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The development of engineered living materials (ELMs) has recently attracted significant attention from re-
searchers across multiple disciplines. Fungi-derived ELMs represent a new type of macroscale, cost-effective,
environmentally sustainable materials. However, current fungi-based ELMs either have to undergo a final pro-
cess to heat-kill the living cells or rely on the co-culture with a model organism for functional modification, which
hinders the engineerability and versatility of these materials. In this study, we report a new type of ELMs — grown
from programmable Aspergillus niger mycelial pellets — by a simple filtration step under ambient conditions. We
demonstrate that A. Niger pellets can provide sufficient cohesion to maintain large-area self-supporting structures
even under low pH conditions. Subsequently, by tuning the inducible expression of genes involved in melanin
biosynthesis, we verified the fabrication of self-supporting living membrane materials with tunable colors in
response to xylose concentration in the surroundings, which can be further explored as a potential biosensor for
detecting xylose level in industrial wastewater. Notably, the living materials remain alive, self-regenerative, and
functional even after 3-month storage. Thus, beyond reporting a new engineerable fungi chassis for constructing
ELMs, our study provides new opportunities for developing bulk living materials for real-world applications such
as the production of fabrics, packaging materials, and biosensors.

1. Introduction

For billions of years, living systems have constantly been evolving to
produce diverse, complex materials under ambient conditions (from
biofilms to skeletal tissues) that have acquired remarkable properties
such as hierarchical assembly from simple raw materials, self-repairing,
and the ability to sense and respond to environmental stimuli [1-5].
There is tremendous potential for exploiting different forms of engi-
neered living materials (ELMs) to recapitulate the unique “living” attri-
butes of natural living systems. Existing ELMs reported thus far include

two basic categories, hybrid living materials and self-organizing ones [6,
7]. The former generally requires the use of an extra matrix such as
hydrogel, organic coating, and inorganic material in which living cells
are embedded. The introduction of these exogenous scaffolds often af-
fects the ability of cells to perceive the external environment, which re-
stricts their living abilities [8-11]. Moreover, these ELMs face several
major obstacles, including the complex processing steps and associated
high manufacturing costs [12,13]. Alternatively, self-organizing living
materials are produced by harnessing engineered cells to simultaneously
make the matrix and incorporate novel functionalities into it [4,6,9,10,
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14]. Compared with existing self-organizing living materials that often
use model bacterial strains, such as Escherichia coli and Bacillus subtilis, as
the main chassis, the use of other microorganisms, such as fungi, is
relatively less explored even though they have exhibited great potential
to produce self-organizing bulk materials without supplementation of
extra scaffolding materials [15-18].

The relatively high aspect ratios of the filaments in fungi render them
particularly suitable as prime candidates for fabricating sheet-like
structures or membranes, or even for application as a reinforcing phase
in composite materials [15]. Indeed, researchers have already reported
the generation of fungal-based materials as scalable biocomposites,
including packaging materials, bio-bricks, and leathers [16,17,19]. These
studies showed considerable promise in the fabrication of living mate-
rials using fungal mycelium. However, these materials either have to
undergo a final process to heat-kill the living cells or reply on the
co-culture with a model organism for functional modification [19-22],
severely limiting the engineerability and versatility of fungi-based ELMs.

Here, we report the fabrication of new fungal ELMs that leverage
Aspergillus niger as an engineerable chassis. A. niger is a filamentous
fungus that primarily comprises a vast three-dimensional network of
web-like hyphae, forming a complex and well-ordered structure. More-
over, it is genetically tractable, thus rendering it an ideal chassis for use in
ELMs [23,24]. In this study, using a simple filtration step, we first pro-
duced self-supporting living membrane materials composed of A. niger
mycelial pellets. We further reconstructed the intrinsic melanin pigment
synthesis pathway of A. niger to fine-tune the expression levels of
melanin, leading to living membrane materials with variable colors. Our
results not only provide a new viable chassis for constructing bulk ELMs
with tunable colors but also open a new avenue for realizing many
real-world applications, such as the production of fabrics, packaging
materials, and biosensors.

2. Material and methods
2.1. Strains and culture conditions

A. niger wild type ATCC1015 was purchased from the Microbial
Species Preservation Center (Guangdong, China). All the wild type and
mutant strains were cultivated in complete medium (CM) or potato
dextrose agar (PDA). Conidia of 1 x 108 for each strain were inoculated
in a 250-mL Erlenmeyer flask. The medium was composed of 100 g/L
glucose, 80 g/L CaCOs, 6 g/L Bacto Peptone, 150 mg/L KHyPOy4, 150 mg/
L K,HPO,4, 100 mg/L MgSO47H,0, 100 mg/L CaCly-2H,0, 5 mg/L
FeSO4-7H20, and 5 mg/L NaCl.

2.2. Plasmids construction

Using pLH594 as the parent vector, the same strategy as reported
previously was used to construct the 4'phosphopanthetheinyl transferase
(pptA) deletion plasmid pLH773 [23]. Briefly, the upstream and down-
stream sequences (~1 kb) of the pptA (ANI_1_1720104) encoding region
were amplified with primers PpptA-up-F/PpptAup-R  and
PpptA-down-F/PpptA-down-R, respectively. The corresponding se-
quences were digested and ligated sequentially to the flanks of the
hygromycin resistance cassette (loxP-hph-loxP) in pLH594 to obtain the
pptA-deletion plasmid pLH773.

To construct pptA overexpression plasmid, pLH454 harboring
glyceraldehyde-3phosphate dehydrogenase promoter (PgpdA) and loxP-
hph-loxP cassette as previously described, was used as the parent vector,
the plasmid pLH774 derived from pLH454 by replacement of PgpdA with
the pptA gene, which does not contain a promoter, was designed. The
promoter of the xylanase A gene (Pxyn) was cloned into pLH774 to
obtain plasmid pLH777 with primer Pxyn-F/Pxyn-R. The primers used
are listed in Table S1, plasmids and strains used in this study are listed in
Table S2, and the map of plasmids is shown in Fig. S1.
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2.3. Transformation of A. niger

The plasmids were electrotransformed into Agrobacterium tumefaciens
[25]. A total of 2 x 10° of A. tumefaciens cells containing the plasmid and
A. niger conidia were co-cultured on IM solid medium plate supplemented
with 0.2 M acetosyringone (AS) and 100 pg/mL kanamycin at 23 °C for 2
days. Then, the mixture was transferred onto CM plates supplemented
with hygromycin B (250 pg/mL), cefotaxime (200 pM), ampicillin (100
pg/mL), and streptomycin (100 pg/mL) until colonies appeared.

2.4. Gene deletion and overexpression of A. niger

The pptA-deletion plasmid pLH773 was introduced into A. niger strain
S469 via AMT. Transformants were selected on CM supplemented with
ampicillin (100 pg/mL), streptomycin (100 pg/mL), cefotathiazide so-
dium (100 pg/mL), and hygromycin B (250 pg/mL) at 28 °C for 5 days,
and the pptA-deletion event was determined by PCR analysis using
primers P1/P2 and P3/P4.

The plasmid containing pptA with Pxyn promoter was introduced into
SApptA by AMT. Transformants were selected on CM plates as described
above. The gene integration events were confirmed by PCR analysis using
primer P5/P6. All plasmids and strains in this study are listed in Table S1.

2.5. DPPH/ABTS radical scavenging activity

DPPH/ABTS radical scavenging activity was measured with a
commensurable test kit (Beijing Solarbio Science & Technology Co.,
Ltd.). The mixture of samples and DPPH was allowed to stand at room
temperature in the dark for 30 min. Then the absorbance of the resulting
solution was measured at 517 nm (DPPH) or 734 nm (ABTS). A lower
absorbance indicates higher free radical scavenging activity. The DPPH/
ABTS radical scavenging activity of each sample was calculated as the
percent inhibition according to the following equations.

where Apegative control répresents the absorbance (A) of the sample and
absolute ethyl alcohol, Apjank represents the absorbance (A) of double
distilled water and testing buffer in the kit.

2.6. Characterization

Scanning electron microscopy (SEM) images were taken with a Carl
Zeiss Supra 40 field emission scanning electron microscope at an accel-
eration of 5 kV. Fourier-transform infrared attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy. Spectra were
recorded from 4000 to 800 cm ™! using a nominal resolution of 2 cm™
with Spectrum Two™ (PerkinElmer). UV-Visible absorption spectra
were obtained on a UV-3600i Plus UV-Vis spectrophotometer (Shi-
madzu, Japan).

2.7. Fabrication of living membrane materials

Spores of A. niger were placed on a PDA for 2 days and then cultured
in potato dextrose water (PDW, 10° CPU/mL) inside a lab shaker (120
rpm, 25 °C) for 76 h. About 300 mg of cells were vacuumed and washed
using distilled water three times to remove residual media. The slurry
was placed on a glass slide to obtain the living membrane materials after
water evaporation under ambient conditions (25 °C, 1 h) until a constant
weight was achieved.

2.8. Mechanical analysis of living membrane materials

The thickness of the resulting materials was measured at three points
along the axis of the sample using a digital length gauge device. Sample
weight was measured after tensile tests performed at room temperature
with a CMT6103 (MTS, USA) using a preload force of 0.25 N with a 2
mm min ! test speed. The bulk density was calculated by dividing the
weight of the specimen by the bulk volume of the sample. Young's
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modulus (in MPa) was determined at the linear part of the stress/strain
curve. The ultimate tensile strength (c; MPa) was obtained from the
maximum load (N) per unit area (mm?) of the specimen, while strain at
failure (¢; %) was obtained by calculating the strain (mm) at the moment
of breaking.

2.9. TG-DSC analysis

TG analysis was conducted using a simultaneous NETZSCH instru-
ment (STA 449F3, D.E.). A finely ground sample was placed in a platinum
crucible and was heated from room temperature to 1000 °C at 10 °C
min ! under flowing air at 100 mL min~'. The weight loss curve of each
sample was recorded by the TG analyzer. Differential scanning calori-
metric (DSC) curves were simultaneously collected by an online com-
puter and data processing system.

3. Results

3.1. Rational selection of an ideal chassis for the design of a living
membrane material

Aspergillus niger, a group of black aspergilli, is “generally regarded as
safe” (GRAS) [26]. In contrast with E. coli, B. subtilis, and other chassis
cells commonly used for producing living materials, A. niger could grow
under a wide range of temperatures (6-47 °C) and pH values (1.5-9.8)
[26]. To date, A. niger has been modified into a cell factory to produce a
wide range of valuable molecules (U.S. Food and Drug Administration)
[27]. Variable efficient genetic manipulation tools have been developed
for enhancing protein expression in A. niger, making it a new suitable
chassis for fabricating ELMs.

Like other filamentous fungi, A. niger is capable of growing into
mycelial pellets under shaking conditions (Fig. 1A). The cell walls of
these pellets are composed of polysaccharides, including chitin and a/
B-glucans, and glycosylated proteins, which result in a high dipole
moment and strong hydrogen bonding, and make it an ideal species to
construct bulk living materials [28,29]. Strengthening this
material-forming ability of A. niger cells would not only reduce the need
for exogenous scaffolding materials but also enable direct contact be-
tween materials and the environment, reducing the waste of energy and
resources caused by redundant processing steps (Fig. 1B).

% S A4 a2 AN
e° \—- f\f_ v’L‘vw{;\‘,\

spores germinating spores primary hypha mycelial pellets

Materials Today Bio 19 (2023) 100545

In addition, our key observation is that A. niger is one of the main
carriers of fungal melanin pigments. Its conidia can produce olive-brown
to black pigment molecules. The production of dihydroxynaphthalene
(DHN) melanin by A. niger is regulated by the melanin biosynthesis gene
cluster, which contains genes pksP, aygl, arp1, arp2, and abr2. The pksP
gene is the core gene responsible for the first biosynthetic step of
YWAI1(heptaketide naphthopyrone, 2,5,6,8-tetrahydroxy-2methyl-2,3-
dihydro-4H-naphtho(2,3-p) pyran-4-one) from the substrates, acetyl-CoA
and malonyl-CoA [30,31]. Notably, the enzymatic activity of polyketide
synthases (PKS) requires post-translational modification, which was
performed by a specific member of the 4-phosphopantetheinyl trans-
ferase (PPTase) family. We focused our engineering efforts on DHN
melanin because it is well known for its variation in color from pale beige
to dark brown as the yield changes and its production does not disrupt
fungal growth (Fig. 1C). Utilizing this inner melanin production ability of
A. niger would avoid the introduction of exogenous genes that potentially
causes additional burdens to the host, while simultaneously ensuring the
stable release of functional elements in a controllable manner. Collec-
tively, A. niger, as a novel chassis, has the potential for the construction of
a new type of ELMs. As demonstrated, later on, using a simple vacuum
filtration method, we have successfully produced self-supporting mem-
brane materials consisting of dense A. niger hyphae as the sole raw ma-
terial (Fig. 1D).

3.2. Fabrication of living membrane materials from A. niger mycelia pellets

To verify the ability of A. niger cells to produce self-supporting living
membrane materials, the reliable production of hyphae under appro-
priate conditions is an important consideration. A. niger serves as a
suitable model in this regard because it is capable of utilizing cheap
renewable carbon sources and can grow at low pH (<2 pH) [24]. Using a
typical protocol for fungal growth by constant shaking, we observed
band-like growth of hyphae coming from one side of the spore of A. niger,
producing branches (Fig. S2). Upon shaking, the hyphae interact with
themselves while the cells continue to grow and divide. This interaction
between hyphae yielded the formation of a large amount of amorphous
fibrous pellets. Next, we examined whether A. niger cells could grow
normally under different pH conditions (pH 2, 6, 8, and 10). After 3 d of
growth, dense pellets covering the entire bottom of the conical flask were
observed under all chosen conditions (Fig. 2A and Fig. S3).
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Fig. 1. Schematic showing the design and production of a living membrane material grown from A. niger. A, Schematic showing the typical steps to produce mycelial
pellets from A. niger in shaking cultures; B, Schematic showing the major components of the hypha; C, Schematic showing the melanin biosynthesis pathway and
genomic organization of the genes involved in melanin biosynthesis; D, The typical protocol to produce a living membrane material grown from the engi-

neered A. niger.
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Fig. 2. Fabrication of living membrane materials from A. niger. A, Reprentative images of mycelial pellets produced by A. nigar under different pH conditions; B, SEM
images of mycelial pellets produced by A. nigar under different pH conditions; C, Distribution of hyphal diameters of the living material grown from the Spxyn-pptA
strain under different pH conditions; D, Typical images of the as-prepared membrane, membrane after drying, and self-dyed membrane; E, TGA thermograms of dried
membrane and self-dyed membrane; F, representative stress/strain curves of dried membrane and self-dyed membrane.

The fibrous network morphologies of A. niger grown at different pH
levels were assessed with SEM imaging (Fig. 2B). Visually, the hyphal
structures of the pellets were uniform fibrous structures. In addition, we
compared the diameters using ImageJ software based on SEM imaging.
The mean diameter of the hyphae was almost equal in size at approxi-
mately 5000 nm for all samples obtained at different pH values (5749 +
76 nm at pH 2, 6039 + 1036 nm at pH 6, 5985 + 124 nm at pH 8, and
5891 + 93 nm at pH 10). The results aligned with previously reported
research (Fig. 2C) [24]. Using a similar approach, the engineered strain
could grow normally using different carbon sources and surfactants
(Fig. S4, Fig. S5, and Fig. S6). Together, these results suggest the possi-
bilities of growing living materials under different conditions by har-
nessing A. niger strong resistance to various harsh conditions.

We then harvested the A. niger pellets as building blocks to fabricate
living membrane materials. The pellets were filtered and washed with
deionized water to remove the media, then dried at room temperature
(25 °C) for 1 h until reaching a constant weight (see methods). Once
dried, the pellets molded into a cuboid formed a flexible and self-
supporting structure (Fig. S7). We considered this dried, solidified
structure as a living membrane material. The melanin is synthesized in
conidia of A. niger, and conidiation hardly takes place in liquid-
submerged culture [32]; therefore, we induce self-dying after drying to
confirm whether the A. niger pellets in the membrane materials remained
viable. Intriguingly, the A. niger pellets in the membrane materials
remain metabolically active throughout the growth and desiccation
phases, as they are able to produce melanin pigments even after 6 h in-
cubation on a PDA plate, resulting in a self-dyed living membrane ma-
terial with tunable colors due to expression of melanin pigments
(Fig. 2D).

The thermal behavior of living materials can be a critical factor in
many applications, especially those conducted at high or variable tem-
peratures. Therefore, we next examined the thermal behaviors of the
living membrane materials, including the non-dyed and self-dyed sam-
ples, by thermogravimetric. The data and corresponding curves (Fig. 2E)
show that both samples began to degrade at temperatures above 200 °C.
In stage 1 of the degradation test (between 25 °C and 200 °C), a 5%
weight loss was obtained, attributed to the free and chemically bonded
water, mainly between 100 °C and 150 °C. In stage 2 (between 200 °C
and 375 °C), we observed a much greater weight loss (~80%), presum-
ably due to the decomposition of organic constituents, such as proteins
and the polysaccharide chitin. DSC analysis of the sample revealed glass
transitions at approximately 180 °C. Next, we assessed Young's modulus
of the samples. The results showed Young's modulus of 1.9 MPa (Fig. 2F).
Notably, no significant difference in the thermostability and mechanical
properties between the non-dyed and self-dyed membrane materials was
detected, implying that the melanin pigment production does not affect
those properties.

Collectively, these results demonstrate that the A. niger mycelial
pellets can serve as building blocks for fabricating self-supporting inter-
connected living membrane materials with impressive thermal stability.

3.3. Construction of living membrane materials with tunable colors grown
from engineered A. niger

A. niger is a melanin-producing fungal species [30]. We demonstrated
that living membrane materials made of wild type A. niger cells could be
self-dyed owing to their innate melanin production capacity. We next
attempted to achieve the tunable color of the living materials by
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regulating melanin expression. To avoid interference from intrinsic
melanin production, we first established a melanin auxotrophic strain.
We used the pptA-deleted (the PPTase-encoding gene) plasmid, which
contained a hygromycin B resistance gene (hph) for a selection marker.
This plasmid was used to transform an A. niger strain (S469) that we had
previously constructed. The S469 strain was constructed with a
Tet-on-cre-pyrG system in A. niger [23,24]. The final transformed A. niger
strain containing the pptA-deleted plasmid was named SApptA. To
further develop the A. niger strain as a biosensor that responds to envi-
ronmental stimuli and triggers changes in gene expression, vectors with
promoter and pptA genes were constructed and integrated into the
SApptA strain. We selected an inducible system in which xylose triggers
the activation of transcription from a target promoter (Pxyn-pptA). The
resulting strain was referred to as Spxyn-pptA (Fig. 3A). Consistent with
our design, the pellicles grown from the wild type, SApptA, and
Spxyn-pptA strains were screened for melanin production. While pellicles
grown with wild type yeast showed a similar gray color, no melanin
production was observed from SApptA, while clear melanin production
was observed from Spxyn-pptA. Notably, pellicles grown from
Spxyn-pptA produced varied melanin signals when exposed to different
xylose concentrations, verifying that xylose serves as an effective inducer
to trigger the expression of melanin in the target strain (Fig. 3B).

Further, we performed UV-VIS spectra (200-800 nm) and attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy to
reveal the physiochemical properties of Spxyn-pptA. Besides the 0%
xylose-induced Spxyn-pptA pellicle, other pellicles absorbed strongly in
the UV region and progressively decreased as the wavelength increased,
corresponding to the conspicuous property due to a high degree of
conjugation in the molecule (Fig. 3C). ATR-FTIR spectra of proteins
(~1550 cm’l), lipids (3000—2800 cm’l, ~1740 cm’l), nucleic acids
(1255-1245 cm_l), and polysaccharides (1200—900 em™Y) were
analyzed to characterize the hyphae. Expectedly, all the characteristic
components were confirmed in the spectra, indicating that the growth of
hyphae was unaffected by the differential production of melanin
(Fig. 3D). These results suggest that the two strains can produce melanin,
implying that living membrane materials grown from the strains can be
self-dyed with tunable colors.

Fungal melanins are also well known for their ability to protect

A B
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organisms from high doses of radiation [33,34]. As the strains can pro-
duce variable amounts of melanin in response to different xylose con-
centrations, their ability to scavenge free radicals provides a promising
demonstration of the accurate signal response of the strains. Hence, we
evaluated their ability to eliminate the radicals 2,2'-azino-bis (3-ethyl-
benzothiazoline6-sulfonic acid; ABTS) and 2,2-diphenyl-1-(2,4,6-trini-
trophenyl) hydrazyl (DPPH). The inhibition of DPPH/ABTS radicals by
different xylose concentrations varied in the induced pellicles. The in-
hibition percentage of DPPH radicals ranged from 9.3 to 19.2% in 0-0.1
wt % xylose-induced pellicles (Fig. 3E). The results showed that ABTS
radical inhibition ranged from 7.5 to 42.5% (Fig. 3F). The efficiency of
DPPH/ABTS radical inhibition was compared with that of the wild type
with a value of 17.1% and 41.2%, respectively. These results suggest that
Spxyn-pptA exhibited tunable antiradical properties. Based on the
inducible expression of melanin in these two strains, we also envision
that the self-dyed living membrane materials may be harvested as fabrics
that can help resist radiation or be used as a biosensor to estimate the
concentration of xylose under various environmental conditions.

To this end, we started by vacuuming approximately 300 mg of two
kinds of fresh pellets (SApptA and Spxyn-pptA) into a membrane and
washing them with deionized water to remove the media. The samples
were then dried at 25 °C for 1 h until a constant weight was reached
(Fig. S7). Once dried, both membranes were cultured on a PDA plate
containing 0.05% xylose. Visually, the self-supported and flexible
membrane composed of different strains (SApptA and Spxyn-pptA)
showed different colors (Fig. 4A and B). SEM imaging (Fig. 4C and D)
confirmed that the molded films contained an appreciable quantity of
spores, the reproductive cells of fungi. Next, we assessed the mechanical
properties, including Young's modulus, flexural modulus, and elongation
at the break of the 0.1% xylose-induced and uninduced material, to
determine whether melanin pigment production affects these properties.
The results demonstrate Young's modulus of 1.8 MPa and flexural
modulus of 2.9 MPa, which is similar to that of material-containing wild
type cells (Fig. 4E and F). These preliminary results suggest the mem-
brane materials made by the engineered A. nigar could avoid the inter-
ference from intrinsic melanin production and capable of developing into
new hyphae.
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mutants (SApptA, and Spxyn-pptA), respectively. The indicated stains were cultured on PDA supplemented with different concentrations of 0.01, 0.03, 0.05, 0.07, and
0.1 wt% xylose for 3 days. C, UV-Vis spectra for the strain Spxyn-pptA 0.01, 0.03, 0.05, 0.07, and 0.1 wt% xylose. D, ATR—FTIR spectra for induced with 0.01, 0.03,

0.05, 0.07, and.
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Fig. 4. Fabrication, physical, and structural characteristics of two different kinds of living membrane materials. A-D, Digital camera images (A-B) and SEM images
(C-D) showing the surface morphology of living membrane materials grown from engineered A.nigar SApptA and engineered A.nigar Spxyn-pptA strains, respectively;
E, representative stress/strain curves of living materials produced from engineered A. nigar SApptA and Spxyn-pptA strains in the presence 0.1 wt% xylose added in
culture media; F, Bending curve profile for living membrane materials grown from engineered A. nigar SApptA and Spxyn-pptA strains in the presence of 0.1 wt %
xylose added to culture media. G-H, schematic and digital images showing the tunable colors of selfdyed living membrane materials grown from engineered A. niger
Spxyn-pptA strain, which secretes a controllable amount of melanin under different concentration of xylose. Note that the degree of color in turn reflects the amount of
xylose concentration, implying a potential biosensor for detecting xylose in industrial waste. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

3.4. Xylose-responsive living membrane material for detecting xylose levels
in wastewater

Given the accurate signal response of the engineered A. niger, we
reasoned that the living cell-based pellets would function as building
blocks that could then be used to produce living membrane materials
with xylose-sensing ability. Xylose is the main component of hemicellu-
lose hydrolysate [35], which is the papermaking wastewater produced by
the pre-hydrolysis step. We hypothesize that the living membrane ma-
terials with variable colors in response to different concentrations of
xylose may serve as a biosensor for detecting the xylose concentration in
the papermaking wastewater.

To verify the potential application of living membrane material for
wastewater testing, we cultured the material into a series of gradient
dilutions of hemicellulose hydrolysate (composed mainly of xylose; 30 wt
%), which was obtained from ground corn cobs after diluting hydro-
chloric acid hydrolysis at 100 °C for 2 h (Fig. 4G). Digital photographs
showed that the degree of color could indeed reflect the difference in
xylose concentration (Fig. 4H and Fig. S8). This successful demonstration
of living membrane materials with tunable color gradients indicates that
the living materials composed of live cells could behave as functional
entities capable of responding to a realistic scenario.

Finally, because our living membrane material is composed of living
cells, we evaluated its self-regeneration capacity and long-term viability.
When partial fragments (~3 mg) of induced material were introduced
into the culture media, the cells of the material started to re-proliferate to
form new clumps (Fig. 5A and B). After 48 h of culture, the second
generation (Gen II) living membrane material could regenerate from the
fragments of the first generation (Gen I) living membrane material
(Fig. 5C). Notably, The Gen II living membrane material was able to sense
and respond to xylose. Moreover, we found that our material stored for 3
months at 4 °C could be used for regeneration in a fresh agar plate. No
significant difference was found in terms of cell morphology, implying
the possibility of long-term conservation of living membrane material.
Moreover, these results demonstrate that these fabricated living mem-
brane materials remain alive, self-regenerative, and functional.

4. Conclusion

Mycelium composites are an emerging class of cheap and environ-
mentally sustainable materials experiencing increasing research interest
for diverse applications, such as bovine leather and its substitutes, syn-
thetic foams for packaging, insulation, and textiles, as well as high-
performance paper-like materials [20,36]. Previous studies showed
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Induced Gen I

Fig. 5. Self-regeneration of living membrane materials. (A-D) Optical images of selfregeneration of living membrane material on agar plates for two continuous
generations. From left to right: the xylose-induced first generation of living membrane material (Genl), partial fragments (~3 mg) of the induced (GenI) cultured in
media, the second generation of living membrane material (GenlII), the xylose-induced GenllI. (E) The regeneration of a piece of living membrane material stored for 3

months at 4 °C in a fresh agar plate.

considerable promise in the fabrication of various materials using fungal
mycelium. Nonetheless, some of these approaches face major obstacles,
including the high-temperature processing steps and heavy reliance on
strong chemical treatments during processing [20,36], leading to the
death of living cells. Moreover, cells were required to be killed under
certain circumstances, such as in food preservation. Living organisms
exhibit remarkable environmental responsiveness to a variety of external
stimuli and thereby provide an attractive opportunity for the develop-
ment of dynamic functional materials. Hence, as a conceptual design, we
constructed bulk ELMs with tunable colors and envisioned that this
material could be developed with many other applications in further
studies.

By leveraging the power of genetic engineering and the intrinsic
advantage of the environmental tolerance of A. niger, we introduced a
new type of engineered living material that enables tunable melanin
production. Our self-supporting living membrane material made of
genetically programmable living cells for environmental responsiveness
has opened the door to creating fungi-derived materials with adaptive
self-regeneration, as well as other previously unattainable material
properties such as low pH resistance and accurate signal response.

Beyond the tunable properties that we demonstrated for our living
membrane material, A. niger may be genetically engineered further for
optimization using directed evolution methods. Thus, researchers can
introduce various fused domains in conjunction with other materials to
form composite materials with an even wider range of properties, such as
responses to different inputs, including chemical inducers, pH changes,
or temperature. However, as conidia eventually shed from the conidio-
phore and disperse into the air to maintain the colors of ELM, it is
desirable to develop effective solutions to prevent the uncontrollable
release of conidia in the environment. For instance, A. niger can be
engineered with specific genetic circuits, which regulate the growth and
survival of the conidia under specific nutrient contents [37]. Alterna-
tively, a transparent, robust polymer-based coating can be developed and
applied to maintain the colors of materials, preventing the conidia from
escaping into the surroundings [38]. These efforts, in addition to

advances in biomanufacturing technology and synthetic biology, will
facilitate the production of fabric, packaging, and biosensors.
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0.1 wt% xylose. E-F, DPPH and ABTS assay of Spxyn-pptA induced

with 0.01, 0.03, 0.05, 0.07, and 0.1 wt% xylose. Data represent means +
SD of three independent replicates. Statistical significance was deter-
mined by Student's t-test (n = 5).
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