottom of the horizontal tube 
section, the surface roughness exceeds 300.00 μm and filaments 
even detach from each other (Inset of Fig. 3D).D
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In addition to layer height control, surface roughness is also 
affected by overlap ratio (β), which is defined as the ratio of df to 
filament diameter (D), as illustrated in the Inset of Fig. 3E. When 
β increases from 0.25 to 1.25, Rt increases greatly from 31.47 to 
167.67 μm (SI Appendix, Fig. S5A), while the thickness of the 
printed sample decreases from 1.79 to 0.41 mm (SI Appendix, 
Fig. S5B). The coupling effects of layer height control and β are 
investigated by printing cornea structures with different β values 
and variable ds. The surface roughness of each cornea is measured 
and summarized in Fig. 3E. It is observed that Rt can be tuned in 
a large range from 10.07 to 127.60 μm. Thus, an engineered 
cornea is printed at the β of 0.38, which has a surface roughness 
of 54.70 μm, as shown in Fig. 3F and Movie S1. In addition, the 
effect of this new layer height control strategy on the overall shape 
accuracy of the printed cornea is illustrated in Fig. 3G. Twenty-five 
points on the cornea profile are picked and the Euclidean distance 
from each point to the model profile is calculated. The mean 

distance is only 0.057 mm, validating that the shape accuracy is 
also guaranteed when using the dynamic layer height control. 
Finally, based on the obtained knowledge, an engineered cornea 
from GelMA is printed, which presents good transparency, as 
demonstrated in Fig. 3H. In this work, Rt is directly measured via 
software and used to quantify the surface quality, which is statis-
tically three to nine times higher than arithmetical mean roughness 
(Ra). After conversion, the printed cornea has the Ra value between 
6.08 to 18.23 μm. Therefore, as compared to other extrusion 
printed structures that have a common Ra range of over 100.00 
μm (65), the proposed dynamic layer height control strategy can 
significantly improve the surface morphology. It is noted that the 
Ra of the human cornea falls in the range of 0.23 to 0.36 μm (22). 
Future work will focus on decreasing filament diameter, another 
key factor to affect the resolution of printed products, which may 
further expand the functional feature size scope of MSEP to the 
order of submicrons.

Fig. 3. 3D printing of the high-precision human cornea by using MSEP and dynamic layer height control strategy. (A-1) Constant layer height control strategy 
in current 3D printing approaches. (A-2) Proposed dynamic layer height control strategy. Inclined tubes printed by (B-1) constant layer height control and  
(B-2) dynamic layer height control. (Scale bars, 2.0 mm.) (C) Roughness and wall thickness of inclined tubes printed by different layer height control strategies.  
(D) Distribution of roughness on L-shaped tubular structures printed by different layer height control strategies. (Scale bars, 2.0 mm.) (E) Effects of overlap 
ratio on surface roughness of cornea structures printed by dynamic layer height control. (Scale bar, 1.0 mm.) (F) MSEP of the engineered cornea with a surface 
roughness of 54.70 μm. (Scale bar, 2.0 mm.) (G) Evaluation of shape accuracy of the printed cornea. (H) Engineered cornea from GelMA with good transparency. 
(Scale bar, 10.0 mm.) The quantitative values in C–E are reported as means ± SD with n = 3 samples per group.
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3D Printing of Mesoscale Eyeballs and Aortic Valves. Eyeball is a 
sophisticated organ with a multilayered, chambered architecture. 
It is challenging to print such a structure using conventional 
embedded ink writing approaches because residual support bath 
materials encapsulated in the chamber are difficult to remove. In 
this study, we will print human eyeball equivalents using MSEP 
to demonstrate the feasibility of this printing approach. First, 
filament size control in the thermosensitive yield-stress support 
bath is investigated. The effects of path speed on filament diameter 
are illustrated in Fig. 4A. With the increase of path speed, filament 
diameter decreases, which is consistent with the reported results 
(3, 18, 37). Based on the relationship, path speed can be selected 
to form desired filaments to construct eyeballs and other tissue 
and organ equivalents. In addition, the roles of nozzle diameter 
and dispensing pressure in filament formation are demonstrated 
in SI Appendix, Fig. S6 A and B, respectively. Filament diameter 
increases with the increase of either nozzle diameter or dispensing 
pressure. When printing in a yield-stress support bath, each 

filament remains liquid before undergoing cross-linking. The 
diffusion of ink material from the filament into the surrounding 
support bath may cause filament enlargement in a long time. 
Thus, the filament diameter change over time is characterized, as 
shown in Fig. 4B. Immediately after printing, the filament has a 
diameter of 414.71 μm. After submerging in the support bath for 
15 h, the filament diameter increases to 448.17 μm with a swelling 
ratio of only 8.08%. This is because the diffusion of hydrogel 
molecules is not only dependent on the concentration difference 
(66) but also affected by the microstructure of surrounding media. 
Generally, a densified microstructure can hinder the passage of 
large hydrogel molecules, weakening the diffusion process (67). 
In this work, the dual microstructure formed within the support 
bath inhibits the diffusion of NaAlg and PEGDA molecules into 
the bath, resulting in the formation of filaments with excellent 
stability.

After understanding filament formation and stability, a homog-
enous human eyeball equivalent is printed in the support bath, as 

Fig. 4. 3D printing of mesoscale eyeballs with optical nerve structures and aortic heart valve with overhanging leaflets. (A) Filament diameter as a function of 
path speed. (B) Filament diameter change over time in the thermosensitive yield-stress support bath. (Scale bars, 1.00 mm.) (C) Homogenous eyeball printing: 
(C-1) printing the bottom section in the support bath at room temperature; (C-2) perfusing additional support bath material at 4 °C into the container; (C-3) 
UV cross-linking of PEGDA component and ionic cross-linking of NaAlg component in the printed eyeball equivalent; and (C-4) post-treatment to the eyeball 
equivalent. (D) Heterogenous eyeball printing: (D-1) anatomical architecture of human eyeball; (D-2) eyeball reconstruction using a dual extruder 3D printer; 
and (D-3) heterogenous eyeball after cross-linking. (E) Aortic heart valve with overhanging leaflets: (E-1) heart valve printing in the support bath (Inset: design of 
the human heart valve); (E-2) cross-linked heart valve releasing from the support bath (Inset: front view of the valve); and (E-3) heart valve with three separated 
leaflets [Inset: cross-section of the valve (scale bar, 5.0 mm)] and sealed leaflets with water. (Scale bars, 10.0 mm.) The quantitative values in A and B are reported 
as means ± SD with n = 3 samples per group.D
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shown in Movie S2. The eyeball model is divided into two sections. 
The bottom section is printed first at room temperature, as illus-
trated in Fig. 4 C-1. Since this temperature is higher than Tcm, the 
support bath presents a yield-stress property. The movement of 
the dispensing nozzle disturbs the interactive dual microstructure 
within the nanocomposite, leading to the localized liquefication 
of the bath material and allowing for the free deposition of bioinks. 
When the nozzle moves away, the reduction of shear stress results 
in the recovery of the dual microstructure. Thus, the support bath 
switches to the solid-like state to stably hold the printed eyeball 
section in situ. After completing the bottom section, additional 
support bath material at 4 °C is perfused into the container. At 
such a low temperature, the nanocomposite shows a low viscosity 
(Fig. 2B) and good flowability so that the newly added nanocom-
posite can rapidly and uniformly fill the container, as shown in 
Fig. 4 C-2. Once the top section is completed, ionic and UV 
cross-linking are applied by immersing the support bath in a cal-
cium chloride (CaCl2) bath at 4 °C while being exposed to UV 
radiation (Fig. 4 C-3). Because the ambient temperature is below 
Tcm, the nanocomposite switches to the sol state, and calcium ions 
diffuse through the liquefied support bath which causes the 
cross-linking of the NaAlg component in the printed eyeball. 
During UV radiation, PEGDA is photocross-linked. The formed 
interpenetrating polymer networks between NaAlg and PEGDA 
further enhance the mechanical stiffness of the eyeball, making it 
easy to remove from the support bath. Post-treatment is finally 
performed to the eyeball equivalent, as recorded in Movie S3, in 
which the eyeball construct is first placed in the refrigerator to 
liquefy the residual support bath material encapsulated in the 
chamber. Then, a nozzle is inserted into the chamber to exhaust 
the support bath material. Finally, deionized (DI) water with black 
dye is injected to validate that the chamber is hollow, as shown in 
Fig. 4 C-4. The key dimensions (SI Appendix, Fig. S7) are meas-
ured. Particularly, the optic nerve has a designed diameter of 3.80 
mm and a measured diameter of 3.86 mm. The relative error is 
only 1.58%, which demonstrates the high accuracy of the pro-
posed MSEP approach. Two more eyeball equivalents are also 
printed and their key dimensions are measured, as shown in 
SI Appendix, Table S3, which present good consistency, validating 
the outstanding robustness of the MSEP approach.

A human eyeball is composed of multiple sections (cornea, 
crystalline lens, sclera, retina, optic nerve, etc.), as shown in Fig. 4 
D-1. In this work, a dual extruder 3D printer is used to print a 
heterogenous eyeball equivalent from two bioinks: GelMA and 
NaAlg/PEGDA. The fabrication protocol is similar to that for 
reconstructing the homogenous eyeball architecture. Specifically, 
the GelMA bioink with a black dye is applied to print the retina, 
crystalline lens, and optic nerve, while the NaAlg/PEGDA bioink 
with a red dye is used to construct other sections, as shown in 
Fig. 4 D-2. The fabrication process is recorded in Movie S4. 
Because the sections from both bioinks remain liquid during print-
ing, they can fuse well with each other to enhance the mechanical 
stiffness at the interfaces after UV cross-linking (Fig. 4 D-3). As 
shown in SI Appendix, Fig. S8, the tensile specimens made from 
dissimilar bioinks fracture at the end with lower elastic modulus 
(i.e., the half made from GelMA), instead of at the interface, which 
shows the feasibility of MSEP to print complex human organs 
from multiple build materials with good interfacial bonding.

Another representative human tissue with mesoscale functional 
feature sizes is the aortic heart valve, which is composed of a sinus 
wall and three overhanging leaflets, as shown in the Inset of Fig. 4 
E-1. In conventional extrusion-based 3D bioprinting approaches 
(e.g., direct ink writing), temporary support scaffolds need to be 

printed to hold the overhanging leaflets before cross-linking, 
which not only makes the post-treatments complicated but may 
also cause damage to the printed heart valve (57, 68–70). Such 
architecture is easy to achieve via MSEP because the yield-stress 
bath can support uncured heart valve construct in situ. The result 
is illustrated in Fig. 4 E-1 as well as Movie S5. After cross-linking 
via UV radiation and CaCl2, three leaflets can be distinguished 
from each other (Fig. 4 E-2). The key dimensions of three heart 
valve equivalents are measured in SI Appendix, Table S4 to validate 
the repeatability of the MSEP approach. Specifically, the thickness 
of each leaflet is designed as 1.00 mm, and the printed valves have 
leaflet thicknesses of around 1.04, 0.93, and 1.05 mm, respec-
tively. The relative errors are only 4.0, 7.0, and 5.0%, proving the 
high accuracy of the printed heart valve equivalents. The 
cross-section of the heart valve is shown in the Inset of Fig. 4 E-3, 
from which the sinus wall and overhanging leaflets can be observed. 
The diastole and systole status of the heart valve equivalent are 
demonstrated in Fig. 4 E-3. Three leaflets can separate from each 
other under unidirectional force and seal tightly when the force 
is removed (Movie S6). DI water is dipped into the heart valve at 
the systole status (Right in Fig. 4 E-3) and no leakage is observed. 
Therefore, the printed valve has the potential to be used as a pros-
thesis for heart valve replacement in the future.

3D Printing of Full-Scale Human Heart Construct. In this work, 
a full-scale human heart is printed to prove that MSEP is capable 
of reconstructing tissues and organs with large sizes. Cross-
linking depth is investigated to explore whether the engineered 
human heart can be fully cured under UV radiation. The effects 
of exposure time and UV intensity on the cross-linking depth 
are characterized as shown in Fig. 5 A and B, respectively. It is 
observed that cross-linking depth increases greatly from 0 to 27.31 
mm after 15-min exposure to UV radiation. From 15 to 30 min, 
the cross-linking depth increases slightly from 27.31 to 30.47 
mm. As a result, the maximum cross-linking depth for the NaAlg/
PEGDA bioink is around 30.00 mm. Because the designed human 
heart has the overall dimensions of 81.31 × 64.14 × 53.59 mm3, 
bidirectional UV radiation can ensure the complete cross-linking 
of a printed heart. In addition, the cross-linking depth increases 
with increasing UV intensity. The theoretical cross-linking depth 
(Cd) in photopolymerization can be qualitatively analyzed using 
Eq. 6 (71):

	 [6]

where Dp is the penetration depth of UV light into a photocurable 
material until a reduction in irradiance of 1/e is reached, Emax is 
the maximum exposure of UV light, and Ec is the critical exposure 
at which UV cross-linking starts to occur. In this work, Emax is 
equivalent to UV intensity. Therefore, when two material-related 
parameters (Dp and Ec) are constant, the rise in UV intensity leads 
to the increase in cross-linking depth.

Since ionic cross-linking is needed to solidify the NaAlg com-
ponent, the penetration depth is measured experimentally, in 
which calcium ions can only diffuse unidirectionally into the bio-
ink encapsulated in a tube (Inset of Fig. 5C). As shown in Fig. 5C, 
the penetration depth increases with submerging time. In the 
cross-linking step during heart fabrication, the entire support bath 
is submerged in the CaCl2 bath, which results in the multidirec-
tional diffusion of calcium ions. Therefore, the exposure time and 
submerging time are determined to be 30 min and 48 h, respec-
tively, based on the heart geometries and measured data.

Cd = Dp ln
(
Emax ∕Ec

)
,
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The full-scale human heart is divided into four sections and 
sequentially printed within the thermosensitive yield-stress sup-
port bath using a short dispensing nozzle with a length of 12.70 
mm (Movie S7). A stackable container consisting of four pieces 
is designed for this purpose. After the first section of the heart is 
printed at room temperature (Fig. 5 D-1), the second piece of the 
container is added, and then the nanocomposite at 4 °C is perfused 
into the container, as shown in Fig. 5 D-2. When the temperature 
of the newly added nanocomposite reaches the working temper-
ature, the second section of the heart can be printed. By repeating 
this bioink printing-support bath adding cycle four times, the 
full-scale human heart equivalent is successfully printed (Fig. 5 
D-3). The cross-linking step and post-treatments can be seen in 
Movie S8. Particularly, after cross-linking under UV radiation for 
30 min (Fig. 5 D-4), the printed heart with the surrounding sup-
port bath material is immersed in the CaCl2 bath at 4 °C for ionic 
cross-linking. The achieved heart is illustrated in Fig. 5 D-5, and 
its key dimensions (SI Appendix, Fig. S10) are measured, as shown 
in SI Appendix, Table S5. After removing the residual support bath 
material from the heart chambers at 4 °C, DI water with black 
dye is injected into the heart from the inferior vena cava, which 
can flow out of the heart from the aorta, as shown in Fig. 5 D-6 
and Movie S9.

From the processing perspective, cell damage in embedded 
ink writing is mainly affected by shear stress τN and shearing 
time tN of cells exposed to shear stress, which cause cell defor-
mation when passing through a nozzle. When the deformation 
exceeds a threshold value (72), damages to the bilipid layer 
membrane or cortical cytoskeleton eventually lead to irreversible 
cell damage, resulting in dead cells. The total amount of dam-
aged cells during extrusion (CDtotal) can be described by: 

CDtotal = CDunit ⋅ LN = dc ∫ RN0
2�rIc

(
�N , tN

)
dr ⋅ LN    , where 

CDunit is the number of damaged cells in a unit length, LN is the 
nozzle length, dc is the cell density, RN is the nozzle radius, r is the 
radial direction of the nozzle, and Ic is the cell damage law: 
Ic
(
�N , tN

)
= ∫

tN

∫
�N

f
(
�N , tN

)
d�N dtN   , where f(τN, tN) is the prob-

ability density function. Particularly, tN and τN can be described 
by tN = LN ∕ vN  and �N = P ⋅ r∕ 2LN = vN �ink

0
r∕

(
R2
N
− r2

)
 , 

respectively (73), where vN is the velocity distribution in the nozzle 
vN = P ⋅

(
R2
N
− r2

)
∕ 2�ink

0
LN  (74), P is the dispensing pressure, 

and �ink
0

 is the cellular ink’s zero-shear-rate viscosity. Thus, the 
increase of LN directly leads to the increase of CDtotal and tN. 
Moreover, because functional tissue/organ construction needs high 
density of functional cells for proliferation and differentiation, 
�ink
0

 is usually high which requires higher P to achieve a constant 
vN compared to that of acellular inks, especially when LN is large. 
Therefore, τN also increases that results in the further increment 
of CDtotal. In the proposed MSEP, a short dispensing nozzle is 
applied to print full-scale human tissue and organ equivalents in 
a section-by-section manner, which can effectively minimize cell 
damage during printing and achieve a high cell viability. From the 
material perspective, all materials used in this work, including the 
GelMA bioink and the nanoclay-Pluronic F127 nanocomposite, 
exhibit excellent biocompatibility (75–77), making the MSEP 
strategy promising for cell printing applications.

Conclusions

In this work, we develop an MSEP strategy to print human tissue 
and organ equivalents with functional feature sizes on the orders from 

Fig. 5. 3D printing of full-scale human heart equivalent via MSEP. Cross-linking depth as a function of (A) exposure time and (B) UV intensity during photocross-
linking. (C) Penetration depth as a function of submerging time during ionic cross-linking. (D) Full-scale human heart printing: (D-1) first section printing at room 
temperature using a short dispensing nozzle; (D-2) adding the support bath material at 4 °C; (D-3) printed full-scale human heart after repeating the bioink 
printing-support bath adding cycle for four times; (D-4) UV cross-linking of the printed heart for 30 min; (D-5) engineered human heart equivalent after ionic 
cross-linking; and (D-6) heart chamber testing by perfusing DI water with black dye. (Scale bars, 10.0 mm.) The quantitative values in A–C are reported as means 
± SD with n = 3 samples per group.
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microns to tens of centimeters. A thermosensitive yield-stress support 
bath is developed to facilitate MSEP. The temperature-induced micro-
structure evolution enables the support bath material to possess 
desired rheological behaviors for both 3D structure printing and 
support bath adding purposes. Thus, it is feasible to use a short dis-
pensing nozzle to print full-scale human tissue and organ equivalents 
with larger overall sizes. The maximum size may only be constrained 
by the travel range of used 3D printer. Herein, a dynamic layer height 
control strategy is implemented, which not only overcomes the lay-
ered morphology in existing extrusion-based 3D bioprinting methods 
but also allows smooth surfaces to be uniformly distributed in com-
plex 3D structures. Using this strategy, a smooth-surfaced cornea with 
micron-level surface roughness has been printed. The support bath 
material can be liquefied at lower temperatures, making it easy to 
remove after printing. Using this merit, both homogenous and het-
erogeneous human eyeballs and aortic heart valves are reconstructed. 
Finally, a full-scale human heart on the order of tens of centimeters 
is fabricated by adding the support bath material on demand during 
printing. The proposed MSEP presents a broader printing capability 
space. Particularly, using a short dispensing nozzle to print large struc-
tures can effectively minimize cell damage during extrusion, which 
makes the fabrication of implantable human tissues and organs tech-
nically feasible. In addition, the MSEP approach can also be applied 
in different fields, such as wearable sensors and soft robotics, to deposit 
functional inks with high viscosity into complex geometries with high 
resolution. Although MSEP presents various advantages, there are 
still some limitations. On one hand, when adding support bath mate-
rials during printing, users have to wait for a specific duration to allow 
the support bath temperature increase to working temperature, which 
lowers the fabrication efficiency. 3D printers specifically designed for 
MSEP is a potential solution which can rapidly and accurately control 
the environment temperature for enhancing the fabrication efficiency. 
On the other hand, the support bath material in the proposed MSEP 
is thermosensitive, thereby limiting the printing of some thermosen-
sitive biomaterials, such as collagen. To tackle this challenge, yield-
stress fluids that are sensitive to other external stimuli, such as photo 
radiation, will be developed.

Since the focus of this study is placed on the development of 
MSEP and demonstration of its printing capability, cell-related inves-
tigations have not been systematically performed yet. However, the 
utilization of a short dispensing nozzle in the work can effectively 
reduce shear stress during cell-laden bioink extrusion, allowing the 
proposed MSEP to be expandable for printing scaled-up constructs 
with living cells. Therefore, our future work will include: 1) Testing 
cell behaviors in MSEP. Living cells, like valvular endothelial cells 
(VECs) and/or valvular interstitial cells (VICs), will be extruded 
through short dispensing nozzles to explore the interrelationships 
between nozzle geometries, cell density, and behaviors; 2) Printing 
3D constructs with cellular heterogeneity. Heterogenous eyeballs 
have been printed in this work. We will reconstruct aortic heart valves 
with both VECs and VICs to further validate the heterogeneous 
capability of MSEP; and 3) Accelerating printing process. Total print-
ing time also plays an important role when fabricating cellular con-
structs. The developed thermosensitive yield-stress support bath 
functions well at a path speed of around 20.0 mm/s. Higher speeds 
(from 20.0 to 100.0 mm/s) will be tested in the future for realizing 
the high-speed 3D bioprinting of human tissues and organs.

Materials and Methods

Materials. In this work, the nanoclay-Pluronic F127 nanocomposite was pre-
pared as the thermosensitive yield-stress support bath. The NaAlg/PEGDA mixture 
was used as the bioink material for printing human tissue and organ equivalents. 

The GelMA bioink was prepared for printing the transparent cornea and given 
components of the heterogenous human eyeball. Calcium chloride was utilized 
to ionically cross-link the NaAlg component of the bioink. The detailed steps for 
material preparation were included in Supporting Information.

Material Characterization. The rheological properties of the thermosensi-
tive yield-stress support bath as well as the NaAlg/PEGDA bioink were meas-
ured by the rheometer. The microstructures of the support bath material were 
characterized by the SANS diffractometer and TEM, respectively, at the Oak 
Ridge National Laboratory. UV transparency of the support bath was measured 
using the UV/Vis spectrophotometer. Mechanical properties of the bioinks 
were characterized by the ADMET mechanical tester. The bioink degradation 
was characterized by monitoring the mass loss ratio in 14 d. Both UV cross-
linking depth and ionic cross-linking depth were characterized by observing 
the phase/color change of the NaAlg/PEGDA ink within a homemade tubu-
lar tool. The detailed steps for material characterization were included in 
Supporting Information.

3D Structure Printing and Characterization. The EFL 3D bioprinter was used 
to print tubular structures, L-shaped tubes, quarter-ring sheets, and flat sheets 
within the support bath to investigate the effects of two layer height control 
strategies and overlap ratio on the surface roughness and thickness. The high-
precision measurement system was applied to measure the key geometrical 
parameters. Cornea constructs from the NaAlg/PEGDA bioink and the GelMA 
bioink were printed by the EFL 3D bioprinter, respectively, to study the surface 
roughness, overall shape accuracy, and transparency. The same 3D bioprinter was 
also applied to print filaments within the thermosensitive yield-stress support 
bath to investigate the effects of printing parameters on filament formation. The 
EnvisionTEC 3D bioplotter was utilized to print the engineered eyeballs, aortic 
heart valves, and full-scale human hearts at room temperature. The detailed steps 
for 3D structure printing, post-treatments, and print characterization were all 
included in Supporting Information.

Data, Materials, and Software Availability. All study data are included in 
the article and/or supporting information. Additional data is available from the 
corresponding author (yifeij@unr.edu) upon reasonable request.
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