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4D Printing of Engineered Living Materials
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Herein, a method that uses direct-ink-write printing to fabricate engineering 
living materials (ELMs) that respond by undergoing a programmed shape 
change in response to specific molecules is reported. Stimuli-responsiveness 
is imparted to ELMs by integrating genetically engineered yeast that only 
proliferate in the presence of specific biomolecules. This proliferation, in 
turn, leads to a shape change in the ELM in response to that biomolecule. 
These ELMs are fabricated by coprinting bioinks that contain multiple yeast 
strains. Locally, cellular proliferation leads to controllable shape change 
of the material resulting in up to a 370% increase in volume. Globally, the 
printed 3D structures contain regions of material that increase in volume and 
regions that do not under a given set of conditions, leading to programmable 
changes in form in response to target amino acids and nucleotides. Finally, 
this printing method is applied to design a reservoir-based drug delivery 
system for the on-demand delivery of a model drug in response to a specific 
biomolecule.
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stimuli, including pH, temperature, light, 
and electric field, have been described for 
various biomedical and biotechnological 
applications.[4] Typically, these stimuli 
directly modify the material’s physical 
properties, which results in the desired 
stimulus-response.[5–8] For example, 
shape-changing materials can be synthe-
sized by engineering hydrogels that swell 
or shrink in response to changes in pH or 
temperature.[9,10] These stimuli-responsive 
materials can be used to generate mate-
rials that undergo programmable shape 
change if the magnitude or anisotropy 
of the swelling can be varied spatially in 
the structure. [5,11] For example, half-tone 
lithography can be used to pattern cross-
link density, and 4D printing can be used 
to program anisotropic shape change 
behavior by controlling the local orienta-
tion of polymer composites.[12–14] These 

techniques can be used to build sensors, soft robots, biomi-
metic devices, and drug delivery devices.[15–19] Nevertheless, the 
external stimuli that trigger shape change are often tempera-
ture changes, UV light irradiation, or solvent exposures that 
are often limiting factors in biomedical applications. In gen-
eral, these types of stimuli may cause deleterious effects to the 
surrounding tissue if used in the human body. To overcome 
such limitations, materials that respond to subtle biochemical 
changes in the environment may be more suitable for biomed-
ical applications.

Some classes of materials respond to weak and poorly dif-
ferentiated stimuli. Here, we define weak and poorly differenti-
ated stimuli as changes in the external environment that are 
too small and subtle to cause a material to traverse a phase 
transition, dramatically swell, or undergo other physical 
changes. For example, most hydrogels would not swell dra-
matically in the presence of one amino acid while resisting 
swelling in another amino acid. Materials that detect the pres-
ence or absence of different biomolecules can be of great 
advantage in mimicking biomolecular recognition in artificial 
systems. Typically, biomolecular-responsive materials are engi-
neered with highly specific recognition elements that induce 
programmed responses when subjected to specific processes, 
including enzyme-catalyzed reactions and DNA hybridiza-
tion exchange.[20–22] Incorporation of biomolecule-responsive 
motifs in materials can enable therapeutic applications in the 
early detection of disease-related biomarkers or the delivery 
of drugs to target tissue for the treatment of numerous dis-
eases. Shape-changing materials capable of responding to 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202106843.

1. Introduction

Stimuli-responsive materials respond to changes in the external 
environment by self-healing, changing mechanical properties, 
or morphing from one form to another.[1–3] The utility of these 
materials in engineering applications is dictated by the type of 
stimulus used as well as elicited response. Numerous exam-
ples of stimuli-responsive materials that respond to external 
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physiologically relevant biomolecules represent one option 
for the delivery of therapeutics to target tissue. For example, 
phenylboronic acid-based hydrogels are capable of delivering 
insulin by responding to physiological glucose concentrations 
that change the swelling behavior of the hydrogel.[23] Molecu-
larly imprinted hydrogels can swell or shrink in response to 
specific target proteins, such as thrombin; this thrombin-
responsive volume change has been proposed as a method to 
trigger drug delivery.[24] However, the responses achieved with 
these types of materials are difficult to generalize to a wide 
variety of potential biochemical targets as each target should 
induce a highly specific change to the polymeric material. In 
contrast, living organisms natively respond with specificity to 
a wide variety of target biochemicals and can be engineered to 
induce specific responses in materials.

Engineered living materials (ELMs) integrate living cells 
and synthetic components and have been used to create stim-
uli-responsive devices.[25–28] ELMs can be designed to harness 
the biological functions of living cells to detect small changes 
in the environment and respond in a programmed manner. 
Importantly, genetic manipulation of living cells enables the 
design of ELMs with engineered responses to a wide range 
of stimuli.[29–31] These stimuli induce a variety of chemical 
responses in ELMs, including sensing and reporting, drug-
producing, self-healing, and self-cleaning.[32–36] ELMs com-
prised of genetically engineered living microorganisms can 
be programmed to perform desired functions and thrive in a 
wide range of environmental conditions, from those found in 
infrastructure to the gastrointestinal (GI) tract in the human 
body.[37,38] In some cases, ELMs can be formed using probi-
otics, providing a multimodal mechanism of action in biomed-
ical devices.[32] In each of these ELMs, the primary function is 
derived from the chemical activity of the living cells.

Distinct from chemically active ELMs, we previously 
described mechanically active ELMs where encapsulated yeast 
proliferate and induce shape change in a hydrogel matrix.[31] 
In these ELMs, however, the spatial distribution of cells 

and the form of the material were limited by molding tech-
niques used for fabrication.[31] 3D printing techniques have 
been used to spatially control the distribution of yeast and 
bacteria in 3D structures used for biocatalytic processes and 
environmental and biomedical applications.[39–43] In synthetic 
materials, 4D printing techniques have enabled the design 
of stimuli-responsive materials that change shape, in which 
the 3D fabricated form changes over time to yield 4D printed 
structures.[13,44–46] These 4D architectures have opened new 
avenues for the design and study of shape-morphing medical 
devices.

Here, we report the use of direct-ink-write additive manufac-
turing to synthesize ELMs capable of shape change in response 
to small changes in the environment. We investigate the  
4D- printing of hydrogels from yeast-containing bioinks and 
cell-free inks (Figure 1A). Importantly, control over the spatial 
distribution of yeast quantity and type allows for the controlled 
proliferation of cells within the 3D structure, resulting in struc-
tures that morph into complex shapes. These programmable 
shape transformations can be controlled using genetically 
engineered yeast probiotics capable of proliferating only in the 
presence of specific biogenic amines or nucleotides. Finally, 
we show that these printed ELMs can be designed into drug 
delivery devices that change shape and deliver a model drug to 
the surrounding environment in response to a biochemical cue.

2. Results and Discussion

In this work, we describe a system of 4D printed ELMs where 
the strain and concentration of embedded yeast can be con-
trolled in 3D printed objects. The resulting objects respond 
to the presence of specific biochemicals by undergoing pro-
grammed changes in form. We then use this system to create a 
4D printed drug delivery device, where the programmed shape 
change of the ELM ruptures a reservoir in response to a bio-
chemical cue.

Figure 1. Fabrication of shape-morphing engineered living materials. A) Schematic represents the process of 4D printing a multimaterial shape-
changing ELM. B) Chemical structures of acrylamide monomer and bisacrylamide crosslinker, and picture of active dried yeast (Scale bar: 10 mm).

Adv. Funct. Mater. 2021, 2106843



www.afm-journal.dewww.advancedsciencenews.com

2106843 (3 of 12) © 2021 Wiley-VCH GmbH

2.1. Ink Characterization

We formulate a series of printable inks that can be crosslinked 
into hydrogels and study the rheological behavior of both cell-
containing and cell-free materials. Cell-containing inks are 
comprised of yeast (Saccharomyces cerevisiae or Saccharomyces 
boulardii), cellulose nanocrystals (CNCs) as a rheological modi-
fier, acrylamide as a linear monomer, bisacrylamide (BIS) as 
a crosslinker, lithium  phenyl-2,4,6-trimethylbenzoylphosph-
inate  (LAP) as a photoinitiator, and water (Figure  1B). The 
presence of both yeast and CNCs affects the rheological prop-
erties of the inks. Previously, both have been used to induce 
shear-thinning behavior and increase the shear modulus of 
3D printable hydrogel precursors.[39,47,48] To fabricate cell-con-
taining inks (bioinks), we vary the concentration of CNC (5, 8, 
and 11  wt%) in compositions comprised of a fixed concentra-
tion of active dried yeast (S. cerevisiae 12 wt% corresponding to 
≈4×109  cells  mL−1) dispersed in aqueous solutions containing 
8 wt% acrylamide, 0.1 wt% BIS crosslinker, and 0.02 wt% LAP 
photoinitiator. We observed that each of the bioinks exhibits 
strong shear thinning behavior. Viscosity at low shear rates 
slightly increases as CNC concentration increases (Figure 2A). 
Cell-free inks composed of 11, 16, 19, or 22 wt% CNC and the 
same concentrations of monomer, crosslinker, and photoiniti-
ator as described above were also strongly shear-thinning and 

showed a slight increase in viscosity as CNC concentration 
increases (Figure  2B). Both bioinks and cell-free inks follow 
the power-law viscosity model with flow indices of near 0, as 
shown in the tabulated results in Table S1 in the Supporting 
Information. For both bioinks and cell-free inks synthesized in 
this study, the inclusion of CNCs led to higher shear storage 
modulus than shear loss modulus (Figure  2C,D), which indi-
cates that, at low shear strains, both types of inks have a solid-
like behavior that allows shape retention. This shape retention 
allows the bioinks and cell-free inks to retain form during pho-
tocuring with UV light under a nitrogen environment to form 
ELMs and cell-free hydrogels, respectively.

2.2. Mechanical Properties, Volume Change, and Shape Change 
Evaluation

The mechanical properties of ELMs and cell-free hydrogels are 
influenced by CNC concentration.[23,25] We altered the feed ratio 
of CNC from 5 to 14 wt% in ELMs containing S. cerevisiae and 
from 11 to 22 wt% in cell-free hydrogels. We measured Young’s 
modulus of ELMs and cell-free hydrogels using uniaxial com-
pression testing on samples after synthesis (no growth). As 
shown in Figure 3A, an increase in Young’s modulus from 
13  ± 2 to 20  ± 1  kPa, as CNC loading increases up to 11  wt% 

A

C

B

D

Figure 2. Influence of CNC on printability of ELMs and cell-free inks. A) Log-log plot of viscosity for each bioink composition as a function of shear rate 
at room temperature. B) Log-log plot of viscosity for each cell-free ink as a function of shear rate at room temperature. C) Storage and loss modulus 
as a function of shear stress for each bioink composition. D) Storage and loss modulus as a function of shear stress for each cell-free ink composition.
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in ELMs, is observed. After 14  wt% CNC, the Young’s mod-
ulus of the ELM decreased. This decrease may be attributed to 
the reduction of the crosslinking density due to the presence 
of both cells and CNC making up to 26 wt% of the ELM. For 
cell-free hydrogels, an increase in the overall Young’s modulus 
from 13 ± 1 to 26 ± 2 kPa, as CNC increases from 11 to 22 wt%, 
is observed (Figure 3A). Similar behavior related to the increase 
in Young’s modulus has been previously reported in polyacryla-
mide hydrogels containing CNCs. [49]

Each of the ELMs undergoes an increase in volume when 
exposed to conditions appropriate for growth, while the cell-free 
hydrogels undergo a decrease in volume in the same growth 
medium. To quantify the shape change of each of these com-
posites due to cell proliferation, ELMs and cell-free hydrogels 

(n = 3) were grown in synthetic complete medium at 30 °C in 
aerobic conditions. The volume change for both types of mate-
rials was measured every 12  h for 2  d. For each of the ELMs, 
cell proliferation within the hydrogel leads to an increase in 
the total biomass within the material. As yeast are substan-
tially stiffer (1–10 MPa)[50] than the surrounding hydrogel (20 ± 
1  kPa for 11 wt% CNC), the increase in biomass is accommo-
dated by a macroscopic volume change.[31] We observed that 
as CNC concentration increases from 5 to 14 wt%, the volume 
change of ELMs decreases from 370%  ± 23% to 190%  ± 13% 
(Figure 3B and Figure S1, Supporting Information), likely due 
to the increase in stiffness of these ELMs.[31] Significant differ-
ences between the volume changes at 48 h of ELMs made with 
5 wt% CNC and ELMs made with 14 wt% CNC were observed 
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Figure 3. Influence of CNC at varying concentrations on mechanical properties and shape change. A) Compressive modulus as a function of CNC con-
tent for cell-containing and cell-free materials. B) Volume change as a function of time for each ELM composition. C) ELM disk before and after growth 
in synthetic complete medium. Top view shown on the left and side view shown on the right (Scale bars: 5 mm). D) 4D printed ELM in the form of a 
disk that consists of a cell-free outer ring and a cell-containing inner disk. After 48 h of growth in synthetic complete medium, the structure changes 
shape from a negative (left) to a positive (right) Gaussian curvature geometry (Scale bars: 10 mm). Each data point represents the mean (n = 3) and 
error bars represent standard deviation. Trend lines are only intended to guide the eye. Statistical analysis: t-test, *** P-value < 0.001.
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(t-test, P < 0.001). The macroscopic volume change of an 11 wt% 
CNC ELM disk is shown in Figure 3C. Cell-free hydrogels were 
placed in the same culture flasks as the ELMs. As described in 
the literature, yeast acidifies the external medium due to proton 
secretion during fermentation, secretion of organic acids, 
and CO2 evolution.[51–53] These cell-free hydrogels undergo 
a minor deswelling due to acidification of the synthetic com-
plete medium (Figures S2 and S3, Supporting Information). 
Previously, CNC/polyacrylamide hydrogels have been shown to 
deswell at low pH.[54,55] In the remaining experiments, we use 
bioinks with 11 wt% CNC and cell-free inks with 22 wt% CNC 
to build 4D printed structures.

Using the materials described thus far, we employ direct-ink-
write printing to build objects comprised of ELMs and cell-free 
hydrogels that grow into patterned forms. Using multimaterial 
printing, we fabricate a disk composed of ELM and cell-free 
material. The 4D printed structure adopts a saddle-like shape 
after being equilibrated in synthetic medium without glucose 
(Figure 3D, left). This saddle-like shape is obtained due to the 
differential swelling between the ELM inner disk and the outer 
ring cell-free material. In this case, the outer cell-free ring gets 
larger in area as compared to the inner disk due to a slightly 
higher volume increase after equilibrating in the medium. 
Thus, the ELM structure minimized its elastic energy by 
adopting the observed 3D negative Gaussian curvature form.[56] 
After growth in synthetic complete medium for 48 h, cell pro-
liferation within the inner disk induces a 3D transformation 
into a hat-like structure (Figure  3D, right).[31,56] This positive 
Gaussian curvature structure is adopted due to the ELM inner 
disk growth that increases in volume and the slight decrease in 
volume of the cell-free outer ring after growth. While direct-ink-
write printing is used to encapsulate yeast in 3D ELM objects, it 
is important to note that yeast leak during growth of the ELMs. 
We expect that yeast found on or near the surface of the 3D 
printed ELMs are not fully trapped. Due to the same forces 
that drive shape change, these cells escape from the object and 

freely proliferate in the growth medium. The printed ELMs, 
however, remain intact while increasing in volume due to cell 
proliferation during growth.

2.3. Fabrication of Genetically Engineered ELMs

Having developed a system of 4D printable ELMs that undergo 
shape change, we now seek to use this system to create 3D struc-
tures that respond to specific biochemical stimuli. As we are 
motivated by the ultimate use of these materials in biomedical 
applications, such as drug delivery to specific tissues in the gas-
trointestinal tract, we built ELMs using a probiotic strain of S. 
cerevisiae. This strain, Saccharomyces boulardii, is used as a biother-
apeutic agent to prevent and treat gastrointestinal disorders.[57,58] 
In particular, S. boulardii is a good candidate for designing ELMs 
that function in the gastrointestinal tract of the human body, as it 
can grow at 37 °C, is well tolerated in vivo, survives transit through 
the stomach, and is amenable to genetic engineering.[59–61]

Genetic engineering of probiotics enables programming 
of the conditions required for proliferation of the embedded 
strains and, therefore, the shape change of the composite. We 
utilized a series of S. boulardii auxotrophic mutants (LEU2, 
URA3, TRP1, and HIS3) that were previously modified through 
the clustered regularly interspaced short palindromic repeat-
Cas9 genome editing system (Figure 4A).[61] Each mutant used 
was deficient in either L-leucine, uracil, L-tryptophan, or L-his-
tidine synthesis. As a result, the proliferation of each mutant 
is minimal unless the specific amino acid or nucleotide is pre-
sent in the growth environment. The auxotrophic phenotype 
for each mutant was confirmed after growth in Petri dishes 
containing synthetic medium agar lacking the corresponding 
amino acid or nucleotide (Figure 4B).

The probiotic strains proliferate within and drive volume 
change of the ELM. Using the same growth conditions as 
S. cerevisiae ELMs, we observed that ELM disks containing 

Figure 4. Engineered probiotics can form ELMs. A) Schematic of engineered Saccharomyces boulardii probiotic (top). This probiotic has been modified 
to obtain four different mutants that are each auxotrophic for either L-leucine, L-tryptophan, L-histidine, or uracil. Schematic represents the position 
of the mutant streaked on synthetic medium agar plates (bottom). B) Growth behavior of each of the mutants on synthetic medium agar plates that 
lack each of the amino acids or nucleotide. C) Volume change over time of ELM disks that contain S. boulardii-URA3 grown in the presence of synthetic 
complete medium and synthetic medium lacking uracil (control). (S.bou: S. boulardii; SD: synthetic medium agar; L-his: L-histidine; L-trp: L-tryptophan; 
L-leu: L-leucine). Each data point represents the mean (n = 3) and error bars represent standard deviation. Trend lines are only intended to guide 
the eye. To better visualized the data, open dots show the individual data points for ELMs grown in the presence of uracil. Statistical analysis: t-test,  
* P-value < 0.05.
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S. boulardii-URA3 mutant changed in volume up to 191%  ± 
60% after 48 h in synthetic complete medium (Figure 4C). This 
increase in volume is significantly different compared to con-
trol samples of these ELMs (t-test, P < 0.05) that increased only 
24% ± 14% in volume after 48 h in synthetic medium lacking 
uracil (Figure  4C). ELMs encapsulating auxotrophic mutants 
LEU2, TRP1, and HIS3 were also tested in synthetic complete 
medium and synthetic medium lacking the corresponding 
amino acid (Figures S4 and S5, Supporting Information). 
Similar behavior as the composites containing the S. boulardii-
URA3 was observed in these ELMs, where growth is triggered 
by the presence of all amino acids in the synthetic complete 
medium and nearly totally absent in the absence of the spe-
cific amino acid that the strain cannot synthesize (Figure S6, 
Supporting Information). Significant differences between the 
volume changes of these ELMs at 48 h and their corresponding 
controls were also observed (t-test, LEU2, P  <  0.01; TRP1, 
P  <  0.01; HIS3, P  <  0.05). The use of auxotrophic probiotics 
enables ELMs that change shape only after detecting small con-
centrations (e.g., ≈ 80 µg mL−1 of uracil in medium) of specific 
amino acids or nucleotides.

2.4. Multiprobiotic Shape-Changing ELMs

Direct-ink-write printing allows the spatial distribution of dif-
ferent probiotic mutants within a single ELM structure. Each 
region of the structure then grows only when then the appro-
priate biochemical cue is present. ELM bilayers were printed 

that contained two of the genetically engineered S. boulardii 
mutants (TRP1, URA3), with each layer containing one mutant 
(Figure 5A). The resulting bilayers bent in the presence of 
synthetic medium with either the amino acid L-tryptophan 
or the nucleotide uracil. We first measured the change in 
bending curvature (k  =  1/r) of an ELM bilayer growing in 
synthetic medium lacking L-tryptophan. The bilayer under-
went a change in curvature that was obtained due to the mis-
match strain between the ungrown layer containing the mutant  
S. boulardii-TRP1 and the growing layer of S. boulardii-URA3. 
In Figure  5B, we observed that the bilayer underwent a sub-
stantial increase in curvature when grown in synthetic medium 
lacking L-tryptophan for the first 36  h, with the layer con-
taining the S. boulardii-URA3 on the outside of the structure. 
After changing the bilayer to synthetic medium lacking uracil, 
the curvature continued to increase during the first 12  h of 
growth. This continued bending might correspond to the time 
required to exhaust residual metabolic pools of uracil enabling 
some residual growth of the cells in the S. boulardii-URA3 layer. 
After 12 h, the bending curvature decreases due to the growth 
of the S. boulardii-TRP1 layer and the absence of growth of the 
S.boulardii-URA3 layer. After 120  h of total growth time, the 
ELM bilayer returns to a flat shape and has an overall increase 
in volume. The evolution of the curvature of a representative 
ELM bilayer is shown in Figure  5C and replicates are shown 
in Figure S7 in the Supporting Information. This sequential 
shape change is triggered first by the presence of a specific 
amino acid and then by a specific nucleotide in medium that 
contains many other amino acids and nucleotides. In contrast 

Figure 5. 4D printing ELMs capable of sequential shape change. A) Schematic of a printed bilayer composed of two engineered S. boulardii mutants. 
Bilayer is capable of sequential shape change. B) Curvature as a function of time of a bilayer that contains S. boulardii mutants URA3 and TRP1. Bilayer 
grows in synthetic medium lacking L-tryptophan for the first 36 h and then it grows in synthetic medium lacking uracil for 96 h. C) Sequential shape 
change over time of the ELM bilayer (Scale bar: 10 mm).
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to experiments where hydrogel bilayers sequentially change in 
bending curvature in response to pH and temperature,[62] these 
ELM bilayers are capable of sequentially changing in curvature 
in response to multiple specific biomolecules. Sequential shape 
change in materials triggered by exposure to low concentra-
tions of poorly differentiated molecules has not been previously 
demonstrated.

This multiprobiotic material platform can provide a novel 
way to achieve structures that transform into multiple shapes in 
response to multiple specific molecules. To create such a struc-
ture, we printed ELM structures composed of two S. boulardii  
probiotic mutants (TRP1 and LEU2) arranged in an asymmetric 
configuration (Figure 6A). These structures consisted of pat-
terned bilayers where the bottom was printed as a rectangular 
continuous structure encapsulating S. boulardii-LEU2 and the 
top layer was printed as stripes encapsulating S. boulardii-
TRP1. These ELMs undergo distinct shape transformations 
in response to two specific stimuli (Figure  6A). After 48  h of 
growth in synthetic medium lacking L-leucine but containing 
L-tryptophan, the flat structure morphs into a cylindrical tube 
with normal curvature only along its short axis. This curvature 
results from the growth in volume of the stripes and the under-
lying layer maintaining its original form.

The same type of ungrown printed geometry was incubated 
in synthetic medium lacking L-tryptophan but containing 
L-leucine. In this case, the continuous bottom layer of the 
ELM increases in volume due to cell proliferation. As shown 
in Figure 6B, when the bottom layer of the printed film grows 
in this medium, the ELM changes into a bent tube with normal 
curvature along both the short and long axes after growing 
for 48  h. This curvature that develops along the short axis is 
in the opposite sense as compared to the structures grown in 
L-tryptophan, as now the continuous bottom layer is larger  
than the stripes. Either of the grown ELMs can then be  
incubated in synthetic medium containing the other bio-
chemical stimulus. In both cases, the grown structure partially 
unbends due cell proliferation of the previously ungrown layer 
(Figures S8 and S9, Supporting Information).

2.5. 3D-Printing Shape-Changing Drug Delivery ELMs

Having established that we can fabricate 4D printed ELMs that 
respond by changing shape in a programmed manner to spe-
cific biochemical cues, we hypothesized that we could harness 
this shape change to build capsules that deliver a model drug 

Figure 6. 4D printing ELMs capable of multiple shape change. A) Schematic of a printed bilayer composed of two engineered S. boulardii mutants. 
Top layer is printed as stripes and bottom layer as a flat sheet. B) Printed structure is capable of changing shape into two different types of geometries. 
When the bilayer is incubated in synthetic medium lacking L-leucine, it changes shape into a tube-like structure (left). When it is incubated in synthetic 
medium lacking L-tryptophan, the bilayer adopts a geometry with two types of bending (right) (Scale bars: 10 mm).
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in response to a biochemical cue. By designing a device that 
can respond to such subtle cues, we ultimately aim to enable 
the use of ELM drug delivery devices to target specific loca-
tions of the body, while noting that the current device only 
tests the delivery mechanism. We fabricated a model drug 
delivery device by printing an ELM S. boulardii-TRP1 mutant 
in the base and cell-free material in the body and lid of a cap-
sule (Figure 7A). The capsules are fabricated with dimensions 
that resemble those of common oral pharmaceuticals and are 
hollow to function as reservoirs of a model drug that cannot 
diffuse through the hydrogel. The working principle of this 
device is that growth of the ELM base layer will rupture the 
capsule and the model drug will be released from the capsule’s 
reservoir in response to a specific amino acid. The ELM cap-
sules are filled during printing by injecting the model drug into 
the open, hollow structure. This process was done before the 
printer finished the process of closing the capsule. Micrometer-
sized materials that carry drugs have been useful in therapeutic 
applications via the oral route, such as inflammatory bowel dis-
eases, diabetes, cancer, and anti-inflammatory therapies.[63–66] 
Our capsules are printed using a concentric path in the shape 
of a square for each part of the capsule. The use of a concentric 
path to build the base of the capsule results in a weak point at 
the center of the base. We hypothesized that the capsules would 
fail near this weak point to enable the release of the model 

drug. We fabricated capsules that were grown in synthetic 
complete medium at 37 °C to record their shape change and 
model drug release over time. Due to the base of the capsules 
being constricted by the cell-free structure, the base expands 
and eventually ruptures between the 12 and 24  h or between 
the 24 and 36 h timepoints. The evolution of shape change and 
rupture of a representative capsule is shown in Figure 7B. This 
rupturing was observed to start near the fabricated weak point, 
which allows the release of the model drug from the reservoir.

The release of the model drug to the surrounding medium 
is governed by the rupture of the capsule. To monitor model 
drug release, the medium surrounding the capsule was col-
lected every 12  h for 2  d, and the contents were quantified by 
counting the released model drug in the flow cytometer. A 
single type of capsule was fabricated, and the release of drug 
was monitored in three conditions. The experimental condition 
consisted of capsules grown in synthetic medium containing 
L-tryptophan. The negative control was capsules incubated in 
synthetic medium without L-tryptophan. The positive control 
was capsules that were manually ruptured along the base and 
incubated in synthetic medium without L-tryptophan. In the 
first 12 h, the experimental and negative control capsules release 
very few or no model drug fluorescent microparticles, while the 
positive control capsules release 4%  ± 2% of the total encap-
sulated model drug. By 36  h, all of the experimental capsules 

Figure 7. 4D printing ELM drug delivery devices. A) Schematic of a 3D printed ELM capsule with an embedded probiotic mutant at the base. ELM 
capsules were grown in synthetic complete medium or synthetic medium lacking the corresponding amino acid. B) Printed capsule containing  
S. boulardii-TRP1 and encapsulating model drug in the reservoir (fluorescent microparticles). The device changes in area at the bottom and eventually 
ruptures at 24 or 36 h timepoints. C) Cumulative microparticle release quantification. Experimental capsules rupture and release fluorescent micro-
particles between 12 and 24 or 24 and 36 h of growth in synthetic complete medium. Positive controls are manually ruptured and release model drug 
from start to end of growth in synthetic medium lacking L-tryptophan. Negative controls incubated in synthetic medium lacking L-tryptophan do not 
rupture or release model drug (Scale bars: 5 mm). Each data point represents the mean (n = 3) and error bars represent standard deviation. Trend 
lines are only intended to guide the eye. Statistical analysis: one-way ANOVA followed by a post hoc Tukey test, * P-value < 0.05, ** P-value < 0.01.
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have ruptured and have released 6%  ± 2% of the total encap-
sulated model drug. Statistical analysis using one-way analysis 
of variance (ANOVA) reveals that there is a significant differ-
ence between the release of the model drug at 48 h between the 
experimental and positive control capsules (P < 0.05). We relate 
this higher release of model drug from the experimental cap-
sules to the ruptured point at the base growing larger over the 
time of growth (Figure 7C). This increase at the ruptured point 
in positive control capsules is not observed because the base of 
the capsule remains ungrown throughout the total growth time 
in its corresponding medium (Figure S10, Supporting Informa-
tion). Importantly, we also tested intact negative control capsules 
that were placed in medium lacking L-tryptophan and observed 
a small apparent release of the model drug to the surrounding 
environment. On observation, we did not detect any failure 
in these capsules. As such, it is unclear if a small release was 
observed or if accumulated noise in the measurements leads 
to this small apparent release (Figure S11, Supporting Infor-
mation). There is a significant increase in model drug release 
(P < 0.01) for the experimental capsules with the growing base 
as compared to the negative control capsules. We note that the 
experimental capsules were all ruptured by 36  h; however, a 
great percentage of the model drug was not released. The same 
behavior was observed in positive control samples. We believe 
that the retention of model drug within the capsules might be 
due to some of the model drug adhering to the internal walls of 
the capsules prior to crosslinking (Figure S12, Supporting Infor-
mation). To ensure a higher percentage of microparticles are 
released, future work may require crosslinking strategies that 
prevent the adherence of microparticles to the material.

In this work, direct-ink-write printing enables spatial-con-
trol of the strain and quantity of embedded yeast within syn-
thetic hydrogels. This spatial control enables structures that 
morph into complex shapes in response to engineered condi-
tions. We note that having such control could enable ELMs 
that serve as components of active drug delivery devices. We 
created ELM capsules to provide a proof-of-concept dem-
onstration for the release of drugs driven by material shape 
change. This demonstration validates the idea that shape-
changing ELMs can respond to a biochemical stimulus and 
release a contained compound. Nonetheless, several impor-
tant challenges remain before these devices could be used in 
a delivery device, for example, in the GI tract. One important 
challenge is the timescale of shape change after exposure to a 
stimulus. This timescale of shape change must occur before 
the device is cleared from the body and ideally would target 
the released compound to a tissue of interest. ELM delivery 
strategies may need to be coupled up with other strategies 
that allow retention in the GI tract, such as microneedles or 
floating systems.[67–69] Furthermore, while the presence or 
absence of an amino acid is a convenient laboratory stim-
ulus, it is not necessarily a useful biochemical stimulus in a 
medical device. Free amino acid content in the GI tract will 
be controlled by a range of conditions.[70] However, we note 
that proliferation, which is the key behavior needed to induce 
delivery, is a behavior seen in all microorganisms. Future 
advances in synthetic biology where probiotics are engineered 
to respond to a disease-specific stimulus may be leveraged 
into ELM delivery devices.

3. Conclusion 

We demonstrated the 4D printing of ELM objects that undergo 
programmable shape changes in response to the presence or 
absence of particular biochemicals in a milieu of biochemicals. 
The rheological modifier CNC was used to tune the viscosity of 
bioinks and cell-free inks that are used to direct-ink-write dif-
ferent architectures. Multimaterial 4D printing of one or two 
types of bioinks within the same structure was used to spa-
tially distribute yeast of different strains and spatially control 
the concentration of yeast. This approach enables the genetics 
of the encapsulated yeast to control the stimulus needed to 
induce shape change. This approach is quite distinct from most 
shape changing materials where physical changes in a synthetic 
polymer are driven by heat, light, solvents, or other stimuli. 
This approach may enable new types of bioresponsive medical 
devices. Using genetically engineered probiotics, we fabricated 
proof-of-concept drug delivery capsules that could release a 
model drug to the surrounding environment only when a par-
ticular biochemical cue is present.

4. Experimental Section
Materials: Acrylamide,  N,N′-methylenebisacrylamide (BIS), LAP 

photoinitiator, L-leucine, uracil, agar, yeast synthetic drop-out medium 
supplements without histidine, leucine, tryptophan, and uracil 
(Y2001) were purchased from Sigma-Aldrich. Amino acids L-histidine 
and L-tryptophan were purchased from Acros Organics. CNCs were 
purchased from CelluForce. Commercial yeast (S. cerevisiae, active 
dry yeast, Fleischmann’s) was purchased from Amazon. Yeast extract, 
yeast nitrogen base without amino acids,  D-(+)-glucose, and Thermo 
Scientific Fluoro-Max red aqueous fluorescent microparticles (R0200) 
were purchased from Fisher Scientific. Rain-X was purchased from Wal-
Mart (College Station, TX). All chemicals were used as received without 
further purification.

Mold Construction: For volume change and mechanical testing 
experiments, molds were used to create flat sheets of the ELM and cell-
free hydrogels. Molds were made of two glass slides (75 mm by 51 mm) 
treated with Rain-X to avoid material adhesion. The unpolymerized 
material was sandwiched between the treated glass slides separated by 
1 mm thick spacer.

Quantification of Cell Density for ELMs Encapsulating Active Dried Yeast 
or Probiotic Yeast: To quantify the number of cells of active dried yeast, cell 
density was measured with a Genesys 10S UV/visible spectrophotometer 
by observing the optical density at 660 nm. Briefly, 1.2 g of yeast in was 
mixed with dH2O to prepare a 50 mL yeast solution. Then, twofold serial 
dilutions from 1:2 to 1:64 were made (n = 3) by mixing 1 mL of the initial 
yeast solution with 1  mL of dH2O until the 1:64 dilution. Diluted yeast 
solutions (1 mL) were pipetted into a 1 mL cuvette for spectrophotometer 
measurements. Optical densities between 1.6 and 0.8 were measured 
respectively for 1:16 and 1:64 dilutions. These densities correspond to 
numbers of cells of 5.22  ×  107  and 1.26  ×  107  cells, respectively. These 
results indicate that 1.2 g of active dried yeast contains ≈4 × 1010 cells.

Saccharomyces boulardii probiotic mutants (leu2, trp1, his3, ura3—18 
tubes per mutant) were incubated for 12 h in 5 mL of synthetic complete 
medium [0.67 wt% yeast nitrogen base without amino acids, 0.139 wt% 
yeast synthetic drop-out medium supplements, 2  wt%  d-glucose, 
0.038 wt% L-leucine, 0.0076 wt% L-tryptophan, 0.0076 wt% L-tryptophan, 
and 0.0076 wt% uracil] at 30 °C in a shaking incubator at 200 revolutions 
per minute (RPM). Subsequently, overgrowths were made using nine 
flasks containing two overnight tubes each with 50  mL of synthetic 
complete medium that were incubated in the same conditions. 
Overgrowths were combined and cell density was measured to calculate 
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the volume needed to reach ≈4  ×  1010 cells. This volume of cells was 
centrifuged and washed twice in synthetic complete medium to obtain 
a pellet. Pellet of cells were kept in an incubator at 30 °C for 1 h before 
ink preparation.

Ink Preparation for ELMs and Cell-Free Hydrogels: To prepare 3D 
printable hydrogels containing active dried yeast, pregel/CNC solutions 
containing 8 wt% acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, 
11 wt% CNC, and 12 wt% active dried yeast in sterile dH2O. The mixing 
process began by mixing acrylamide, BIS, LAP, and CNC with 38.88 wt% 
sterile dH2O. Before adding the yeast, the solution was mixed in a 
planetary AR-100 mixer (Thinky, Laguna Hills, CA) for 2 min at 2000 RPM 
and then hand mixed with a metal spatula. The process was repeated 
until the solution was well mixed. Then, yeast and remaining sterile 
dH2O was added into the pregel solution and mixing process was 
repeated in the planetary mixer until the ink was homogenous. For inks 
containing probiotic mutants, the appropriate volume of pelleted cells 
(4×109 cells mL−1) was mixed into the pregel/CNC mixture and total ink 
volume was adjusted with sterile synthetic medium lacking d-glucose.

To prepare cell-free 3D printable inks, a solution containing 8 wt% 
acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, and 22 wt% CNC 
was prepared in sterile dH2O. All ingredients were added in a glass vial 
and the solution was mixed in a planetary AR-100 mixer (Thinky, Laguna 
Hills, CA) for 5  min at 2000 RPM and then hand mixed with a metal 
spatula. The process was repeated until the solution was well mixed.

For volume change experiments, mechanical testing, and rheology of 
ELMs containing active dried yeast solutions were prepared with 8 wt% 
acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, 12 wt% active 
dried yeast, and different concentrations of CNC (5, 8, 11, and 14 wt%). 
For volume change experiments, mechanical testing, and rheology of 
cell-free hydrogels solutions were prepared with 8 wt% acrylamide, 0.1 
wt% BIS, 0.02 wt% LAP photoinitiator, and different concentrations of 
CNC (11, 16, 19, and 22 wt%).

For volume change experiments of ELMs containing probiotic 
mutants, solutions were prepared with 8 wt% acrylamide, 0.1 wt% BIS, 
0.02 wt% LAP photoinitiator, 11 wt% CNC, and each S. boulardii probiotic 
mutant (4×109 cells mL−1).

Ink Rheological Measurements and Analysis: The rheological behavior 
of the ELMs containing active dried yeast and cell-free inks using 
different concentrations of CNC were characterized using a Discovery 
HR-3 Hybrid Rheometer (TA Instruments, New Castle, DE) using 
a 40  mm, 2.029° cone plate geometry and a gap of 30  µm. Viscosity 
measurements were conducted through logarithmic sweeps of shear 
rates from 0.01 to 1000 s−1. Oscillation sweep tests were conducted at 
a fixed frequency of 1  Hz and a sweep stress from 0.1 to 500  Pa. All 
measurements are performed at constant room temperature (22  °C). 
The shear-thinning properties of both bioinks and cell-free inks were 
determined using the power law viscosity model following the equation: 

1η γ= −�K n . In this model, η represents the viscosity, γ�  is the shear rate, 
K is the consistency index, and n is the flow index. The flow index gives 
important information regarding the type of material. When n  <  1, the 
material is shear thinning, whereas n  >  1 or n  =  1 indicate that the 
material is shear thickening or Newtonian, respectively. For both bioinks 
(5 and 11 wt% CNC) and cell-free inks (11, 16, 19, and 22 wt% CNC), the 
flow indices were measured using the corresponding viscosity data at 
shear rates between 10–1 and 101 1 s−1. For bioinks made of 8 wt% CNC, 
flow indices were measured using the corresponding viscosity data at 
shear rates between 10–2 and 100 1 s−1.

Volume Change Quantification of ELMs and Cell-Free Hydrogels: To 
quantify volume changes in ELMs with active dried yeast, cell-free 
hydrogels, and ELMs with probiotic mutants, all inks were sandwiched 
between the fabricated molds. Then, the molds were exposed to UV 
irradiation at 365 nm with an intensity of 28 mW cm−2 for 35 s on each 
side. All hydrogels were stored in synthetic complete medium lacking 
d-glucose for 24 h prior to their corresponding growth test. All hydrogels 
were cut into 10 mm diameter disks (n =  3 for each type of hydrogel). 
The dimensions of each disk were measured before growth. ELMs 
containing active dried yeast and cell-free hydrogels were incubated in 
the same culture flasks but separately for each CNC composition using 

175 mL of synthetic complete medium. ELMs containing each probiotic 
mutant were grown in 175  mL of synthetic complete medium and in 
175 mL of synthetic medium lacking their corresponding amino acid or 
nucleotide. All disks were incubated in aerobic conditions at 30  °C for 
48 h with constant agitation (200 RPM). Volume changes were measured 
every 12 h for 48 h using a Canon Rebel T7i camera.

Mechanical Characterization: ELMs containing active dried yeast with 11 
wt% CNC and cell-free hydrogels containing 22 wt% CNC were selected 
for mechanical characterization. Briefly, samples (3 mm x 3 mm x 1 mm) 
were cut from polymerized hydrogels in triplicates after equilibration in 
synthetic medium lacking d-glucose. Compression testing was performed 
using a MicroSquisher (CellScale Biomaterials Testing). Tungsten beam 
with a diameter of 1.016  mm was utilized which was glued to a 6  mm 
by 6  mm platen on one end. This tungsten beam was attached from 
the opposite end of the glued platen to the machine’s actuator using 
a cantilever beam grip. Samples were loaded to the test chamber filled 
with dH2O at room temperature. The bottom part of the flat platen was 
brought into contact with the sample before measurements. The actuator 
was programmed to move at a rate of 0.5 mm min−1. Force as a function 
of displacement was measured along the height (1  mm dimension) 
of the sample and calculated by the machine’s software using the 
beam’s stiffness, beam’s length, and the changing height. To calculate 
compressive modulus, strains were used from 1% to 20% because the 
stress–strain response in this region was linear.

Probiotic Mutant Growth on Agar Plates: All probiotic mutants were 
plated on synthetic medium agar (15 wt% agar) plates lacking L-leucine, 
L-tryptophan, L-histidine, or uracil. Growth was recorded after 60  h of 
incubation at 30 °C using a Canon Rebel T7i camera.

Fabrication of 3D Printed Structures: The ELM and cell-free inks 
are loaded into 10  mL plastic syringes that are fitted into the syringe 
dispensing system (SDS)-10 print heads (Hyrel 3D, Norcross, GA), 
attachments of the System 30M 3D printer (Hyrel 3D, Norcross, GA). For 
all multimaterial printed structures, two SDS-10 print heads are loaded 
in the 3D printer, and the X-Y coordinates between the two nozzle tips 
are calibrated using a Mighty Scope 5M digital microscope. G-codes were 
designed to direct the print path of each print head to obtain the desired 
structures. During the printing process, the inks are deposited at room 
temperature (22 °C) through a 250 µm conical nozzle onto cleaned glass 
slides at printing speeds of 1.5 mm s−1 and uniform volumetric flow rates.

For disk geometries composed of ELM (S. cerevisiae) and cell-free 
materials, a concentric print path was first printed to form a one-layer 
inner ELM disk of 10  mm diameter. Then, an outer ring with a width 
of 3 mm was printed to fit around the boundaries of the disk. Bilayers 
composed of two different probiotic mutants (S. boulardii-ura3 and S. 
boulardii-trp1) were printed as rectangular prisms (20  mm x 5  mm 
x 0.5  mm) using a rectilinear print path that moved along the long 
geometric axis. First, a one-layer rectangular prism with a 0.25  mm 
thickness was printed with the first probiotic mutant, and then the two-
layer with a different mutant was printed on top of the first ELM layer.

To form the bilayers that change shape into multiple structures with 
probiotic mutants S. boulardii-TRP1 and S. boulardii-LEU2, a rectangular 
prism (26.5 mm x 7 mm x 0.25 mm) was printed using a rectilinear print 
path that moved along the long geometric axis. After printing this layer 
with the first probiotic mutant, the second layer was printed on top and 
perpendicular to the long geometric axis of the bottom layer with the 
second probiotic mutant. This layer formed six stripes (7 mm x 1.5 mm x 
0.25 mm) with a spacing of 3.5 mm between the stripes.

To print drug delivery capsules, an ELM ink containing the probiotic 
mutant S. boulardii-TRP1 was printed as a one-layer square prism 
(5 mm x 5 mm x 0.25 mm) using a concentric print path. Then a hollow 
rectangular prism (8 mm x 5 mm x 5 mm) with a 0.5 mm thickness using 
cell-free ink was printed on top of the ELM structure. After printing, the 
hollow structure was filled with 50 µL of Thermo Scientific Fluoro-Max 
Red Aqueous Fluorescent Particles. To close the capsule geometry, a 
hollow pyramidal structure (4  mm height and 0.5  mm thick) made of 
cell-free ink was printed on top of the rectangular prism. This geometry 
avoided the material collapsing on the open part of the rectangular 
prism and allowed the fabrication of a sealed capsule.
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After printing, all structures were placed in a nitrogen environment 
and photopolymerized under UV (Omnicure LX500) irradiation at 
365 nm with an intensity of 10 mW cm−2. All geometries were exposed 
for 35 s to irradiate from the top and then flipped and exposed for 
another 35 s to irradiate from the bottom.

Shape Changes of 3D Printed Geometries: All shape changes of the 
3Dprinted structures in this research study were recorded every 12  h 
using a Canon Rebel T7i camera. Bilayer structures with one type of 
shape change were grown at 30  °C with constant shaking (200 RPM) 
in aerobic conditions. Every bilayer was grown in 50  mL of synthetic 
medium lacking L-tryptophan for 36  h and then in 50  mL of synthetic 
medium lacking uracil. The medium was changed every 12 h.

Bilayers with multiple shape transformations were grown at 30  °C 
with constant shaking (200 RPM) in aerobic conditions. One set of these 
bilayers (n  =  3) was grown in synthetic medium lacking L-tryptophan, 
and another set (n  =  3) was grown in synthetic medium lacking 
L-leucine. The medium was changed every 12 h.

3D printed drug delivery capsules were grown at 37  °C with constant 
shaking (180 RPM) in aerobic conditions. The experimental set of these 
bilayers (n  =  3) was grown in synthetic complete medium. Positive 
controls (n = 3) were grown in synthetic medium lacking L-tryptophan and 
were manually ruptured at the bottom ELM layer to allow the release of 
the model drug throughout the experiment. Negative controls (n = 3) were 
grown in synthetic medium lacking L-tryptophan. Every capsule was grown 
separately in 50 mL of their corresponding medium. Medium was collected 
every 12 h and centrifuged for further experiments using flow cytometry.

Flow Cytometry: The number of released fluorescent microparticles was 
quantified using a Becton Dickinson Accuri C6 flow cytometer. The solution 
around the devices was centrifuged to collect the released microparticles, 
which were then resuspended in dH2O to make a total solution of 5 mL 
prior to flow cytometry. Dilutions were made by pipetting 100  µL of the 
5  mL solution containing microparticles in 900  µL of dH2O. For each 
sample, 250  µL of the diluted solution was run through the cytometer, 
with gating such that particles showing high fluorescence (≈106, similar to 
that of the Fluoro-Max Red Aqueous Fluorescent Particles) in the 580 nm 
emission range being counted. All samples were run in triplicate.

Statistical Analysis: Statistical comparisons were determined using 
Student’s t-test or one-way ANOVA followed by a post hoc  Tukey test 
(GraphPad Prism 9). Data are shown as the mean ± standard deviation. 
For all tests, a P  <  0.05 was used to consider the results statistically 
significant.
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