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Tailored Polypeptide Star Copolymers for 3D Printing
of Bacterial Composites Via Direct Ink Writing

Robert D. Murphy, Ronnie V. Garcia, Seung J. Oh, Tanner J. Wood, Kyoo D. Jo,

Javier Read de Alaniz, Ed Perkins, and Craig J. Hawker*

Hydrogels hold much promise for 3D printing of functional living materials;
however, challenges remain in tailoring mechanical robustness as well as
biological performance. In addressing this challenge, the modular synthesis
of functional hydrogels from 3-arm diblock copolypeptide stars composed of
an inner poly(L-glutamate) domain and outer poly(L-tyrosine) or poly(L-valine)
blocks is described. Physical crosslinking due to f-sheet assembly of these
star block copolymers gives mechanical stability during extrusion printing
and the selective incorporation of methacrylate units allows for subsequent
photocrosslinking to occur under biocompatible conditions. This permits
direct ink writing (DIW) printing of bacteria-based mixtures leading to 3D
objects with high fidelity and excellent bacterial viability. The tunable stiffness
of different copolypeptide networks enables control over proliferation and
colony formation for embedded Escherichia coli bacteria as demonstrated via
isopropyl 8-p-1-thiogalactopyranoside (IPTG) induction of green fluorescent

feedstock materials have been success-
fully patterned into 3D objects including
elastomers,*® thermoset resins,®”] and
hydrogels.®®) Continuous advances in the
field have enabled less stringent printing
conditions, and wider scope of materials
for adaptation.'l Hydrogels in particular
are of interest as the 3D polymer net-
work combines structural integrity with
high water content leading to tunable 3D
environments for incorporation of func-
tional biological systems.["?l Their intrinsic
mechanical properties can be readily
modulated through embedded additives
such as nanoparticles,® or multicompo-
nent blends—which have been adapted
for 3D printability."*1°] For biocomposite

protein (GFP) expression. This translation of molecular structure to network
properties highlights the versatility of these polypeptide hydrogel systems
with the combination of writable structures and biological activity illustrating

the future potential of these 3D-printed biocomposites.

1. Introduction

Additive manufacturing, or 3D printing, has emerged as a valu-
able technology for the on-demand, customized production of
complex parts that have utility in a wide variety of areas such
as electronics,!!! pharmaceuticals,? and biomedicine.! Various

3D printing, stereolithography (SLA)I0I
or digital light processing (DLP)M rely
on low viscosity cross-linkable resin sys-
tems, whereas direct ink writing (DIW)
3D printing can be achieved with shear-
thinning hydrogels.'®! For these DIW sys-
tems, a secondary photocrosslinking step
can be employed to covalently stabilize the primary 3D-printed
objects.]

A popular adaption of DIW 3D printing is known as “bio-
printing”, a strategy that permits the spatial and temporal
distribution of living cells, such as a broad range of different
bacteria, with the goal of enabling cell proliferation and
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maturation.2%2U It should be noted that the behavior of cellular
components within the 3D environment may be regulated by
the physical and chemical properties of the hydrogel network
allowing for further tuning of performance.?? This is of par-
ticular interest for the 3D printing of bacterial composites/?>-%°]
where the controlled fabrication of these living systems holds
significant potential in wound-healing,*®! bioremediation,*’]
and biosensor applications.?®! In addition, the capability to con-
trol the biochemical and genetic machinery of bacteria through
network interactions may create “living” 3D materials with
tunable metabolic activity, an underexplored area in synthetic
biology.>]

In considering material selection for DIW bioprinting, the
majority of studies have centered on the use of biopolymers
such as alginate and gelatin.*® However, there are a number
of challenges with these systems including batch-to-batch varia-
tion and poor mechanical properties. As a result, there is a clear
need for developing synthetic systems with tunable structure/
performance relationships. For example, polypeptides offer
tailored molecular weights, controlled secondary structures,’*!
degradable backbones and functional side chains*? for modu-
lating physicochemical, biofunctional and mechanical proper-
ties.?>3 As a result, the exploration of polypeptides hydrogels
as 3D printable bioinks may offer significant potential for the
3D printing of bacteria-based biocomposites (Figure 1).

In this report, we describe the design, synthesis, and evalu-
ation of 3-arm block copolypeptide stars for the 3D printing
of bacterial biocomposites. From a trifunctional initiator, ring-
opening polymerization of the N-carboxyanhydride (NCA) of
benzyl-1-glutamate is followed by chain extension with NCA
tyrosine or valine monomers to give 3-arm block copolypep-
tides which spontaneously form hydrogels when dissolved in
aqueous solution. This tunable assembly is driven by secondary
interactions defined by the nature of the outer block (tyrosine
or valine) and the degree of polymerization leading to hydro-
gels with controlled mechanical properties. Functionalization
of the copolypeptides with methacrylate units allows for pho-
tocrosslinking with network formation being directly probed
via real-time rheological studies. To demonstrate the biocom-
patibility of these hydrogels and the fidelity of the 3D printing
process, objects embedded with genetically modified Escheri-
chia coli bacteria were subsequently fabricated. Significant dif-

Self-assembled block
copolypeptide bacterial bioink

Photocrosslinked copolypeptide
bacterial biocomposite
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ferences in E. coli colony formation, aggregation, and induced
expression of green fluorescent protein (GFP) using isopropyl
-p-1-thiogalactopyranoside (IPTG) was observed. These fea-
tures could then be directly correlated with both the modular
design of the starting 3-arm block copolypeptide star and the
corresponding secondary structure.

2. Results and Discussion

2.1. Synthesis and Self-Assembly

N-Carboxyanhydride (NCA) monomers based on ybenzyl-
1-glutamate (BLG), 1i-tyrosine (LT), and tr-valine (LV) were
synthesized from an adapted literature procedure using epichlo-
rohydrin as an HCI scavenger.’® In each case, monomer yield
and stability was improved compared to traditional procedures
with '"H NMR,BC NMR, and FTIR spectroscopy illustrating
the high level of NCA purity (Figures S1-S6, Supporting Infor-
mation). A trifunctional initiator, tris(2-aminoethyl)amine
(TREN), was then selected for controlled ring-opening poly-
merization of the inner domain based on BLG with full con-
version being confirmed with FTIR and 'H NMR spectroscopy.
In-situ chain extension of the PBLG star with either the NCA
monomer derived from LT or the NCA monomer derived from
LV gives the desired 3-arm star block copolymers (Scheme 1).
The design of the block sequences, degree of polymeriza-
tion and architecture is based on the facile assembly of these
multi-arm copolypeptides to give robust hydrogels. Signifi-
cantly, 3-arm block copolymers were shown to have superior
mechanical properties when compared to their linear counter-
parts due to B-sheet assembly of the terminal tyrosine or valine
blocks.’38 From a design perspective, the inner domain of
glutamate residues provides a biocompatible aqueous environ-
ment for maintaining the viability of encapsulated bacteria.*”!
In addition, functionalization of a limited number of carboxy-
late side chains can serve as a site to incorporate cross-linkable
moieties for subsequent photopolymerization of the physically
assembled biocomposites. The choice of tyrosine or valine as
hydrophobic outer domains*! was based on the ability to tailor
hydrogel properties and rheological performance through the
formation of S-sheets.'*! The degree of polymerization and

‘Living’ copolypeptide bacterial
biocomposite

Figure 1. Schematic representation of 2-step assembly and crosslinking strategy for the 3D-printing of bacterial biocomposites.
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Scheme 1. Synthesis and crosslinking of 3-armed block copolypeptides. i) CHCl;/DMF, 18 h, rt; ii) DMF (for LT NCA) or CHCl;/DMF (for LV NCA),
18 h, rt; iii) TFA/CHCl;, HBr 33 wt% in AcOH, 18 h, rt; NaOH, dialysis, 3 days; iv) with 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMT-MM), deionized water, NaHCO;, 36 h, rt; dialysis, 3 days; v) deionized water, lithium phenyl-2,4,6-trimethylbenzoylphosphinate

(LAP—photoinitiator).

structure of the 3-arm poly(benzyl-i-glutamate-b-1-tyrosine)
(3-PBLGgy-b-PLTys) and  poly(benzyl-L-glutamate-b-1-valine)
(3-PBLGyy-b-PLV,5) block copolypeptides was determined using
!H NMR spectroscopy (Figures S7 and S9, Supporting Infor-
mation) and the molar mass and dispersities characterized by
diffusion ordered spectroscopy (DOSY) NMR spectroscopy and
size-exclusion chromatography (SEC) (Figures S8, S10, S11 and
Table S1, Supporting Information). Excellent agreement between
experimental and theoretical molecular weights are observed
with low dispersities (D = 1.1) illustrating the controlled nature
of the ring-opening polymerization process. It should be noted
that ultrahigh molecular weight assemblies were observed
in the SEC trace for the valine block copolymer (Figure S11B,
Supporting Information) while DOSY NMR analysis shows a
single population for the 3-PBLGgyy-b-PLV,s block copolymer
(Figure S10, Supporting Information). In contrast, analysis of
the tyrosine-based materials reveals both a single SEC peak and
DOSY NMR population. These results are in agreement with
increased [B-sheet formation for poly(valine) domains when
compared to the corresponding tyrosine systems and the ability
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of the DOSY NMR solvent (15% TFA in CDCl;) to more effi-
ciently disrupt B-sheet formation when compared to the SEC
eluent (hexafluoro-iso-propanol). The structure of the diblock
copolymers were also varied by synthesis and characterization
of derivatives with lower degrees of polymerization for the outer
tyrosine or valine blocks (3-PBLGgy-b-PLT,, 3-PBLGg-b-PLVy,)
(Figures S12 and S13, Supporting Information).

For all systems, removal of the benzyl protecting groups of the
glutamate blocks was an efficient process using 33 wt% HBr in
acetic acid to give the desired 3-arm star block copolypeptides.
Significantly, the 3-PBLGg-b-PLT s and 3-PBLGg,-b-PLV,5 deriva-
tives gave clear transparent hydrogels at a variety of concentra-
tions in aqueous solution due to the amphiphilic polymer design
coupled with fsheet motif structural assembly. For subsequent
coupling, the carboxylic acid groups were initially activated by
treatment with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmor-
pholinium chloride (DMT-MM), followed by addition of 2-ami-
noethyl methacrylate hydrochloride. Approximately 10-20 meth-
acrylate units (90 glutamate units total) were targeted with the
3-arm methacrylated copolypeptides, now termed 3-CP-T and
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Figure 2. Self-assembly of methacrylate functionalized 3-arm block copolypeptides into physically crosslinked hydrogels depicting anti-parallel and

parallel f-sheet formation (3-CP-V structures shown for simplicity).

3-CP-V respectively for simplicity, being fully analyzed by 'H
NMR to confirm successful conjugation and the degree of substi-
tution. For 3-CP-T, a degree of substitution of 18 was determined
using phenol proton resonances as a reference (Figure S14, Sup-
porting Information), while for 3-CP-V a degree of substitution of
14 was determined using the o-protons as reference (Figure S15,
Supporting Information). Similar to the parent non-functional-
ized copolypeptides, these methacrylate derivatives were also
observed to be water soluble and undergo spontaneous assemble
into physically crosslinked hydrogels within the desired concen-
tration ranges (=3-10 wt%) (Figure 2; Figure S16, Supporting
Information). As shown in Figure 1, hydrogelation stems from
assembly of the hydrophobic tyrosine or valine sequences into a
[-sheet motif with the 3-arm star architecture being critical for
formation of a network structure to give a physically crosslinked,
extrudable material.

To confirm the formation of nanoscale [-sheet assem-
blies, FTIR spectroscopy was used to examine the physically
crosslinked 3-CP-T and 3-CP-V hydrogels (Figure S17, Sup-
porting Information). Multiple absorbance bands for the
peptide backbone could be observed in the amide I region
using D,0 with prominent peaks denoting [S-sheet formation
being observed from 1630-1690 cm™ for 3-CP-T and 3-CP-V
respectively. In addition, characteristic f-turn peaks were also
observed between 1660 and 1690 cm™ with absorbances for
random coil structures attributed to unordered glutamate
sequences (<1648 cm™) and corhelical peaks, possibly from
methacrylated glutamine residues (<1656 cm™) being identi-
fied.l*) These fS-sheet signatures in the FTIR spectra coupled
with preliminary SAXS experiments showing the formation of
nanoscale domains illustrate the power of hydrophobic amino
acid residues!¥’! within the original 3-arm block copolypeptide
design to direct structural self-assembly.*]

2.2. Tunable Hydrogel Viscoelasticity

While the ability to control gelation through secondary interac-
tions is present for both the tyrosine and valine block copolypep-
tides, the mechanical properties were distinctly different. Both
3-CP-T and 3-CP-V derivatives were observed to gelate at con-
centrations as low as 3.75 and 3.5 wit% respectively (Figure S16,
Supporting Information). However, at these low concentra-
tions, the hydrogels were soft and not ideally suited for extru-
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sion-based 3D printing due to their high thixotropic nature.
Rheological evaluation of the viscoelastic nature of 3-CP-T
and 3-CP-V hydrogels was therefore conducted to provide sig-
nificant insight into the associated mechanical properties with
oscillatory frequency sweeps being used to determine the sta-
bility of the parent hydrogels over a range of frequencies. For
both hydrogels at 5.0 and 75 wt% respectively, storage modulus
(G) was higher than the loss modulus (G”) across different
frequencies, indicating that the hydrogels display behavior of
stable viscoelastic solids with shear-yielding behavior at higher
strains (Figure SI8A-D, Supporting Information). Beyond the
linear viscoelastic region (LVR), the transition from solid-like to
fluid-like was evident as G” surpassed G’, suggesting yielding
of the physical hydrogel network. Identical copolypeptides with
lower DP blocks of tyrosine and valine (3-CP-T2, 3-CP-V2) had
decreased moduli and viscoelastic regimes in both oscillatory
frequency and amplitude sweeps (Figure S19A-D, Supporting
Information). As shown in Figure 3, cyclic oscillatory ampli-
tude time sweeps clearly show the self-recovery properties of
both hydrogel networks when subjected to low and high strain
(Figure 3; Figure S20, Supporting Information). Hydrogel net-
works were physically stable at low strain (0.1%) and begin
to exhibit shearyielding behavior at higher strain (100%).
Recovery of the G’ moduli from high strain values (100%) to
low strain values (0.1%) over multiple cycles was observed,
illustrating the rapid and reproducible reassembly of the pep-
tide networks (Figure 3A), with only minor thixotropic behavior.
For example, upon return to 0.1% strain, slower recovery of
the tyrosine-derived hydrogel, 3-CP-T, was evident with G’
stabilizing at 73 kPa after 25 s (Figure 3B). In contrast, rapid
recovery was observed for the valine-derived hydrogels, 3-CP-V,
with G’ recovering to 600 kPa within seconds (Figure 3C). Simi-
larly, there was a stark difference in storage modulus between
the two systems with a ~two orders of magnitude change on
going from the tyrosine to valine outer blocks. These obser-
vations are in line with the f-sheet structures associated with
valine-containing peptide sequences, which are known to
increase hydrogel strength through enhanced stabilization of
H-bonds.®% In both systems, hydrogel viscosity decreased
with increasing shear rate (Figure 3D), correlating with the
shear-yielding behavior observed in the amplitude sweeps.
Together, these features are indicative of non-Newtonian fluids
with their shear-thinning and self-recovery behavior being cru-
cial components for extrudability and DIW 3D printing.
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Figure 3. A) Graphic depicting yielding behavior of copolypeptide hydrogels subject to shear and subsequent reformation upon removal of shear via
B-motif directed H-bonding of amide bonds. B,C) Cyclic dynamic oscillatory amplitude time sweeps for 7.5 wt% hydrogels of 3-CP-T (B) and 3-CP-V (C)
showing moduli response to low strains (0.1%) and high strains (100%) at intervals of 100 s at constant angular frequency of 6.2 rad s™'. D) Viscosity
sweep with increasing shear rate illustrating shear-thinning behavior of hydrogels.

2.3. Secondary Crosslinking and 3D Printing

In further demonstrating the 3D printing potential of the 3-arm
block copolypeptides, subsequent chemical crosslinking of
these hydrogels through radical polymerization was examined.
Based on the above rheological studies, aqueous formulations
comprised of either 3-CP-T or 3-CP-V (7.5 wt%) functionalized
with =20 mole% pendant methacrylate groups was mixed with
poly(ethylene glycol) methyl ether methacrylate (PEGMEMA —
M, 300) comonomer (5 wt%) and the biocompatible photo-
initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) (0.1 wt%) (Figure 4A). The addition of PEGMEMA was
necessary to ensure cross-reactivity between peptide chains
leading to a covalent network. Significantly, this secondary
crosslinking step led to a change in properties from an ini-
tially soft, deformable hydrogel to a stiffer, elastic material
(Figure 4C). These photocrosslinked hydrogels were shown to
be more robust and stable, withstanding applied forces that
would otherwise remold the parent physical hydrogel. To con-
firm these observations, gelation kinetics were studied using
real-time rheology by monitoring changes in G’ after irradia-
tion with visible light (Figure 4B). In these experiments, the
concentration of the methacrylate functionalized copolypeptide
stars was varied from 5.0 to 7.5 wt% with constant irradiation
(405 nm and 13 mW cm™2). After 10 s incubation time, a sig-
nificant evolution of moduli, G’, was observed for all samples
with complete photocuring after 90-140 s. In order to verify
the absence of radical-induced dityrosine crosslinking within
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the 3-CP-T hydrogel, control samples without methacrylate
functionalization were examined for photocuring. No observ-
able difference in moduli (Figure S21, Supporting Informa-
tion) was noted using identical conditions as described for
the methacrylate-derived materials, confirming that meth-
acrylate derived 3-CP-T crosslinks exclusively through free
radical polymerization of the methacrylate side chain. It should
be noted that no yielding behavior of the physical network is
apparent during photocuring. Again, a noticeable difference is
observed between the tyrosine and valine derivatives with a pla-
teau G” modulus of =300 kPa for 7.5 wt% 3-CP-T which is in
direct contrast to 3-CP-V where a modulus of =2900 kPa was
observed (Figure 4B). For the 5.0 wt% formulations, a similar
disparity in G’ (85 and 214 kPa for 3-CP-T and 3-CP-V respec-
tively) is observed (Figure S22, Supporting Information) which
illustrates the importance of both the initial S-sheet assemblies
and the chemically crosslinked, secondary poly(methacrylate)
network. Mesh size and equilibrium swelling studies on hydro-
gels before and after photocrosslinking revealed distinct differ-
ences between 3-CP-T and 3-CP-V hydrogels (Table S2) with
mesh size calculated at each stage of processing. In accord
with the propensity for S-sheet formation, 3-CP-T samples
were shown to have larger mesh sizes than the comparable
3-CP-V samples and mesh size was also observed to decrease
after photocrosslinking. Additionally, photocrosslinked 3-CP-T
had a significantly higher equilibrium swelling ratio of 121.9,
when compared to 178 for 3-CP-V. These fully swelled hydro-
gels also exhibited almost identical moduli values in oscillatory
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Figure 4. A) Graphic depicting photocrosslinking of copolypeptide hydrogel formulation containing PEGMEMA comonomer and LAP photoinitiator.
B) Real-time visible light curing (405 nm) at intensity of 13 mW cm™2 showing comparative moduli differences for 3-CP-T and 3-CP-V at 7.5 wt% under
constant angular frequency of 6.2 rad s™' and constant oscillatory strain of 0.1%. C) 3-CP-T hydrogel (7.5 wt%) before and after photo-crosslinking
forming a pliable, robust material. D) DIW 3D printing of 7.5 wt% 3-CP-V hydrogel into a star structure (scale bar: 2 mm) and inverted pyramid (scale

bar: 4 mm) with gradient layer changes.

frequency sweeps, suggesting dissolution of &-motif networks
(Figure S23, Supporting Information).

While both the tyrosine and valine hydrogels proved to be
suitable for DIW 3D printing, the 3-CP-V based hydrogel affords
higher fidelity 3D objects and was therefore selected for fur-
ther study. As shown in Figure 4D, the 3-CP-V hydrogel could
be readily printed to give sharp multi-cornered geometries via
extrusion with accurate alignment of layers using a commercial
printing system and standard conditions. The formation of suc-
cessive overhanging layers within the inverted pyramid structure
demonstrates the rapid recovery and stability of the initial 3-CP-V
physical hydrogel upon removal of shear forces (Figure S24,
Supporting Information). Similarly, the printing of the star
structure with receding widths was designed to demonstrate
the ability to combine high resolution with layer cohesion and
further illustrates the correlation between rheological studies
and DIW 3D printing performance (Figure 5).

2.4. Fabrication and Evaluation of Bacterial Composites

The combination of rapid self-assembly for methacrylate func-
tionalized, 3-arm block copolypeptides with non-toxic, sec-
ondary photocrosslinking are key attributes for the development
of biocompatible 3D printing systems. To investigate the use of
multi-arm polypeptide copolymers as the network material, the
viability and functionality of bacterial biocomposites was exam-
ined in detail. In designing this study, a genetically engineered
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E. coli DH50: (pZEMB8 plasmid), responsive to IPTG induction
leading to the expression of GFP was employed. It was envis-
aged that the magnitude of GFP expression would serve as a
marker for bacterial viability and functionality.l’! Initially, both
copolypeptide hydrogels were screened to determine their effect
on functionality for encapsulated E. coli at a fixed hydrogel
concentration (75 wt%). No discernible difference in turbidity
or physical appearance was observed for all hydrogels after
encapsulation of E. coli cells (initial bacterial loading density
was kept constant at 0.6 ODg, (Figure S25, Supporting Infor-
mation). Minor changes in hydrogel viscosity were observed
after incubation with bacteria for 24 h (Figure S$26, Supporting
Information), however this did not affect the fidelity of extruded
hydrogel objects. All 3D printing experiments were therefore
conducted immediately following cell encapsulation to enhance
reproducibility. It is noteworthy that the hydrogels were shown
to be capable of supporting the function of embedded bac-
teria after photocuring with GFP expression being observed
for extended periods after incubation (Figure S27, Supporting
Information).

Based on these screening experiments, “living” 3D hydrogel
objects were fabricated via a three-step procedure involving ini-
tial bacterial dispersion, DIW 3D printing, and final covalent
crosslinking of the 3D object (Figure 4A). In the first step, the
modified E. coli were mixed with either block copolypeptide
hydrogel (fixed at 75 wt% of copolypeptide) to form a stable
bioink formulation which could then be extruded via DIW
3D printing to give a variety of 3D objects (Figure 4B-D). To
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Figure 5. A) Graphic depiction of bioprinting process: 1) DIW extrusion process of hydrogel bioink formulation, 2) visible light curing (405 nm) solidi-
fying a 3D construct, and 3) expression of green fluorescent protein (GFP) from 3D-printed biocomposite. B) Bioprinted 3D pyramidal and parabolic
constructs (CAD files inset) seeded with genetically engineered E. coli in 7.5 wt% 3-CP-T hydrogel formulation (scale bar: 2.5 mm). C) 3D parabolic
structures of 3-CP-T and 3-CP-V hydrogel bioinks with encapsulated bacteria rendered in comparison to the CAD input file and demonstrating viability
through GFP expression, imaged in the presence of UV light. D) Bioprinted 3D pear construct embedded with genetically engineered E. coli that
expresses GFP upon IPTG induction, imaged in the presence of UV light (scale bar: 2 mm).

mechanically stabilize these structures, photocrosslinking
with visible-light was then performed leading to physically
and chemically crosslinked biocomposites. Key to the suc-
cess of this strategy is to retain the viability and function of
the embedded bacteria which was demonstrated by chemical
induction with IPTG to promote GFP expression within the
seeded bacteria (Figure 4C). The mechanism of GFP expression
in these modified E. coli proceeds when IPTG binds to a lac
repressor (lacl), allowing dissociation from a lac operon (lacO).
Subsequent binding of a RNA polymerase initiates the tran-
scription of GFP within the lacO and correlates with high via-
bility and functionality of the embedded bacteria.’? As shown
in Figure 4C, both 3-CP-T and 3-CP-V based bioinks were able
to readily form objects with high fidelity. Significantly, cellular
viability and function of the encapsulated E. coli colonies were
maintained for extended periods (>3 days) with uniform forma-
tion of GFP and associated fluorescence throughout a variety of
robust 3D objects (Figure 4C; Figure S28, Supporting Informa-
tion). Remarkably, no observable difference in viability or func-
tion was observed between the stiff 3-CP-V (=2900 kPa) net-
work when compared to the corresponding 3-CP-T (=290 kPa)
network.

In order to examine the long-term viability and growth
characteristics of embedded bacteria within the 3-CP-T and
3-CP-V hydrogels, GFP expression was monitored at dif-
ferent time points (Figure 6). Interestingly, neither the con-
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trol photocrosslinked hydrogel with no added bacteria or the
embedded systems at t = 0 h showed any fluorescence due
to GFP expression. This was in stark contrast to 24 h when
strong GFP fluorescence was observed and exponential bacte-
rial growth demonstrated for both 3-CP-T and 3-CP-V com-
posite systems. This suggests that both hydrogels had similar
biocompatibility and can facilitate proliferation of bacterial
cells in the initial stages of incubation. Interestingly at 72 h,
a distinct difference between the two biocomposites was dis-
cerned with colony size and aggregation being far more pro-
nounced with the 3-arm tyrosine-based block copolypeptide.
As shown in Figure 6, differential interference contrast (DIC)
images reveal increased bacterial growth, which is correlated
with the lower modulus for the 3-CP-T materials compared to
the corresponding stiffer 3-CP-V systems. Based on this obser-
vation, it is postulated that the lower modulus matrix and
increased mesh size for 3-CP-T allow for enhanced prolifera-
tion and agglomeration of bacterial colonies. Similarly, hydro-
gels derived from the lower molecular weight derivatives,
3-CP-T2 and 3-CP-V2, were also analyzed for bacterial viability
and were qualitatively shown to have enhanced proliferation
when compared to the stiffer parent samples (Figure S29,
Supporting Information). The poor mechanical properties of
these systems however precluded efficient 3D-printing, which
further illustrates the importance of molecular-level design in
these systems.
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Figure 6. Confocal microscopy images of 3-CP-T and 3-CP-V hydrogels (7.5 wt%) embedded with engineered E. coli that express GFP upon IPTG incu-
bation up to 72 h after photocrosslinking and IPTG induction (scale bar: 100 pm).

3. Conclusion

A DIW-based additive manufacturing approach for the 3D printing
of biocompatible hydrogel networks based on peptide self-assembly
is demonstrated. Key to the success of this strategy is the design of
3-arm block copolypeptides which undergo initial gelation through
[sheet assembly of outer tyrosine or valine blocks. This assembly
allows for tuning of the rheological and mechanical properties
leading to successful 3D printing of a variety of objects under mild,
shear-based conditions. Additionally, methacrylate groups can be
incorporated to the central glutamate blocks to provide for sec-
ondary covalent photocrosslinking after DIW printing. The biocom-
patibility of these materials and the mild nature of the processing
steps permit the incorporation and growth of genetically engi-
neered E. coli DH5¢ that express the fluorescent GFP in response
to IPTG. Significantly, the 3D-printed objects incorporating these
Dbacteria preserved viability and functionality over extended periods
with differentiated growth and colony formation for the lower
modulus peptide-based hydrogels based on tyrosine domains.
This molecular design based on dynamic and covalent crosslinks
illustrates a powerful strategy for the fabrication of 3D-printed
“living” biocomposites under mild conditions. The direct correla-
tion between mechanical properties and the function of embedded
living organisms further demonstrates the potential of these mate-
rials. Future work will broaden the scope of this approach to the
introduction of cell recognition motifs for mammalian cells and the
ability to program proliferation, activity and colony formation for a
variety of cell-based, synthetic biology systems.

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

from the author.
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