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Biofabricating Multifunctional Soft Matter with Enzymes

and Stimuli-Responsive Materials

Yi Liu, Jessica L. Terrell, Chen-Yu Tsao, Hsuan-Chen Wu, Vishal Javvaji, Eunkyoung Kim,
Yi Cheng, Yifeng Wang, Rein V. Ulijn, Srinivasa R. Raghavan, Gary W. Rubloff,

William E. Bentley, and Gregory F. Payne*

Methods that allow soft matter to be fabricated with controlled structure and
function would be beneficial for applications ranging from flexible electronics
to regenerative medicine. Here, the assembly of a multifunctional gelatin
matrix is demonstrated by triggering its self-assembly and then enzymatically
assembling biological functionality. Triggered self-assembly relies on elec-
trodeposition of the pH-responsive hydrogelator, 9-fluorenylmethoxycarbonyl-
phenylalanine (Fmoc-Phe), in response to electrical inputs that generate a
localized pH-gradient. Warm solutions of Fmoc-Phe and gelatin are co-depos-
ited and, after cooling to room temperature, a physical gelatin network forms.
Enzymatic assembly employs the cofactor-independent enzyme microbial
transglutaminase (mTG) to perform two functions: crosslink the gelatin matrix
to generate a thermally stable chemical gel and conjugate proteins to the
matrix. To conjugate globular proteins to gelatin these proteins are engineered
to have short lysine-rich or glutamine-rich fusion tags to provide accessible
residues for mTG-catalysis. Viable bacteria can be co-deposited and entrapped
within the crosslinked gelatin matrix and can proliferate upon subsequent
incubation. These results demonstrate the potential for enlisting biological
materials and mechanisms to biofabricate multifunctional soft matter.

is considerable interest in harnessing
the properties of soft, and especially bio-
logical, materials to provide functional
assemblies. Probably the most visible soft-
matter fabrication activities are focused
on regenerative and personalized medi-
cine (e.g., tissue engineering and targeted
drug delivery). However, advances in
soft-matter fabrication could transform a
broader range of activities: the integration
of biological components into electronic
devices will facilitate multiplexed analysis
at the point-of-care and high-throughput
drug discovery; the versatility and ease of
processing of organic materials provides a
low-cost platform for “smarter” paper, tex-
tiles and packaging; and the compatibility
of many soft materials with biology allows
opportunities for agriculture, foods and
cosmetics.

The fabrication of soft matter can be
enabled by biology which provides a suite
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1. Introduction

The information age was enabled by microfabrication methods
that allowed hard materials to be organized into assemblies
that harnessed their electronic and optical properties. There

of materials, mechanisms and insights.

Self-assembly is the hallmark of biological
fabrication as information contained within the molecules them-
selves guide assembly over a hierarchy of length scales. Often,
biological self-assembly enlists molecular-recognition and is
triggered by external stimuli. Also, biology employs enzymes to
recognize molecular information (e.g., an amino acid residue or
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sequence) for the generation/cleavage of covalent bonds. Here,
we report the biofabrication of multifunctional soft matter by
the triggered self-assembly of stimuli-responsive materials and
the enzymatic introduction of linkages to build macromolecular
structure and function.

Electrodeposition is an attractive method for triggered self-
assembly because it enlists the capabilities of electronics to
impose electrical signals with exquisite spatial and temporal
control.l=4 Over the last decade, several stimuli-responsive bio-
logical polymers have been shown to respond to imposed elec-
trical signals by undergoing a localized and reversible sol-gel
transition.’' To our knowledge, the reversible electrodeposi-
tion mechanisms that are currently known rely on pH gradi-
ents generated by electrolytic reactions. Here, we exploit the
pH-responsive gel-forming properties of the small molecule
hydrogelator??-8] Fmoc-phenylalanine (Fmoc-Phe)!?-2! to co-
deposit the thermally responsive protein gelatin. Gelatin is
a gel-forming biopolymer that is widely used for food, phar-
maceutical and food applications. We use Fmoc-Phe for co-
deposition because no mechanisms are known for the direct
electrodeposition of gelatin. After deposition and cooling,
Scheme 1a shows that gelatin forms its physical (i.e., non-cov-
alent) gel and Fmoc-Phe can be “leached” from the electrode-
posited hydrogel.

The concept of enlisting enzymes for macromolecular con-
struction is attractive because of the potential of catalyzing reac-
tions selectively and under mild aqueous conditions. However,
few enzymes are known that build macromolecular structure
(vs cleavage) without requiring complex co-factors or activated
substrates.l?-2°] Here we enlist a co-factor-independent micro-
bial transglutaminase (mTG) that catalyzes amide bond forma-
tion between lysine and glutamine residues of proteins.l?°-28 As
illustrated in Scheme 1a, we use mTG to covalently crosslink the
electrodeposited gelatin hydrogel to impart thermal stability to
this matrix.?>-34 Further, we employ mTG to bio-functionalize
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the hydrogel by anchoring globular proteins to the gelatin. Since
amino acid residues of globular proteins are typically inacces-
sible for enzymatic reactions,? the proteins were engineered
with lysine or glutamine fusion tags to provide the recognition
site for enzymatic assembly.3~*1]

To demonstrate the potential for coupling triggered self-
assembly (i.e., electrodeposition) with enzymatic-assembly, we
biofabricated the functional matrix illustrated in Scheme 1b.
Specifically, the matrix was functionalized by conjugating two
enzymes (designated Pfs and LuxS) from a short bacterial
pathway for the synthesis of a small signaling molecule. The
matrix also contains entrapped reporter cells that respond to
this in situ generated signaling molecule by switching-on the
expression of a model fluorescent protein.

2. Results and Discussion

2.1. Triggered Self-Assembly of Gelatin (Electrodeposition)

In our initial study, we used rheology to examine the stimuli-
responsive properties of the gelatin/Fmoc-Phe hybrid system.
In the first experiment, a warm mixture of gelatin (5%) and
Fmoc-Phe (0.3%) in the absence (control) or presence (sample)
of HCl (2 mm) was prepared and loaded onto the rheometer
stage that had been set to 30 °C. Figure 1a shows that when
HCI was added to the gelatin/Fmoc-Phe solution, the elastic
modulus (G" and viscous modulus (G”) increased during the
85-min experiment. The increase in G” was faster than G”, and
after 37 min, G’ exceeded G” indicating the transition from
solution to a gel. Figure 1a also shows that for the control (no
HCI), G"”remained considerably larger than G’ throughout the
experiment indicating that the control remained as a solution.
This pH induced sol-gel transition is characteristic of Fmoc-
Phel"! and other Fmoc-peptide hydrogelators.['315:1¢]
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Scheme 1. Biofabrication of multifunctional soft matter. a) Schematic illustrating the coupling of triggered self-assembly (i.e., electrodeposition) and
enzymatic-assembly. b) Schematic illustrating that conjugated enzymes (Pfs and LuxS) allow for in situ generation of a bacterial signaling molecule

(Al-2) that is detected by entrapped reporter cells.
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Figure 1. Orthogonal stimuli can trigger hydrogel self-assembly. a) Rheological evidence that gelatin (5%) and Fmoc-Phe (0.3%) can undergo gel

formation (30 °C) by the addition of acid that reduces the pH from 7.5 to

6.0. b) Rheological evidence that gelatin/Fmoc-Phe undergoes a thermally

reversible sol-gel transition upon cooling (pH = 7.5). In both cases, oscillatory strains (5%) were applied at 0.1 Hz.

Next we studied the thermally reversible behavior of the
gelatin/Fmoc-Phe system. In this experiment, the warm mix-
ture was loaded onto the rheometer stage (30 °C) and equili-
brated for 10 min. Then the temperature was lowered from
30 to 15 °C (= 0.43 °C/min). After cooling, the sample was
equilibrated at 15 °C for 20 min, and then the temperature was
increased from 15 to 50 °C (= 0.53 °C/min). Figure 1b shows
that the gelatin and Fmoc-Phe mixture was initially a solution
(G”> G"). When the temperature was lowered below 25 °C the
sample transitioned from a sol to a gel (i.e., G’ became larger
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than G”). During heating, the gel was melted when the tem-
perature was raised above 35 °C. The gelation and melting
behavior in Figure 1b is characteristic of gelatin,[*>*3 indicating
that the addition of Fmoc-Phe has little effect on this thermally-
reversible behavior. The rheological measurements of Figure
1 demonstrate that Fmoc-Phe confers pH-responsive behavior
while gelatin confers thermal-responsive behavior.

The pH-responsive gel-forming behavior of Fmoc-Ph
allows it to co-deposit gelatin as depicted in Figure 2a. The
low pH generated at the anode induces Fmoc-Phe to undergo

[20,21,44]
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Figure 2. Co-deposition of gelatin using Fmoc-Phe. a) Schematic illustrating experimental procedure for gelatin co-deposition. b) Chemical (Raman)
evidence that gelatin can be co-deposited and Fmoc-Phe can be “leached” from the gelatin hydrogel. c) Physical (ex situ QCM) evidence for co-

deposition and Fmoc-Phe removal.
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a localized sol-gel transition that entraps unstructured gelatin
chains. Upon cooling, the gelatin chains undergo a separate
sol-gel transition. After gelatin forms its gel network, the Fmoc-
Phe can be removed by treating the deposited hydrogel with pH
8 buffer that disrupts the Fmoc-Phe network!*] and allows the
Fmoc-Phe to be leached from the gelatin hydrogel.l?%]

The co-deposition of gelatin/Fmoc-Phe was demonstrated
using a gold-coated silicon wafer (i.e., chip). In this experiment,
the chip was partially immersed in a warm deposition solution
(37 °C) containing gelatin (5%), Fmoc-Phe (0.3%), hydroqui-
none (50 mum), and NaCl (50 mwm), and then the gold was biased
to serve as the anode (0.5 A m™2) and a platinum wire was used
as the cathode. Hydroquinone was included in the deposition
solution to enable the pH gradient to be generated at lower
anodic potentials and thus limit damage to the gold chip.[214+46]
After 4 min deposition, the chip was removed from the dep-
osition solution and gently rinsed with cool water. The wet
hydrogel film was visually observed to adhere to the electrode
surface, and after drying in air at room temperature (22 °C),
the thickness was measured by profilometry to be 4.4 um.

Chemical evidence for co-deposition was provided by Raman
spectroscopy. The bottom two spectra in Figure 2b are controls
that show characteristic peaks for gelatin and Fmoc-Phe.2047#
The spectrum for the co-deposited hydrogel film shows peaks for
both gelatin and Fmoc-Phe, providing direct evidence that Fmoc-
Phe allows for the co-deposition of gelatin. The co-deposited film
was then treated with pH 8 buffer for 15 min to leach Fmoc-Phe
from the network and the Raman spectrum of this film indicates
that the characteristic peaks of Fmoc-Phe have disappeared,
whereas the characteristic peaks of gelatin are retained. This
result provides direct chemical evidence that Fmoc-Phe can be
removed from the co-deposited hydrogel network.

Physical evidence for gelatin/Fmoc-Phe co-deposition is
provided by ex situ QCM measurements. Similar to the experi-
mental procedure described above, a gold-coated QCM crystal
was immersed in the deposition solution; a constant anodic
current (0.5 A m™2) was applied to the gold electrode for a spe-
cific time; the crystal was removed from the solution, washed
with cool water, and vacuum dried at room temperature for
2 h; and then the resonance frequency was measured and
compared to the initial frequency measured before deposition.
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Separate crystals were used for each deposition-time measure-
ment. The ex situ QCM results in Figure 2c show an increase
in frequency shift (—-AF) with deposition time for up to 5 min.
Longer deposition times were not studied because the depos-
ited mass exceeded the instrument’s measurement limits. The
scale at the right in Figure 2c is the mass of the deposited film
and this estimate was obtained using the Sauerbrey equation
to convert the frequency change to mass of the dried film.[*6:>
The three controls shown at the lower right in Figure 2c are
the measurements in the absence of voltage, Fmoc-Phe, or gel-
atin. No deposition was observed for either the “no voltage” or
“no Fmoc-Phe” control. A small amount of mass (0.4 g m™)
was deposited for the “no gelatin” control and this value was
comparable to the mass of electrodeposited Fmoc-Phe reported
in previous studies.?!l Interestingly, the amount of gelatin co-
deposited by Fmoc-Phe is considerably larger than the amount
of agarose that was co-deposited by Fmoc-Phe observed in pre-
vious studies/?! (8.4 vs. 0.2 g m~2 at 5 min under similar condi-
tions). These QCM results indicate that Fmoc-Phe is required
for electrodeposition and that deposition can be controlled by
deposition conditions (e.g., deposition time).

In addition to studying deposition, we used QCM to provide
physical evidence for the removal of Fmoc-Phe from the depos-
ited hydrogel. After measuring the frequency shift for the dried
films after deposition, the QCM crystals were incubated in pH
8 buffer for 15 min, rinsed, dried, and re-measured by QCM. As
illustrated by the arrows in Figure 2¢, a decrease of frequency
change was observed for each of the film-coated crystals, con-
sistent with the removal of Fmoc-Phe from the deposited film.
Thus, the results in Figure 2 demonstrate that the pH-respon-
sive Fmoc-Phe can serve as a temporary fabrication scaffold for
the electrodeposition of the thermally-responsive gelatin.

2.2. Enzymatic Crosslinking and Conjugation

The first function of transglutaminase (mTG) is to covalently
crosslink gelatin to create a thermally-stable network. To dem-
onstrate crosslinking, we performed rheological measurements
at 30 °C with a solution of gelatin (5%), Fmoc-Phe (0.3%), and
mTG (15 U g'! gelatin). Figure 3a shows that when mTG was
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Figure 3. Enzymatic crosslinking of gelatin to confer thermal stability. a) Rheological evidence that microbial transglutaminase (mTG; 15 U g™' gelatin)
catalyzes a sol-gel transition for a warm sample (30 °C; 5% gelatin; 0.3% Fmoc-Phe). b) Temperature sweep demonstrates that the mTG-crosslinked
hydrogel is thermally stable and no longer undergoes reversible sol-gel transitions.
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added to the gelatin/Fmoc-Phe solution, G’ and G” increased
dramatically during the 65-min experiment. The increase in G’
was more rapid than G”, and after 16 min, Figure 3a shows
that G’ exceeded G”. These results provide rheological evidence
that mTG catalyzes gel formation.l*3+>1]

To demonstrate that the mTG-crosslinked gelatin gel is
thermally-stable, we measured its rheological properties as
a function of temperature. Figure 3b shows that initially,
the crosslinked network is a gel (G > G”) and both moduli
increased when the gel was cooled to 15°C. Upon subsequent
heating, G”and G” of the crosslinked gel remained nearly con-
stant with G’remaining substantially greater then G”indicating
that this gel did not return to a solution at the increased tem-
peratures. These results demonstrate that mTG-crosslinking
confers thermal stability to the gelatin network.

The second function of mTG is to conjugate proteins to the
gelatin matrix. To demonstrate mTG-conjugation of globular
proteins we used model fluorescent proteins. Several studies
indicate that amino acid residues of globular proteins are not
accessible for enzymatic conjugation and thus globular pro-
teins are typically engineered to have lysine-rich or glutamine-
rich fusion tags to facilitate mTG-catalyzed conjugation.26-*!
For our studies, we engineered the enhanced green fluorescent
protein to have a C-terminal tag with 7 added lysine residues
(Lys-EGFP), and the red fluorescent protein to have an N ter-
minal tag with 5 added glutamine residues (Gln-RFP).

To demonstrate mTG-conjugation, we performed the experi-
ment illustrated in Figure 4a. Initially gelatin was co-deposited
with Fmoc-Phe onto a patterned gold electrode and then the
chip was incubated with mTG (0.5 U mL™) and either Lys-
EGFP or GIn-RFP (20 ug mL™). After reacting overnight, the
chip was rinsed with phosphate buffered saline (PBS; pH 7.4)
and examined using fluorescence microscopy. As indicated by
the left images in Figure 4b,c, the Lys-EGFP and GIn-RFP were
both assembled onto the gelatin film that was spatially localized
on the gold electrode. Since mTG can simultaneously conjugate
and crosslink gelatin, we expect the treated gelatin film to be
thermally stable. Thermal stability was tested by incubating the

www.MaterlalsVIews.com

chips in warm water (37 °C) for 2 h. The images at the right in
Figure 4b,c show no change in fluorescence intensity for the
mTG-treated films while the control films without mTG treat-
ment were observed to dissolve upon incubation in warm water.
Thus, mTG can simultaneously crosslink gelatin and conjugate
proteins to this protein matrix.

2.3. On-Chip Bacterial Entrapment and Cultivation

Both electrodeposition and enzymatic-crosslinking are per-
formed under mild conditions that should allow viable popu-
lations to be co-deposited and entrapped within the hydrogel
matrix. To test this possibility, we co-deposited and cultured
entrapped E. coli cells. For this experiment the bacteria were ini-
tially cultured in LB medium to an ODg, of 4.0, 0.35 mL of this
cell suspension was centrifuged, the pellet was re-suspended
with 50 uL PBS buffer and added to 6 mL deposition solution
containing gelatin (5%) and Fmoc-Phe (0.3%). Deposition was
performed using an ITO-coated glass slide. ITO is more stable
than gold under the anodic potentials (~2.4 V) and thus hydro-
quinone was not necessary for deposition onto the ITO-coated
slide. Also, the ITO coating is transparent and allows optical
measurements to be used to monitor growth of the entrapped
cell population.

As schematically illustrated in Figure 5a, an ITO-coated glass
slide was partially immersed in the deposition solution at 37 °C
and an anodic voltage was applied to a current density of 0.1
A m™ for 30 min. (A lower current density was used for ITO
slide to maintain a voltage less than 2.4 V.) After deposition,
the film was rinsed with cool water, briefly incubated in air
(~10 min) to allow the hydrogel to “set”, and then incubated for
1h in 20 mM PBS buffer (pH 7.4) containing mTG (1 U mL™)
to crosslink the gelatin. The cell-containing film was then rinsed
and incubated in LB medium at 37 °C, and the optical density
was measured intermittently.

The growth curve in Figure 5b shows a steady increase in
optical density for the gels, while a control film electrodeposited

(a) Gelatin film
. Lead
Chip W Tagged
Co-deposit Proteins
Electrod I4 mm ’
ectrode Base-treat (mTG)
(b) Lys-EGFP () GIn-RFP
+mTG -mTG +mTG -mTG +mTG -mTG +mTG -mTG

.. B ..

.. B ..

Figure 4. Enzymatic conjugation of fusion-tagged proteins to electrodeposited gelatm a) Schematic illustrating experimental procedure. b) Fluores-
cence images of electrode address in which transglutaminase (mTG; 0.5 U mL™") simultaneously crosslinked and conjugated Lys-EGFP (20 ug mL™)
to the electrodeposited gelatin. c) Fluorescence images of electrode address in which mTG (0.5 U mL™") crosslinked and conjugated GIn-RFP (20 ug

mL™") to the electrodeposited gelatin.
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Figure 5. Co-deposition, entrapment and cultivation of E. coli in a crosslinked gelatin matrix. a) Schematic illustrating experimental procedure.
b) Growth curve as measured by optical density for cells incubated at 37 °C. c) Semilogarithmic plot of growth suggesting exponential growth occurs
with a doubling time 1.5 h. d) Bright-field image of entrapped cell colonies (~20 um) after incubation for 18 h in the gelatin gel.

without cells shows no change in optical density. The semi-log-
arithmic plot in Figure 5c suggests the entrapped population
undergoes exponential growth for about 6 h with a doubling
time of 1.5 h. The bright field image in Figure 5d was obtained
after incubating the cells for 18 h in the gelatin gel. This image
indicates that cell growth is accompanied by the appearance of
~20 um colonies. Presumably colonies are formed because of
the restricted mobility of the cells within the gel network (e.g.,
the cells can divide but the daughter cells are physically con-
strained by the network and cannot readily move away). Col-
ony-type growth was observed in previous studies when E. coli
was co-deposited and cultured in alginate gels.”>? The results
in Figure 5 indicate that electrodeposition and enzymatic-
crosslinking enable a viable bacterial population to be assem-
bled and cultivated “on-chip”.

2.4. In-film Processing for Cell Signaling and Biosensing

As a proof-of-concept, we biofabricated a multifunctional
gelatin-based matrix capable of generating and reporting a
bacterial quorum sensing signaling molecule. Bacterial com-
munities communicate through small signaling molecules that
can induce population-dependent changes in gene expression
and phenotypic behavior (e.g., biofilm formation).’3-! Because
quorum sensing has been implicated in bacterial pathogenesis
there have been recent studies to generate inhibitory small mol-
ecules!®>%8] and materialsl®®’% as a means to control infections.
Here, we examined the quorum sensing based on the autoin-
ducer 2 (AI-2) signaling molecule in E. coli. As illustrated in

Adv. Funct. Mater. 2012, 22, 30043012
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Scheme 1b, AI-2 is synthesized in a two-step pathway involving
the enzymes Pfs and LuxS.

For our proof-of-concept demonstration, we engineered the
Pfs and LuxS enzymes to have C terminal tags (either 7 Lys or
5 Gln) to facilitate mTG-catalyzed conjugation to the gelatin
matrix. These conjugated enzymes functionalized the matrix to
synthesize the AI-2 signaling molecule. The in situ generated
Al-2 was detected using entrapped reporter cells [CT104 (pCT6
+ pET200-DsRed)]”'-73 that had been engineered to express the
model fluorescent protein (DsRed)”# upon exposure to AI-2.
Details of the molecular biology are provided in the Supporting
Information.

Figure 6a illustrates the experimental approach for biofab-
ricating the multifunctional matrix. First, 0.1 mL of a reporter
cell suspension was added to 6 mL deposition solution con-
taining gelatin (5%) and Fmoc-Phe (0.3%). Next, this cell-
containing solution was electrodeposited onto an ITO-coated
glass slide by partially immersing it in the deposition solu-
tion at 37 °C and applying an anodic potential (0.1 A m~2) for
15 min. After rinsing with cool water and incubating in air to
allow the hydrogel to set, the deposited film was crosslinked/
conjugated by incubating for 2 h in PBS containing mTG
(1.5 U mL™) and the “fusion-tagged” Pfs and LuxS enzymes
(100 ug mL™Y). Control samples were prepared by deleting
one or both enzymes from the reaction mixture. These bio-
functionalized films were then incubated in LB medium at
37 °C for 1 h to permit cell recovery. Finally, the films were
transferred to a 50 mw tris buffer solution (with 10% v/v LB
medium) containing the precursor SAH (0.9 mwm) and incu-
bated at 37 °C for 18 h.
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The bright field images in Figure 6b shows that the entrapped
E. coli grew in colonies in all samples during the course of the
experiment. The fluorescence images at the bottom left in
Figure 6b show that the three control samples show very weak
fluorescence, indicating that the entrapped reporter cells were
not induced. This result is expected since the control matrices
lacked one or both of the AI-2 synthetic enzymes. The right
two fluorescence images in Figure 6b show considerable fluo-
rescence. These results are also expected because these two
matrices are functionalized with both the Pfs and LuxS synthetic
enzymes (the enzymes possessed either Lys or Gln fusion tags).

The results in Figure 6 demonstrate that enzymatic conjuga-
tion allows the reconstitution of this biosynthetic pathway and
the in situ generation of the AI-2 signaling molecule. Further,
the AI-2 can diffuse through the matrix to access the entrapped
cells which are induced to express genes from the inducible
promoter. While the goal of this study was to demonstrate
the construction of a multifunctional matrix, the results sug-
gest potential applications. For instance, this biofunctionalized
matrix may provide a platform to screen drugs capable of inhib-
iting AI-2 synthesis. Such inhibitors might disrupt processes
that are mediated by quorum sensing such as biofilm forma-
tionl®6175.76] or pathogenesis.l”7-80
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Figure 6. Multifunctional gelatin-based matrix capable of in situ synthesis and detection of a bacterial quorum sensing signaling molecule. a) Sche-
matic showing the enzymatic assembly of two components (Pfs and LuxS) of a bacterial pathway to synthesize autoinducer 2 (Al-2) on the same gelatm
matrix with entrapped reporter cells. b) Bright-field and fluorescence images showing the response of entrapped reporter cells after 18 h incubation
(37 °C) with precursor (SAH). Three controls were prepared lacking one or both of the Pfs/LuxS biosynthetic enzymes while two samples were prepared
using Pfs/LuxS enzymes tagged with either lysine-rich or glutamine-rich fusion tags. Scale bar = 100 pm.

3. Conclusions

We demonstrate the coupling of triggered self-assembly and
enzymatic-assembly for the spatially-controlled and hierarchical
assembly of multifunctional soft matter. Specifically, we use
two self-assembling materials that can be triggered to undergo
reversible sol-gel transitions in response to orthogonal stimuli.
Fmoc-Phe forms a gel upon reducing the pH and serves as a
temporary fabrication aid that allows electrodeposition of gel-
atin. Gelatin is a biologically-friendly material that undergoes
physical gel formation when the temperature is reduced. The
enzyme microbial transglutaminase (mTG) serves two func-
tions: it covalently-crosslinks the gelatin hydrogel to confer
thermal stability to this matrix and it conjugates globular pro-
teins to confer bio-functionality (e.g., enzymatic activity) to
the matrix. Both gelatin's self-assembly and mTG’s enzymatic-
crosslinking/conjugation rely on molecular recognition to form
the physical and chemical associations required for matrix
fabrication; as a result reactive reagents are not required for
assembly and protection/de-protection steps are unnecessary
to confer selectivity to assembly. Thus the coupling of self- and
enzymatic- assembly provides a simple, rapid and bio-friendly
means to confer functionality to soft matter.
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To illustrate the potential of this biofabrication approach, we
functionalized a gelatin matrix with entrapped reporter cells
and two pathway enzymes for the synthesis of a bacterial sig-
naling molecule. We demonstrate that the matrix can convert
the precursor into the signaling molecule which then induces
gene expression in the entrapped reporter cells. In essence, this
matrix “recognizes” chemical information from the external
environment (the presence of the precursor) and transduces
it into an optical output (expression of a fluorescent protein).
Potentially, this biofunctionalized matrix could be used for
analysis or the discovery of inhibitors that can disrupt this bio-
logical signaling process. More broadly, this work suggests the
potential of biofabrication to organize and functionalize soft
matter for a diverse range of applications.

4. Experimental Section

Materials: The following materials were purchased from Sigma-Aldrich;
gelatin from porcine skin (type A), Fmoc-D-phenylalanine (Fmoc-Phe,
>98%), DMSO (99.94+%), hydroquinone (HQ, 299%), sodium chloride
(99.5+%), S-adenosylhomocysteine (SAH), phosphate buffered saline
(PBS) tablets, and ITO-coated glass slides (surface resistivity ~30-70 Q/
sq). Sodium hydroxide (=98.6%) and hydrochloric acid (37.8%) were
purchased from Fisher Scientific. Microbial transglutaminase (mTG;
Activa TI; 100 U g7' as reported by the manufacturer) was obtained from
Ajinomoto (Japan). Water was de-ionized with Millipore SUPER-Q water
system until final resistivity > 18 MQ-cm was reached.

Solutions: An Fmoc-Phe solution was prepared by; first dissolving
Fmoc-Phe in DMSO (100 mg mL™"), vortex-mixing this concentrate in
water (with or without 50 mm NaCl, see text for details), then adding
0.5 m NaOH to dissolve. The solution was adjusted to a pH of 7.5
and filtered using a syringe filter. Hydroquinone was dissolved in the
Fmoc-Phe solution when deposition was performed with gold electrode
to lower the deposition voltage and reduce damage to the electrode. A
gelatin stock solution (10%) was prepared by dissolving gelatin in 4 mwm
NaOH with or without NaCl (50 mm) at 65 °C and then equilibrating
this solution in a 37 °C incubator. The gelatin/Fmoc-Phe solutions were
prepared by mixing corresponding amount of solutions of gelatin and
Fmoc-Phe in a 37 °C incubator. In cell studies, the bacteria cells were
initially cultured in LB medium to an ODgy of 4.0. Before depositing,
0.5-mL cell solution was centrifuged; the pellet was re-suspended with
50 uL PBS buffer; mixed with 3 mL 10% gelatin, and then mixed with 3
mL 0.6% Fmoc-Phe. In initial studies, we observed that hydroquinone,
but not Fmoc-Phe, inhibited bacterial growth and thus, hydroquinone
and NaCl were not used when bacteria were co-deposited. For bacterial
co-deposition we used an ITO-coated slide.

Biofabrication Methods: Electrodeposition was performed using
gold-coated silicon wafers (designated “chips”) that were prepared
and patterned by standard photolithographic methods as described
elsewhere.Bl Before use, the gold electrodes were cleaned by immersing
the chips in piranha solution (7:3 concentrated H,50,:30% H,0,) for 5
min. Caution: piranha solution is a highly reactive mixture and results in a
severely exothermic reaction. It should be kept out of contact with oxidizable
organic materials. Electrodeposition was performed in anincubator (~37°C)
using a DC power supply (2400 Sourcemeter, Keithley). First, the chips
were partially-immersed in the reaction solution, and the electrode was
biased to serve as the anode while a platinum wire served as cathode.
After electrodeposition, the chip was removed from the deposition
solution, rinsed with cool water, and dried at room temperature
(22 °C). Enzymatic crosslinking and conjugation were performed at
room temperature. Crosslinking of the gelatin film was performed by
immersing the chip into a PBS solution containing mTG (0.5-1.5 U
mL™") for 1-2 h. Target proteins were conjugated to the electrodeposited
gelatin by immersing the chip in a PBS buffer containing fusion tagged
protein(s) and the reaction was initiated by adding mTG (1 U mL™).
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Molecular Biology: The target proteins used in this study were
engineered with lysine or glutamine fusion tags to facilitate mTG-
catalyzed conjugation to the gelatin matrix. Specifically, we engineered
the enhanced green fluorescent protein to have a C-terminal tag with
7 added lysine residues (Lys-EGFP), and the red fluorescent protein to
have an N terminal tag with 5 added glutamine residues (GIn-RFP).
We also engineered the enzymes, Pfs and LuxS, to have C terminal
tags (either 7 Lys or 5 Gln). Methods to engineer these fusion tagged
proteins are provided in Supporting Information. In this study, we use
a reporter cell CT104 (pCT6 + pET200-DsRed) which is luxS and IsrFG
double knockout strain that can sense extracellular signaling molecules
and induce expression of the fluorescent protein (DsRed).l’

Instrumentation: Rheological measurements were performed on a
Rheometrics AR2000 stress-controlled rheometer (TA Instruments). A
cone-and-plate geometry of 40 mm diameter and 2° cone angle was used
with a solvent trap to prevent drying. Typically, oscillatory strains of 5%
(which is within the linear viscoelastic regime) were applied at 0.1 Hz.
Raman spectra were obtained from a Jobin Yvon LabRamHR Raman
microscope. Ex situ quartz crystal microbalance (QCM) measurements
of dried films were made with a CHI1420a Electrochemical Analyzer (CH
Instruments, Inc., Austin, TX) as described elsewhere.2 The QCM
crystal (ICM, Oklahoma City, OK) was placed in a humidity-controlled
chamber (RH = 19%) and equilibrated for 10 min before frequency
measurements. Optical density at 600 nm (ODgqo) was measured using a
Thermo Scientific Evolution 60 spectrophotometer. Fluorescence on the
chips was examined using an Olympus MVX10 MacroView microscope,
and cell-containing samples were examined using an Olympus BX60
microscope. Images were obtained using an Olympus DP72 digital
camera connected to the fluorescence microscope.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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