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A B S T R A C T   

Formation of graded biomaterials to render shape-morphing scaffolds for 4D biofabrication holds great promise 
in fabrication of complex structures and the recapitulation of critical dynamics for tissue/organ regeneration. 
Here we describe a facile generation of an adjustable and robust gradient using a single- or multi-material one- 
step fabrication strategy for 4D biofabrication. By simply photocrosslinking a mixed solution of a photo
crosslinkable polymer macromer, photoinitiator (PI), UV absorber and live cells, a cell-laden gradient hydrogel 
with pre-programmable deformation can be generated. Gradient formation was demonstrated in various poly
mers including poly(ethylene glycol) (PEG), alginate, and gelatin derivatives using various UV absorbers that 
present overlap in UV spectrum with that of the PI UV absorbance spectrum. Moreover, this simple and effective 
method was used as a universal platform to integrate with other hydrogel-engineering techniques such as 
photomask-aided microfabrication, photo-patterning, ion-transfer printing, and 3D bioprinting to fabricate more 
advanced cell-laden scaffold structures. Lastly, proof-of-concept 4D tissue engineering was demonstrated in a 
study of 4D bone-like tissue formation. The strategy’s simplicity along with its versatility paves a new way in 
solving the hurdle of achieving temporal shape changes in cell-laden single-component hydrogel scaffolds and 
may expedite the development of 4D biofabricated constructs for biological applications.   

1. Introduction 

Shape-morphing hydrogels that undergo well-defined deformation 
have been regarded as some of the most promising adaptable materials 
[1] for a wide range of applications in tissue engineering [2,3], 
soft-robotic manipulation and locomotion [4], environmental sensing 
and actuation [5], drug carriers [6], microelectronics [7], and cell 
scaffolding [8,9]. Particularly, the utilization of shape-morphing 
hydrogels for 4D biofabrication, referring to the formation of a 3D 
cell-laden (embedded or seeded) hydrogel bio-construct predesigned to 
achieve specific geometrical transformation over time [10], is gaining 
burgeoning momentum because of its potential to enable accurate bio
mimicry of the functionality and intricate architecture of native tissue
s/organs [11]. This emerging technology is drawing widespread interest 
as a strategy to engineer tissues and organs [12]. For example, by 
seeding cells on the hydrogel surface, Jiang et al. fabricated 
vascular-mimicking tubular constructs with high precision and tunable 

sizes using a stress-induced rolling membrane (SIRM) technique [13]. In 
another example, Zhang et al. developed a 4D physiologically adaptable 
cardiac patch with seeded cells on the hydrogel surface for the treatment 
of myocardial infarction [14]. 

Although there has been substantial progress to date in the field of 
hydrogel-based 4D biofabrication, there remain limited available cyto
compatible materials capable of undergoing 4D transformations in a 
physiological environment [2]. For 4D hydrogels to support live-cell 
encapsulation, the materials used must be stringently cytocompatible 
and the hydrogel fabrication conditions must be mild to ensure high cell 
viability. To meet these strict requirements, 4D hydrogels have been 
fabricated using either synthetic or naturally-derived polymers, 
including poly(ethylene glycol) (PEG) [15], polysaccharides [16], 
polypeptides [17], and proteins [18] under cell-friendly conditions [19, 
20]. Furthermore, cytocompatible stimuli such as calcium ions (Ca2+) 
[21], photoirradiation [22], and hydrogel photo-patterning [23] can be 
introduced to activate the shape responses in the presence of live cells. 
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Structural and compositional anisotropy can cause uneven swelling 
and/or shrinking throughout 4D hydrogels and ultimately act to drive 
the deformation of these shape-morphing constructs [24]. 4D cyto
compatible hydrogels with anisotropic swelling have been fabricated 
with multiple layers or a continuous gradient [11]. For example, Gracias 
et al. patterned β-TC-6 cell-laden PEG bilayers to form insulin-secretive 
cylindrical hydrogels [25], Gartner et al. achieved engineered tissue 
folding by using 3D cell-patterned Matrigel [26], and Ionov et al. 
fabricated cell-laden ultrathin alginate/hyaluronic acid-based hydrogel 
films by 3D printing and a subsequent photocrosslinking to produce 
hollow self-folding tubes [27]. Kasko et al. used photodegradable 
two-component PEG derivatives to generate a gradient by 
light-mediated degradation within the hydrogel for dynamic 3D cell 
culture [28]. While these reports provide valuable insights into the 
development of 4D biofabricated constructs, they each face limitations 
with respect to anisotropy generation. For instance, multilayer hydrogel 
formation typically takes multistep preparation [15] and presents 
interlayer-adhesion issues [29], ultrathin layer printing substantially 
limits the geometries and dimensions achievable [27], electrostatic 
diffusion restricts material options [30], and multiple-component 
gradient formation exhibits obvious complexity in sample preparation 
and difficulty in composition control [28]. Therefore, a method to easily 
and controllably encode the anisotropy into a single-component 
hydrogel is of high significance. 

Previous studies have shown that the incorporation of UV absorber 
within a preformed photocurable hydrogel can induce effective light 
decay along the light pathway, resulting in a crosslinking difference in 
the hydrogel network throughout the hydrogel thickness [31,32]. 
Similarly, the incorporation of a UV absorber in a photocrosslinkable 
macromer solution containing a photoinitiator could also effectively 
bring about a crosslinking gradient during photopolymerization 
[33–35]. However, these hydrogels were either minimally swelling 
PEG-derived hydrogels [33,34] or fabricated using non-cytocompatible 
small molecules [35]. Moreover, the as-prepared hydrogels typically 
need multiple steps, including a desolvation step by rinsing or volatili
zation to release the unreacted resins at the low-crosslinking side and a 
further drying process to generate anisotropic internal strain that in
duces bending towards the low-crosslinking side. In addition, sudan I, 
which is broadly regarded as a carcinogen [36], was generally used as 
the UV absorber in those anisotropic hydrogels formed directly from 
macromer solutions [30–32]. As such, these systems are not suitable for 
living cell-related 4D biofabrication studies. 

In this work, we demonstrate a simple and versatile approach to 
generate a tunable and robust gradient in a single-component biocom
patible hydrogel for 4D biofabrication through one-step photo
crosslinking of a biopolymer solution containing a photoinitiator (PI) 
and a cytocompatible UV absorber. The instant generation of graded 
scaffolds was demonstrated using various biocompatible hydrogels, such 
as those fabricated from 8-arm PEG-acrylate (PEGA8) [37], oxidized and 
methacrylated alginate (OMA) (Supporting information, and Fig. S1) 
[38,39], and methacrylated gelatin (GelMA) [40,41]. The tunable 
crosslinking gradient was easily attained by adjusting fabrication pa
rameters such as polymer concentration, UV absorber concentration, UV 
irradiation time, and hydrogel thickness, enabling pre-programmable 
hydrogel deformation. Importantly, multiple cell types (i.e., fibro
blasts, stem cells, and cancer cells) were encapsulated into the graded 
scaffolds with high viability. This simple and cytocompatible strategy 
permits easy and fast fabrication of cell-laden hydrogel scaffolds with 
complex structures, which was demonstrated by harnessing several 
representative techniques, including photomask-aided micro
fabrication, photomask-based photolithography, ion transfer printing 
(ITP) [42], and 3D bioprinting. For the proof-of-concept, 4D bone tissue 
engineering was ultimately explored using this platform system. 

2. Materials and methods 

2.1. Hydrogel fabrication 

A mixed solution of polymer (OMA 6% w/v, GelMA 14% w/v, or 
PEGA8 20% w/v), PI (0.05% w/v), and UV absorber [methacryloxyethyl 
thiocarbamoyl rhodamine B (RhB), 4-aminoazobenzene (AAb), fluo
rescein isothiocyanate derivatives (FITC), and/or 4′-hydroxy-3′-meth
ylacetophenone (HMAP)] in Dulbecco’s modified eagle medium-low 
glucose (DMEM-LG) in the absence/presence of cells (hMSC, NIH3T3, or 
HeLa, 4 × 106 cells/mL) was placed between two quartz plates with a 
0.6 mm spacer and subsequently photocrosslinked with UV light (EXFO 
OmnicureR S1000, Lumen Dynamics Group) at ~20 mW/cm2 for varied 
time to form the hydrogel sheets (OMA 30 s, GelMA 180 s, PEGA8 30 s), 
which were segmented into hydrogel bars with a dimensions of 13 × 2 ×
0.6 (mm × mm × mm). The hydrogel bars were immediately immersed 
in aqueous solution (specifically defined throughout the Results and 
Discussion section) to record the corresponding shape changes. 

For the bilayer fabrication, OMA hydrogel precursors with or 
without UV absorber were placed underneath a pre-gelled GelMA layer 
(formed by 30 s UV crosslinking) and subsequently UV crosslinked for 
30 s to form bilayer hydrogels (0.6 mm per layer), which were cut into 
bilayer bars (L × W × H = 13 × 2 × 1.2, mm × mm × mm) and 
immersed in water for 30 min at room temperature (RT) to reach 
maximal bending. 

Note that to minimize the potential impact of HMAP on the cell 
behaviors, culture medium for cell-laden constructs was changed 4 times 
during the first 2 h (every 30 min) to remove as much of the UV absorber 
as possible. The details about the definition of bending angle and the 
angle measurements can be found in the literature [43]. 

2.2. Reversible shape change study 

Hydrogel strips (13 × 2 × 0.6, mm × mm × mm) fabricated as above 
(section 2.1, 0.03% w/v RhB, UV 30 s) were cultured in aqueous solu
tions with varying pH under agitation (Bellco Glass 7744-01010 orbital 
shaker, Bellco Biotechnology, NJ, USA) at RT to record the shape 
changes. The agitation speed was set to 2.37 rev/s and incubation so
lutions were changed every 15 min to record the shapes for each cycle. 

2.3. Photomask-aided microfabrication, photo-patterning, ion-transfer 
printing, and 3D bioprinting 

Unless otherwise stated, OMA hydrogel precursor solution was 
freshly made by dissolving OMA (6% w/v), PI (0.05% w/v) and UV 
absorber (0.02% w/v HMAP and 0.01% w/v RhB) in DMEM containing 
hMSCs (4 × 106 cells/mL) for the experiments described below, and all 
the resulting hydrogels were cultured in cell growth medium (GM) 
consisting of DMEM, 10% v/v fetal bovine serum (FBS), and 1% v/v 
penicillin-streptomycin (P/S) in an incubator at 37 ◦C and 5% CO2 for 2 
h to allow them to fully deform into their final state. The medium was 
then replaced with PBS (pH 7.4) to take the pictures. 

Photomask-aided microfabrication: Hydrogel precursor solution was 
placed between two quartz plates with spacers (h = 0.4 mm) and 
covered with a patterned photomask. The solution was exposed to UV 
light (~20 mW/cm2) for 30 s. The photomask was removed and the 
quartz plates were gently separated, the microfabricated hydrogels 
attached on the surface of both plates were gently flushed into wells of a 
6-well plate (Corning, NY, USA) using GM, and a total volume of 5 mL 
medium was used for hydrogel culture in each well. 

Photo-patterning: Hydrogel precursor solution was placed between 
two quartz plates separated with spacers (h = 0.6 mm) and then exposed 
to UV light for 30 s to form the hydrogels. Subsequently, a stripe- 
patterned photomask (stripe width 0.2 mm) was placed over the top 
plate, and UV light was further applied to crosslink for 60 s. The 
hydrogels were tailored using a punch into squares (sheet, 19 × 19, mm 

A. Ding et al.                                                                                                                                                                                                                                     



Bioactive Materials 7 (2022) 324–332

326

× mm) or circles (disk, d = 20 mm), which were immersed in 5 mL of GM 
in 6-well plate wells for culture. Non-patterned hydrogel sheets (19 ×
19, mm × mm) and disks (d = 20 mm) were fabricated under UV irra
diation for different times (40, 60, and 80 s) without patterning and then 
cultured to afford 3D cell-laden constructs with varying curvatures for 
comparison. 

Ion-transfer printing: Hydrogels formed as above (Section 2.1, UV 30 
s) were cut into hydrogel bars (14 × 20 × 0.6, mm × mm × mm) or 
hydrogel squares (20 × 20 × 0.6, mm × mm × mm). Then these tailored 
hydrogel constructs were covered by a filter paper with a specific pattern 
for 30 s. Note that the filter paper was pre-soaked in calcium chloride (1 
M) solution for 5 min. Then, the post-treated hydrogels were immersed 
in 5 mL of GM medium in wells of a 6-well plate for culture. 

4D bioprinting: Hydrogel precursor solution was loaded into a 1 mL 
syringe with a 0.5-inch 30G stainless steel needle (McMaster-Carr) and 
printed using a 3D printer (PrintrBot SimpleMetal 3D Printer, Printrbot). 
More details about this printer can be found in the literature [44]. 
Digital models for 3D printing were generated from www.tinkercad. 
com. An empty Petri dish was placed on the building platform. The tip 
of the needle was positioned at the center and near the bottom of the 
dish, and the print instructions were sent to the printer using the host 
software (Cura Software, Ultimaker), which is an open source 3D printer 
host software [38]. The printed hydrogel precursor solution was imaged 
and immediately subjected to photocrosslinking (UV 30 s at ~20 
mW/cm2 intensity). Then, the hydrogel construct was gently transferred 
into a well of a 6-well plate filled with 5 mL of GM, cultured under the 
same conditions as above for 30 min, and imaged. 

3. Results and Discussion 

A typical setup and the process for the fast fabrication of graded 

hydrogel scaffolds is schematically illustrated in Fig. 1a and b. Photoc
urable polymer was first dissolved in DMEM containing both PI and UV 
absorber (DMEM was used as solvent to promote subsequent viability of 
encapsulated cells) to form the hydrogel precursor solution, which was 
then placed between two quartz plates located at an adjustable distance 
from a UV light source. Since photo-curing efficiency relies on the 
irradiation intensity that the PI receives, and the irradiation intensity 
decays more rapidly with distance along the light travelling pathway 
with the co-existence of UV absorber, a gradient in crosslinking density 
can be readily generated with the top portion of the hydrogel closest to 
the light source showing high crosslinking density while the bottom 
portion is crosslinked to the lowest extent. This hydrogel bearing the 
crosslinking gradient can be further tailored into specifically shaped 
hydrogels and directly cultured in a medium to initiate deformation 
(Fig. 1b). It is noteworthy that it is the subsequent anisotropic swelling 
induced internal strain that causes the deformation towards the high- 
crosslinking side herein, which is different from deformations result
ing from the generated anisotropic internal strain during the desolvation 
step that causes deformation towards the low-crosslinking side in pre
viously reported gradient hydrogels [33–35]. 

To examine the versatility of this approach, synthetic polymer 
PEGA8, natural polysaccharide-derivatived OMA, and natural protein- 
derivatived GelMA were employed as biocompatible polymers, and a 
fluorescence dye RhB with an effective overlap in the UV absorption 
spectrum with the PI was selected as a UV absorber (Fig. S2a). Hydrogels 
were prepared and incubated in water for 4 h to ensure equilibrated 
swelling (see details in Supporting Information). As shown in Fig. 1c-e, 
hydrogels that were fabricated in the presence of RhB exhibited evident 
bending, while those hydrogels formed without RhB incorporation in 
the precursor solution exhibited almost no or only slight bending 
(Fig. S3). It should be noted that although photocrosslinked PEGDA 

Fig. 1. (a) A typical setup for crosslinking gradient hydrogel fabrication; (b) Schematic showing gradient hydrogel cut into specific initial shape and its subsequent 
deformation after swelling; Curved hydrogel bars of (c) PEGDA, (d) GelMA, and (e) OMA obtained using RhB (0.03% w/v) as UV absorber; (f) Magnified image 
showing a clear continuous gradient in the OMA hydrogel; Curved hydrogel bars of OMA obtained using (g) FITC (0.03% w/v), (h) AAb (0.05% w/v), and (i) HMAP 
(0.01% w/v) as UV absorber; bilayer hydrogel bars obtained from (j) OMA/GelMA and (k) OMA(g)/GelMA demonstrating feasibility of multi-material fabrication, 
where OMA represents non-gradient OMA hydrogel and OMA(g) represents gradient OMA hydrogel. The dotted outlines indicate (g–j) the shape of the hydrogel bars 
or (j–k) the interface of two layers. Scale bars in c-e and g-k indicate 2 mm. 
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hydrogels typically do not swell much in medium [33] and no defor
mation was shown in previous PEGDA hydrogels during rinsing [33,34], 
a clearly discernible bending was observed in the present case, which 
can likely be ascribed to the large difference in crosslinking density 
across the height of the construct. 

There are other common compounds in addition to RhB that possess 
some overlap in UV absorbance spectrum with that of PI, such as 
colorless HMAP, the non-fluorescent dye AAb, and FITC (Fig. S2b-d), 
and can be used as UV absorbers. Similarly, rapid hydrogel bending was 
also clearly observed with these three additional examples (Fig. 1g-i), 
indicating the effectiveness of crosslinking gradient formation caused by 
the attenuated UV absorption from the hydrogel surface that first re
ceives light to the surface furthest from the source [28] due to use of 
these UV absorbers [45]. Importantly, the UV absorber plays a critical 
role in the attenuation of UV light absorption in this system. In OMA 
hydrogels, for example, RhB or HMAP incorporation preserved sub
stantially more methacrylate groups compared with the hydrogel lack
ing a UV absorber (Fig. S4), with the amount of methacrylate groups 
remaining after UV crosslinking reflecting the extent of the 
photo-induced reaction. The continuous nature of the formed gradient 
was directly visualized in RhB incorporated hydrogels at higher 
magnification (Fig. 1f and Fig. S5). 

Although single material fabrication is straightforward, some appli
cation may benefit from or even require a multi-material system. In 
addition to single material fabrication, this strategy also applies to 
multi-material fabrication in a single step. To demonstrate this, bilayer 
hydrogels comprised of one gradient OMA [OMA(g)] layer and one 
GelMA layer, referred to as OMA(g)/GelMA, were fabricated (Fig. S6a). 
The key difference for the bilayer fabrication lies in the use of a hydrogel 
layer containing crosslinkable methacrylates on the surface that directly 
covers the OMA hydrogel precursor solution so that a strong interfacial 
adhesion can be formed after UV crosslinking. For comparison, bilayers 
that consist of non-gradient OMA and GelMA hydrogels (OMA/GelMA) 
were also fabricated. After reaching equilibrium swelling in water, OMA 
(g)/GelMA bent to a much larger extent than OMA/GelMA, due to the 
remarkably enhanced deformation ability of the gradient layer (Fig. 1j, 
k, and Fig.S6b), implying that the integration of a gradient layer into a 
multi-material system can be an effective way to alter or improve the 

deformability. 
The effects of important parameters including UV irradiation time, 

UV absorber concentration, hydrogel thickness, polymer concentration, 
and swelling medium on construct morphing behavior were compre
hensively investigated using OMA hydrogel bars as a prototype. Since 
the extent of crosslinking gradient differential across the hydrogel bar 
thickness strongly affects the bending angle, those parameters with the 
greatest capacity to augment the crosslinking gradient such as decreased 
UV exposure time (Fig. 2a), increased RhB concentration (Fig. 2b), and 
increased hydrogel thickness (<0.8 mm, Fig. 2c) resulted in a larger 
bending. Interestingly, while it is usually observed that increasing 
hydrogel bar thickness decreases its bending degree [42,46,47], the 
opposite phenomenon was observed in our case. However, the bending 
extent decreased again when the thickness reached 1.0 mm. It should be 
noted that, in the above hydrogels, in addition to the augmented 
gradient range, increased volumetric swelling caused by lowered overall 
crosslinking density (Fig. S7) also contributed to the increased bending. 
Moreover, polymer concentration and choice of aqueous swelling solu
tion also exerted clear influence on the hydrogel bending. Hydrogels 
prepared at a concentration of 6% (w/v) and immersed in the H2O 
displayed maximum bending (Fig. 2d and e). The increase in the poly
mer concentration not only augments the gradient range but also di
minishes hydrogel swelling at the same time (Fig. S8a). The final 
bending result stems from the competition of these two factors. The 
hydrogel swelling findings in different aqueous solutions, in contrast, is 
consistent with those of hydrogel deformation, in that higher swelling 
gave rise to increased bending (Fig. S8b). Thus, it can be seen that the 
bending degree can be finely tuned by altering any of these parameters, 
including the formulation of the hydrogel precursor solution, hydrogel 
dimensions, as well as culture medium. The parameters were set at 6% 
polymer concentration, 30 s UV irradiation, and 0.6 mm thickness for 
the following experiments unless stated otherwise. 

The implementation of tunability of the deformation extent after 
hydrogel fabrication by treatment post-fabrication offers a second 
powerful opportunity to modulate the hydrogel geometry. Given that 
swelling of alginate-derived hydrogels can be modulated by both the 
incubation solution pH [48] and divalent cation chelators such as eth
ylenediaminetetraacetic acid (EDTA), a strong Ca2+ chelating agent 

Fig. 2. Bending degree of OMA hydrogels as a function of (a) UV irradiation time (6% w/v polymer, 0.6 mm thickness, 0.03% w/v RhB) in H2O, *p < 0.05 compared 
with all other groups, (b) RhB concentration (6% w/v polymer, 0.6 mm thickness, 30 s UV) in H2O, *p < 0.05 compared with all other groups, (c) hydrogel thickness 
(6% w/v polymer, 0.03% w/v RhB, 30 s UV) in H2O, *p < 0.05 compared with all other groups except for “0.4”, #p < 0.05 compared with all other groups, (d) 
polymer concentration (0.6 mm thickness, 0.03% w/v RhB, 30 s UV) in H2O, *p < 0.05 compared with all other groups, and (e) aqueous swelling solution (6% w/v 
polymer, 0.6 mm thickness, 0.03% w/v RhB, and 30 s UV), *p < 0.05 compared with all other groups. All scale bars indicate 2 mm. 
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with the ability to snatch Ca2+ from the alginate network [49], the shape 
controllability of hydrogels post-fabrication was then demonstrated 
using the stimuli-responsive OMA hydrogels as an example. By soaking 
the hydrogel bars in water solutions of pH 1 or 7 or water solutions 
containing Ca2+ or EDTA, they showed reversible shrinkage and 
swelling (insets of Fig. 3a and b), which in turn brought about changes in 
the hydrogel bending. When repeatedly switching the solutions (Fig. 3a 
and b), the hydrogels repeatedly recovered their previous shape after the 
first deformation cycle. These findings demonstrate the capacity to 
adjust the shape of these constructs on demand. 

Owing to biocompatibility of the materials and friendliness of the 
fabrication process towards the cells, encapsulation of cells within the 
hydrogels was examined. Cell-laden hydrogel bars were fabricated 
under the same conditions as described earlier and then cultured in the 
GM to investigate both the role of cells in construct shape change and 
cell viability in the system. Specifically, three cell types were examined: 
human mesenchymal stem cell (hMSC), a fibroblast cell line (NIH3T3), 
and a cervical cancer cell line (HeLa). In addition, HMAP (0.02%) was 
used as UV absorber due to its high efficiency for gradient generation, 
noninterference with the live/dead cell staining assay, and high cyto
compatibility (Fig. S9, >90% cell viability in all the tested concentra
tions). Cell-laden hydrogel bars exhibited larger extent of bending 
compared to those without cells (Fig. 3c). This may be a result of the 
cells weakening light penetration by absorption, reflection, and scat
tering in the hydrogels. Nonetheless, non-gradient cell-laden hydrogel 
bars with cell density up to 1 × 108 cells/mL hydrogel precursor solution 
displayed no obvious bending (Fig. S10), suggesting the essential 
contribution of the effective gradient formation in driving the shape 
changes of the cell-laden constructs. All the three types of embedded 
cells maintained predominantly round morphology (Fig. S11) and high 
average viability after 3 days culture (~86%–89%, Fig. 3d), albeit 
slightly lower than the control group (UV absorber-free group, ~90%– 
96% viability, Fig. 3d and Fig. S12). These results indicate that the 
dilemma of live-cell encapsulation in the shape-morphing hydrogels, 
which is deemed as a current challenge in the 4D biofabrication field 
[11], can be easily overcome using this one-step gradient-generation 
strategy. 

Taking advantage of this platform system’s simplicity and biocom
patibility, the utility of applying additional hydrogel-engineering tech
niques, such as photo-aided microfabrication, photo-patterning, ITP, 

and 3D bioprinting, to fabricate cell-laden OMA hydrogel scaffolds with 
more sophisticated structures was investigated. To aid in visualization of 
the constructs, a combination of 0.02% RhB and 0.01% HMAP was used 
as a mixed UV absorber. 

First, a photomask-aided 4D bio-microfabrication process (Fig. S13a) 
was developed for rapid manufacture of large-scale bio-microstructures. 
For example, multiple cell-laden six-petal micro-blossoms (Fig. 4a1) and 
four-arm micro-grippers (Fig. 4a2) can be produced from a single batch. 
Samples with larger sizes using the same method were also made 
(Fig. S13b). Compared with the fabrication of shape-morphing micro- 
multilayers using photomask-based multistep photocrosslinking [25] or 
micro-molding approaches [50], which either needs accurate alignment 
or long-time preparation, regardless of biocompatibility, this one-step 
4D biofabrication strategy on a whole is much simpler, faster and 
more economical. These bio-microstructures might in the future be 
expanded to be applied as bio-microactuators if a stimuli-responsiveness 
is integrated [51]. Based on the gradient crosslinking principle, 
multiple-gradients can be intentionally produced with more than one 
direction in a single hydrogel construct. For example, a single hydrogel 
bar with a “double-faced” gradient (Fig. 4b1) was fabricated by simply 
controlling the photomask and UV irradiation direction (Fig. S14). This 
bi-gradient hydrogel bar deformed into an “S” shape after swelling 
(Fig. 4b2). Therefore, using this technique, it is easy to generate more 
complex structures with dissymmetric geometries in a single-layer 
hydrogel. 

Next, photo-patterning of prefabricated gradient hydrogels was con
ducted using a mask-based photolithography technique to yield cell-laden 
macroscopic 3D structures (Fig. S15a). The post-patterning of the hydro
gels enables patterning multiple user-defined regions to induce specific 4D 
architectural shape conversions [52]. Pre-fabricated cell-laden gradient 
hydrogel sheets or disks were covered with a patterned photomask and 
then transferred to the GM for saturating at least 2 h at 37 ◦C. Then clear 
images of deformed hydrogels were taken after replacing the GM with PBS. 
It was observed that the hydrogel sheets formed under photomasks with 
parallel strips (Fig. 4c1) curled up into well-shaped hydrogel tubes (Fig. 4c2 
and 4c3). Similarly, disk-shape-based hydrogel tubes were also obtained 
(Fig. S15b). Interestingly, by changing the patterned parallel strips into 
inclined strips, hydrogel sheets curled up into misaligned hydrogel tubes 
through diagonal rolling (Fig. S15c). Even though large cell-laden con
structs with well-defined 3D structures, such as curled hydrogels with 

Fig. 3. Cyclic reversible bending angle of OMA 
hydrogel bars in water solutions (a) of alternating pH 
of 1 and 7 and (b) with alternating presence of 
chemicals EDTA and Ca2+, 0.03% w/v RhB, *p < 0.05 
compared with all other groups, #p < 0.05 compared 
with “pH 1” and original groups, scale bars indicate 4 
mm. (c) Bending degree of cell-free and cell-laden 
OMA hydrogel bars in GM, 0.02% w/v HMAP, *p <
0.05 compared with all other groups, scale bars indi
cate 2 mm. (d) Viability of encapsulated cells inside 
non-gradient (without UV absorber) and gradient 
(with UV absorber) hydrogels in GM after 3 days 
culture, 0.02% w/v HMAP, *p < 0.05 compared to 
hMSC without UV absorber group. Insets: represen
tative images showing the deformed shapes under 
respective conditions.   
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varying curvatures, can be easily obtained by rolling of those hydrogel 
sheets and disks fabricated with different UV irradiation times (Fig. S16), 
the photo-patterning technique could endow hydrogels with larger de
formations and greater curvature [e.g., patterned hydrogels with 60 s UV 
irradiation (Fig. 3c and Fig. S15)] and with more abundant structures [e.g., 
misaligned tube formation (Fig. S15c)] than those formed from 
non-patterned hydrogel sheets with the same or even lower UV irradiation 
time (Fig. S16). 

In addition to the above photolithographic techniques, an ITP 
strategy [42] was introduced to locally treat the pre-formed gradient 
hydrogel with Ca2+ to locally induce secondary ionic crosslinking to the 
OMA hydrogel (Fig. S17), causing constrained local swelling [30]. By 
printing these divalent cations on specific regions of cell-laden hydrogel 
bars or hydrogel sheets (insets in Fig. 4d, dark pink section denotes 
cation-printed section), cell-laden spirals (Fig. 4d1) and cell-laden 
pseudo-four-petal followers (Fig. 4d2) were obtained. 

Finally, this platform strategy was integrated into the realm of 4D 
bioprinting, a state of the art biofabrication technology that incorporates 
time-dependence into 3D bioprinting to confer conformational changes 
to printed biosamples, which may enable recapitulation of dynamic 
tissue and organ geometric evolution that occurs during development 
and regeneration [53]. A cell-laden hydrogel bar was first printed and 
photocrosslinked to verify the feasibility of 4D bioprinting. As expected, 
this hydrogel bar folded into a hydrogel ring after being immersed in GM 
(Fig. S18a). Next, various cell-laden multiple-arm grippers were printed 
(Fig. S18b and insets on the upper left of Fig. 4e), photocrosslinked, and 
cultured to permit respective structural deformation to occur (Fig. 4e). 
Importantly, all these techniques do not compromise cell viability. To 
exclude the influence of RhB on live/dead cell staining visualization, 
parallel experiments under the same conditions were performed with 
HMAP (0.02% w/v) as the sole UV absorber to assess cytocompatibility. 
hMSCs within these 4D fabricated hydrogels were highly viable after 3 
days culture, as indicated by the live/dead staining results (Fig. S19). 

Thus, this 4D biofabrication approach is compatible with other live-cell 
encapsulation techniques, making it useful for biomedical engineering 
applications. 

4D biofabricated scaffolds capable of undergoing dynamic shape 
transformations may enable the engineering of tissues with complex 
geometries and replication of critical morphodynamic evolutions that 
occur during native tissue development [43,54]. Design of conventional 
inductive hydrogel scaffolds for tissue engineering that are geometri
cally static often primarily focuses on controlling microenvironmental 
physiochemical niches for guiding cell behavior and new tissue forma
tion and generally neglects important macroscopic morphing. The po
tential to differentiate stem cells within this 4D biofabrication platform 
for 4D tissue engineering applications was thus explored. A 4D osteo
genesis study was conducted as a proof-of-concept by culturing an 
hMSC-laden hydrogel bar in the osteogenic medium over a course of 
four weeks, during which time its shape was continuously monitored. 
Cell viability, DNA content, and osteogenic markers such as alkaline 
phosphates (ALP) activity and calcium deposition were examined to 
evaluate the extent of osteogenic differentiation. Similar to findings 
after culturing in the GM, these hydrogel bars rapidly curled into an 
opened ring (<3 min) and then remained almost unchanged in shape 
during the 4-week culture (Fig. 5a), demonstrating robust geometrical 
stability. The live/dead staining results also revealed high cell viability 
after 4-week culture (Fig. 5b). For the osteogenesis study, hydrogel bars 
serving as the negative control (NC) were fabricated the same as those of 
the experimental group (EG), but they were cultured in the GM. 
Hydrogel bars serving as the positive control (PC) were prepared 
without incorporation of a UV absorber and cultured in osteogenic 
medium. The DNA levels were relatively constant over the entire 
culturing period (Fig. 5c), whereas the ALP activity and calcium content 
(both normalized to DNA) in the EG and PC significantly increased over 
time (except for ALP/DNA within the EG group from W1 to W2) and 
were significantly higher than those of NC. There was no significant 

Fig. 4. Images of 4D biofabricated cell-laden structures: (a1) six-petal blossoms and (a2) four-arm grippers obtained by photomask-aided biofabrication, insets 
illustrate the deformation process of the microfabricated hydrogels; (b1) Schematic of a “double-faced” hydrogel bar and its deformation, and (b2) a typical “S” shape 
formed by the “double-faced” hydrogel; (c) hydrogel tubes obtained by post-photopatterning of a pre-fabricated gradient hydrogel sheet or disk, (c1) patterned 
regions on a hydrogel sheet with dark pink regions denoting the UV-exposed section, (c2) top-view image obtained using an optical microscope, (c3) side-view image 
taken in ambient light; ITP-generated (d1) hydrogel spiral and (d2) pseudo-four-petal flower, insets show the ion-printed section on a pre-formed gradient hydrogel 
bar or hydrogel sheet; and (e) bioprinted multiple-arm grippers and their deformed structures, insets show the as-printed hydrogel construct before photo-gelation 
(upper left) and the top view of deformed hydrogel constructs (lower left). All hydrogel deformations were performed in GM at 37 ◦C for at least 2 h to obtain 
ultimate stable structures, and images were taken after replacing the GM with PBS (pH 7.4) for clarity. 
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difference found between the EG and PC at any time point (Fig. 5d and 
e). The calcium content, a critical component of hydroxyapatite for
mation during osteogenesis, in EG and PC hydrogel bars was confirmed 
by dark alizarin red staining throughout the constructs (Fig. 5f). These 
results support the conclusion that the hydrogel deformation and cell 
differentiation within the hydrogel are generally independent of each 
other in this system, and thus they can be designed separately. 

Morphological change is a common phenomenon that occurs during 
tissue maturation [55]. Compared with 3D scaffolds, 4D scaffolds with 
the ability to reconfigure their shapes during culture show huge po
tential for morphodynamic tissue engineering. Hydrogels that harness 
non-uniform swelling [43,54,56–58], post-programmed anisotropic in
ternal strains [59,60], or cell contractile forces [61–63] can accomplish 
this task. However, in addition to the stringent requirements regarding 
material cytocompatibility, the fabrication process, and imposed stim
ulation, complexity in fabrication and lack of controllability present a 
significant impedance to 4D tissue engineering. 4D biofabrication using 
a simple, cost-effective, and robust one-step photocrosslinking method 
to generate instantly applicable scaffolds may help to realize the po
tential of 4D strategies in tissue engineering, as clearly demonstrated by 
our 4D bone-like tissue engineering study. It is interesting to note we did 
not observe a difference between the PC and EG groups (Fig. 5). One 
plausible reason is that there was negligible difference in the response of 
the encapsulated cells to the internal strain within the straight hydrogel 
slabs compared to the anisotropic internal strain distribution within the 
curved hydrogel slabs. In the future, using different mechanically sen
sitive cells (e.g., cardiomyocytes) or further increasing the structural 
anisotropy and internal strain represent possible ways to examine the 
impact of the 4D process on cell behaviors. Nevertheless, additional 
engineering of the materials, such as modification with cell adhesive 
ligands (e.g., RGD peptide motif) [64–66], tuning matrix physical 
properties [67], facilitation of cell-cell interactions [54] and/or 
controlled delivery of bioactive factors [68–71], may also be further 
explored to promote survival of diverse encapsulated cell population 
and enhance cell functioning. 

4. Conclusion 

4D biofabrication for biomedical applications requires not only 
effective anisotropy formation but also often necessitates conditions that 
facilitate cell encapsulation and long-term viability. A simple and effi
cient strategy comprised of only one-step photocrosslinking of cell- 
containing hydrogel precursor solution was engineered to achieve this 
goal. This study demonstrates a versatile technology in which the 
incorporation of UV absorber directly into the photocrosslinkable 
biopolymer solution creates an adjustable gradient, allowing for on- 
demand, controllable and cytocompatible hydrogel shape remodeling. 
This approach also exhibited enormous tolerance and adaptability, 
where not only diverse polymers and UV absorbers can be used as 
needed but also the strategy itself can be effectively integrated with 
other hydrogel-engineering techniques or platforms. In this manner, a 
facile and straightforward path has been established for concurrently 
enabling controllable, time-dependent shape changes into biomaterials 
along with encapsulated living cells, which has great potential in 4D 
biofabrication for biomedical applications such as biosensing and bio
actuation in living systems and tissue engineering. 
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Fig. 5. (a) Bending degree of cell-laden hydrogel bars as a function of culture time in osteogenic medium. Inset: representative images at respective time points 
showing the shapes of the cell-laden hydrogel bars. (b) Live/dead staining images of encapsulated cells inside a hydrogel bar after 4-week culture in osteogenic 
medium. Biochemical quantification of (c) DNA content, (d) ALP activity normalized to DNA content, and (e) calcium content normalized to DNA content in the cell- 
laden hydrogels at varying time points. NC (negative control): cell-laden hydrogel bar obtained in the presence of UV absorber and cultured in GM, EG (experimental 
group): cell-laden hydrogel bar obtained in the presence of UV absorber and cultured in osteogenic medium, PC (positive control): cell-laden hydrogel bar obtained in 
the absence of UV absorber and cultured in osteogenic medium. (f) Typical alizarin red stained cell-laden hydrogel bars after 4-week culture. *p < 0.05 compared 
with all other time points within a group, #p < 0.05 compared with NC group at the same time point. 
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