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Combining synthetic biology and materials science will enable
more advanced studies of cellular regulatory processes, in addition
to facilitating therapeutic applications of engineered gene net-
works. One approach is to couple genetic inducers into biomater-
ials, thereby generating 3D microenvironments that are capable of
controlling intrinsic and extrinsic cellular events. Here, we have
engineered biomaterials to present the genetic inducer, IPTG, with
different modes of activating genetic circuits in vitro and in vivo.
Gene circuits were activated in materials with IPTG embedded
within the scaffold walls or chemically linked to the matrix. In ad-
dition, systemic applications of IPTG were used to induce genetic
circuits in cells encapsulated into materials and implanted in vivo.
The flexibility of modifying biomaterials with genetic inducers
allows for patterned placement of these inducers that can be used
to generate distinct patterns of gene expression. Together, these
genetically interactive materials can be used to characterize genet-
ic circuits in environments that more closely mimic cells’ natural
3D settings, to better explore complex cell-matrix and cell-cell in-
teractions, and to facilitate therapeutic applications of synthetic
biology.

he complexity of cell signaling can be simplified by consider-

ing genetic networks composed of subsets of simpler parts,
or modules. This simplification is the foundation of synthetic biol-
ogy, where engineering paradigms are applied in rational and
systematic ways to produce predictable and robust systems for
understanding mechanisms of cellular function (1-6). The major-
ity of work in synthetic biology has been in simple organisms, such
as yeast and bacteria. However, as synthetic biology starts to ex-
pand to mammalian systems, it becomes increasingly more impor-
tant to consider the environment in which the cells are grown.
Biomaterials will play an important role in advancing synthetic
biology within mammalian systems, because they provide highly
controllable and tunable microenvironments where cells can be-
have as they do in vivo, in addition to organizing and delivering
therapeutic cells to locations of interest. Our results show that
interfacing synthetic biology and biomaterials can catalyze syn-
thetic biology applications through engineered biomaterials that
actively control genetic circuits in 3D scaffolds to more closely
mimic the cells’ natural settings, in addition to providing mechan-
isms for translating synthetic biology for clinical applications
(Fig. S1).

Biomaterials provide 3D environments for cell growth and
have rapidly advanced our ability to investigate the coordinated
interactions of many cellular phenomena because biomaterials
recapitulate the in vivo setting better than traditional 2D cultures,
where cells are grown in monolayers (7, 8). Physiological devel-
opment, homeostasis, and regeneration each require a complex
interplay of multiple signals that originate from the extracellular
matrix (ECM) and from the intrinsic cellular control of gene pro-
ducts (9). While biomaterials provide a 3D environment charac-
teristic of in vivo settings, mimicking and controlling this interac-
tive environment is challenging, due to the dynamic nature and
timing of gene expression during complex cellular events. One
way to improve our ability to recreate aspects of the cellular niche
is by coupling synthetic biology to biomaterials, thereby endowing
the materials with the ability to regulate genetic circuits and
dynamic gene expression patterns. These biomaterials will facil-
itate more advanced studies of complex intracellular networks, in
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addition to advancing clinical applications of synthetic biology.
The therapeutic potential of cells carrying engineered genetic cir-
cuits has been seen through strategies employed to remediate or
control diseases, such as type II diabetes (10), to promote biofilm
degradation (5), and to treat cancer (11, 12). These strategies are
based upon the tenet that effective cell therapies will require pre-
cise temporal and spatial regulation of gene expression, which
may be controlled using synthetic gene circuits. One significant
clinical constraint to translating synthetic biology is the survival,
maintenance, and delivery of these therapeutic cells in the body.
Another challenge is synthetic circuit robustness because perfor-
mance consistency and long-term stability of cellular function in
vivo is required for successful outcomes (13). One potential ave-
nue for translating synthetic gene circuits to practical applications
is by integrating synthetic biology with biomaterials. In this ap-
proach, the material is engineered to present a genetic inducer
to cells with the synthetic gene circuits grown and cultured within
the material. This approach provides additional levels of gene
control because various materials provide unique techniques to
release inducers providing flexibility of inducer exposure.

In addition to providing a path for translating synthetic biol-
ogy, coupling biomaterials to synthetic biology could provide a
novel way to create defined cellular microenvironments for so-
phisticated in vitro studies of cell behavior. Biomaterials can be
engineered to create highly defined cellular microenvironments
with multiple physical forms. The type of material used has sig-
nificant application-dependent experimental and clinical rele-
vance because cells gain distinct morphological and lineage char-
acteristics when grown in different materials (14, 15). Examples
of such scaffolds include electrospun fibers comprised of PCL
[poly(y-caprolactone)] sponges made from PLGA [poly(lactic-
co-glycolic acid)] and hydrogels made from PEG [poly(ethylene
glycol)]. For example, electrospun PCL fibrous scaffolds contain
thin rod-like fibers that provide nanoscale textures for cells that
can be randomly oriented or aligned in an orderly fashion (16).
These attributes are important in many experimental and thera-
peutic applications. For instance, studying the effects of cell
polarity, or in engineered tissues where alignment of cells is
essential, such as the fibrous tissues of the musculoskeletal system
(e.g., ligaments, tendons, and knee menisci) (17). By comparison,
PLGA sponges are well-suited for bone tissue engineering
because they provide a hard and highly porous microstructure
with interconnected pores that is conducive to tissue in-growth
(18, 19). In contrast, the soft porous hydrophilic environment
of PEG hydrogels is advantageous for applications in soft tissue
repair (20). Moreover, all of these materials can be chemically
modified to further expand their applications for creating cellular
niches that extend to other experimental and clinical approaches
(21, 22), making them ideal for incorporating genetic inducers.
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Results

IPTG Diffuses Through Various Materials and Activates Genetic Circuits
in 3D. As an initial assessment of the applicability of coupling
synthetic biology and biomaterials, the behavior of the mamma-
lian genetic switch, LTRi_EGFP (23) was characterized in PCL
fibers, PLGA sponges, and PEG hydrogels. LTRi encodes a com-
bination of transcriptional repressors and RNAI inhibitors that
enables dose dependent regulation of gene expression via the
lactose analog, IPTG (isopropyl p-D-1-thiogalactopyranoside).
Establishing IPTG efficacy in each class of material is important
because each has its own application-specific attributes. Consis-
tent with previous observations (23), we find that adding 500 uM
of IPTG to the media of CHO cells stably transfected with
LTRi_EGFP activates EGFP expression in 2D culture (Fig. 14).
More significantly, 3D cultures comprised of PCL electrospun
fibers (Fig. 1C), PEG hydrogels (Fig. 1E), or PLGA sponges
(Fig. 1G) allow for IPTG diffusion to occur resulting in activated
EGFP expression. When quantified by Q-PCR, EGFP transcrip-
tion is induced 20x over the control cells exposed to 250 pM
IPTG (Fig. 1I). Fold induction was consistent between these dif-
ferent materials, despite the cells acquiring different morphologic
characteristics on each material (Fig. 1 D, F, and H).

Modifying Biomaterials Can Increase Activation of Genetic Circuits.
An important attribute of these three classes of biomaterials is
that they can be further modified with chemical or biological cues
to create highly defined engineered niches for cells to grow. Ex-
amples of two such modifications include the incorporation of
chemical functional groups and biological groups, such as pep-
tides or proteins. To determine whether these modifications
influence the performance of genetic circuits, CHO cells stably
transfected with LTRi_EGFP were encapsulated in PEG hydro-
gels modified with a-cyclodextrin (CD) or RGD. o-CD is a six-
membered sugar ring that complexes with the PEG chains
(Fig. 1J) (24), adding hydrophobicity and functional moieties
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(25). PEG hydrogels containing 1% CD promote cell aggregation
and clustering (Fig. 1L); however, these changes in cellular
characteristics do not affect LTRi_EGFP function because EGFP
activation is similar to cells grown in unmodified PEG (Fig. 11).
Another common modification is based upon the observation
that cells require integrin receptors to bind ECM ligands for
cell attachment, which influences and regulates cell migration,
growth, differentiation, and apoptosis. One of these ligands is
the RGD (R, arginine; G, glycine; and D, aspartic acid) peptide
sequence that is an integrin-binding domain present in fibronec-
tin and can be readily attached to PEG chains (Fig. 1K) (26, 27).
In this case, LTRi_EGFP activation is enhanced by PEG functio-
nalized with 1% RGD. EGFP expression in these cells is signifi-
cantly higher than those grown in unmodified PEG (Fig. 11),
while morphological changes are minor (Fig. 1M). This may be
a result of integrin activation, which has been shown to induce a
vast number of structural and signaling changes within the cell,
leading to changes in gene expression (28-32). Overall, we find
that commonly used biomaterials provide a supportive 3D envir-
onment for cells harboring genetic circuits to grow, and that some
modifications to the materials can be tuned to enhance sensitivity
of the transcription response to IPTG. Together, these results sug-
gest that materials can provide a 3D environment to characterize
genetic circuits in settings that mimic cells’ natural milieu and
facilitate cell-cell and cell-matrix interactions that can be engi-
neered to increase gene products in the genetic circuits, in addi-
tion to providing a vehicle to deliver a significant number of cells
with engineered genetic circuits for therapeutic modalities.

PLGA-IPTG Sponges. We propose that biomaterials may provide a
venue to locally incorporate genetic inducers and, therefore, have
the ability to dictate spatial and temporal control of gene expres-
sion. As an initial test of this hypothesis, IPTG was incorporated
into porous PLGA sponges through a process that enables it
to become trapped within the PLGA scaffolding. As the PLGA
scaffold slowly degrades over time in culture, IPTG is released,

Fig. 1. IPTG diffuses through biomaterials to activate genetic circuits in vitro. CHO cells stably transfected with LTRi_EGFP in the presence of 500 uM IPTG in the

growth media. Green is EGFP immunofluorescence, and blue is DAPI nuclear staining. (A) Flat 2D tissue culture plate. (B) Confocal image of cells grown in 2D
tissue culture plates. (C) Electrospun PCL fibers and (C’) their micro-scale texture. (D) Confocal image of cells grown on electrospun fibers. (E) PEG hydrogel.
(F) Confocal image of cells growing in PEG hydrogels. (G) PLGA sponges and their (G’) porous architecture. (H) Confocal imaging of cells grown on sponges.
(/) RT PCR of EGFP expression in the different materials with 500 uM IPTG in the media. Gene expression is compared to 250 pM IPTG induction in the media for
each material. All expression levels were normalized to GAPDH as the reference gene. (J) Schematic of PEG functionalized with CD. (K) Schematic of PEG
functionalized with RGD. (L) Confocal image of cells growing in 1% CD. (M) Confocal image of cells growing in 1% RGD. In all conditions, cells were analyzed
3d after IPTG induction. Each error bar represents the mean of EGFP expression in at least four independent experiments. In this and all other figures, error bars
represent standard deviations.
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Fig. 2. PLGA-IPTG sponges. CHO cells stably transfected with LTRi_EGFP in
the presence of 500 uM IPTG in the growth media. (A) Bright field image of
PLGA-IPTG sponge seeded with CHO cells stably transfected with LTRi_EGFP.
(A’) Fluorescent image of PLGA-IPTG sponge seeded with CHO cells stably
transfected with LTRi_EGFP 6 d after seeding. (B) Q-PCR of EGFP expression
in the PLGA-IPTG sponges. Gene expression of CHO cells stably transfected
with LTRi_EGFP in PLGA-IPTG sponges is compared to 250 pM IPTG induction
in the media. All expression levels were normalized to GAPDH as the refer-
ence gene.

allowing cellular uptake and activation of gene expression by the
surrounding cells. The passive release of a genetic inducer from
porous scaffolds has similarly been used to deliver the inducer,
RSLI, from poly(ester urethane) urea (PEUU) films to overlying
cells in culture (33). In contrast to RSL1, which is hydrophobic,
IPTG is hydrophilic, soluble, and more amenable to delivery in
culture and in vivo. HPLC analysis was used to measure the con-
centrations of IPTG loaded into sponges during processing and
remained available to activate genetic circuits (Fig. S2). When
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tested after 6 d of culturing on PLGA-IPTG sponges, CHO cells
stably transfected with LTRi_EGFP expressed robust levels of
EGFP (Fig. 24"). Long-term release of IPTG was assayed by
quantifying EGFP expression using Q-PCR over 13 d of culture.
Gene expression in response to IPTG was measured as fold in-
duction over cells grown on PLGA sponges alone, with 250 pM
IPTG added to the media. Results show that following an initial
burst of IPTG release, there was a slower, sustained release of
IPTG that was maintained for the subsequent days in culture
(Fig. 2B). 1t is significant to note that the dose-dependent, tun-
able response of LTRi_EGFP is maintained in PLGA-IPTG
sponges, with graded transcriptional responses to the different
amount of IPTG loaded into the sponges. Furthermore, PLGA-
IPTG is able to maintain regulation of this dose-dependent re-
sponse throughout the entire course of the experiment.

PEG-IPTG Hydrogels Offer Spatial Control of Gene Expression. Cou-
pling genetic inducers to biomaterials will advance the PLGA
(Fig. 2) and PEUU (33) technologies and broaden the applica-
tions of synthetic biology by also enabling the spatial control of
genetic circuits within a wide range of environments. To demon-
strate this, we engineered PEG hydrogels to control the release of
IPTG to cells with genetic circuits. Click chemistry, a versatile
and compatible method to chemically functionalize materials,
was employed to covalently link IPTG to the hydrogel network
(34). IPTG was attached to the PEG chains via an ester bond
to generate PEG-IPTG hydrogels (Fig. 34 and Fig. S3). An im-
portant aspect of the resulting ester bond linkage is that, over
time, it undergoes hydrolysis, thereby locally releasing IPTG to
the entrapped cells. Following 4 d of culture, EGFP expression
was readily detected in CHO cells stably transfected with
LTRi_EGFP (Fig. 3 C and C’). Long-term release of IPTG was
assayed by quantifying EGFP expression using Q-PCR over 16 d
of culture. Gene expression in response to IPTG was measured as
fold induction over cells grown in PEG alone with 250 pM IPTG
added to the media. Results are similar to the PLGA-IPTG re-
sults, showing an initial burst of IPTG release, followed by a
slower sustained release of IPTG that was maintained for the sub-
sequent days (Fig. 3B). Likewise, the dose-dependent, tunable re-
sponse of LTRi_EGFP is maintained in PEG-IPTG hydrogels,
with graded transcriptional responses to 10 uM, 100 uM, and
250 uM IPTG, and the PEG-IPTG material is able of regulating
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EGFP 3 d after encapsulation in PEG-IPTG (250 uM
IPTG) gels. (C’) Fluorescent image of (C).
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Fig. 4. Pattern formation using PEG-IPTG hydrogels. (A) Pattern formed
using PEG-IPTG and PEG, all with CHO cells stably transfected with LTRi_EGFP.
(B) 3 d after encapsulation. (C) 5 d after encapsulation. (D) 9 d after encap-
sulation. (E) 12 d after encapsulation. (F) 16 d after encapsulation.

this dose-dependent response throughout the entire course of
the experiment.

Using click chemistry to attach IPTG to PEG hydrogels allows
for photo-patterning that enables distinct patterns of gene expres-
sion throughout the scaffold material. To demonstrate this, we
layered PEG-IPTG (250 uM IPTG) and PEG hydrogels, each
containing CHO cells stably transfected with LTRi_EGFP to spa-
tially regulate EGFP expression (Fig. 44). When viewed by fluor-
escent microscopy 3 d after encapsulation, endogenous EGFP
fluorescence is restricted to layers containing PEG-IPTG and re-
veals the boundary between PEG and PEG-IPTG layers. More-

A

over, the spatial diffusion of IPTG following release from PEG is
limited resulting in distinct borders, separating regions of fluor-
escent and nonfluorescent CHO cells. These fluorescent layers
are maintained for approximately 10 d before decreasing in in-
tensity and becoming less defined, albeit a region of nonactivated
cells still remaining (Fig. 4 B-F). This reduction is likely due to
IPTG diffusion between layers over time in culture.

In Vivo Induction of Genetic Circuits for Spatial and Temporal Control
of Gene Expression. To translate our strategies of coupling
synthetic biology and materials science, we investigated local
(Fig. 54) and systemic (Fig. 5SE) induction of gene expression
in vivo. For local spatial induction, PLGA-IPTG sponges contain-
ing CHO cells stably transfected with LTRi EGFP were
implanted subcutaneously into athymic mice (Fig. S4). The im-
plants were removed 13 d after implantation, and EGFP expres-
sion was observed using confocal microscopy (Fig. 5D). Control
implants consisted of PLGA sponges seeded with LTRi_EGFP
CHO cells and showed no activation of EGFP expression
(Fig. 5C). It has previously been reported that IPTG can be
administered to animals to initiate gene activity in transgenic
mice with no evidence of toxicity or lethality (35). More recently,
Gitzinger et al. (36) show that injecting an analogous inducer,
vanillic acid, in mice controls secreted alkaline phosphatase pro-
duction in a synthetic circuit in vivo (36). For in vivo spatial and
temporal induction, we sought to investigate whether we could
activate and control EGFP expression by administering IPTG
to the mice in their drinking water. IPTG is readily soluble in
water so systemic administration is more practical experimentally
and therapeutically than hydrophobic inducers, such as RSL1 or
tamoxifen (33, 37). PLGA sponges and PEG hydrogels lacking
IPTG but containing CHO cells stably transfected with LTRi_
EGFP were implanted in the abdominal cavity of athymic mice.
EGFP induction was initiated by the addition of IPTG to the
drinking water. Following four, six, and 11 d of IPTG administra-
tion, EGFP expression was validated using fluorescent micro-
scopy and quantitative PCR. Consistent with our previous in vitro
results, the level of transgene expression was directly regulated by
IPTG concentration and could be easily tuned by adding different
amount of IPTG to the water (Fig. 5F). Importantly, control scaf-
folds (sponges and gels with CHO cells stably transfected with

Fig. 5. Therapeutic applications of synthetic biol-
ogy. (A) Local induction. PLGA sponges with and
without IPTG containing CHO cells stably transfected
with LTRi_EGFP were implanted subcutaneously
of athymic mice. (B) Bright field image of sponges
removed 13 d after implantation and (B’) EGFP ex-
pression was assessed using microscopy. (C) Confocal
image of PLGA (no IPTG) sponge with CHO cells sta-
bly transfected with LTRi_EGFP immunolabeled with
phalloidin and EGFP antibodies (D) Confocal image
of PLGA-IPTG sponge with CHO cells stably trans-
fected with LTRi_EGFP immunolabeled with phalloi-
din and EGFP antibodies. EGFP expressing cells
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LTRi_EGFP and no IPTG in the water) demonstrated no EGFP
induction during the course of the experiment (Fig. 5F).

Discussion

Altogether, these results demonstrate that integrating synthetic
biology and materials science enable the production of biomater-
ials that are engineered to regulate the activity of genetic circuits
carried by cells growing within the 3D matrix. As synthetic biology
continues to expand into mammalian systems, the complex envir-
onment that mammalian cells naturally live in must be considered
when designing and testing new circuits. Biomaterials provide a
comprehensive toolbox for supporting cell and tissue growth that
can be designed to deliver therapeutic cells that are also inte-
grated into the environment in which they are placed in vivo. Em-
ploying these genetically interactive biomaterials will enable
more comprehensive in vitro and in vivo models for understand-
ing naturally occurring networks in higher organisms, studying
cell—cell and cell-matrix interactions, and for the therapeutic
control of genetic circuits in vivo (Fig. S1).

In this study, we introduce a versatile approach for activating
genetic circuits by attaching the genetic inducer, IPTG, to several
different classes of biomaterials. This versatility is important
because different biomaterials promote distinct morphological
and lineage characteristics that have significant application-
dependent experimental and therapeutic relevance. Moreover,
by including an inducible genetic circuit, these unique cellular
differentiation outcomes can be further enhanced or tightly regu-
lated by modulating the expression of downstream differentiation
factors. In addition, the genetic inducer IPTG is already compa-
tible with other sophisticated genetic circuits similar to LTRi that
have been developed for reprogramming cells to perform desir-
able and predicable tasks (1, 38-40). Alternative genetic inducers
have also been developed including vanillic acid and RSL1. In-
deed, RSL1 has been delivered via passive diffusion from a ma-
terial to initiate gene expression in cocultured cells. This raises
the exciting potential that multiple genetic circuits activated by
distinct chemical inducers could be combined within one material
that could control various synthetic circuits with distinct dynamic
patterns. One example is an AND-gate circuit in which gene ex-
pression would be turned on or off under specific well-defined
biological circumstances. The result could be a genetically inter-
active matrix in which successive cellular differentiation events
could be triggered in a spatial and/or temporal manner (33).

Conclusions

Several lines of evidence suggest that important developmental
processes require dynamic control of gene expression (41-45).
For example, during differentiation, it is unclear how long and
how frequently a gene is actively transcribed; however, patterns
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of gene expression have been noted during various stages of
development (46, 47). Coupling synthetic biology and materials
science enables the engineering of biomaterials to generate
niches that are capable of dynamic gene expression patterns,
in addition to spatially and temporally controlling the expression
of genes. Moreover, these engineered niches can provide an in
vitro platform for understanding the mechanisms that regulate
cellular phenomena, as well as the creation of relevant disease
models that will enable the next generation of synthetic therapeu-
tic technologies.

Materials and Methods

Cell Growth. CHO cells stably transfected with LTRi_EGFP was previously
reported (23). These cells were maintained in F12K medium containing 10%
FBS and penicillin/streptomycin. For all experiments, the cells were grown in a
37 °C, humidified incubator with 5% CO,. Media changes were done every 2
to 3 d until harvesting. LTRi is commercially available from Origene (origen-
e.com; cat #PS100060). See S/ Materials and Methods and S/ Text sections for
details on the various biomaterials used, microscopy, and immunolabeling.

RNA Extraction and Quantitative Real-Time PCR (Q-PCR). Total RNA was ex-
tracted and cDNA was synthesized (S/ Text). Gene-specific primer sets are
listed (Table S1).

Quantifying IPTG Loading Efficiency in PLGA-IPTG Sponges. After the final wash
of PLGA-IPTG sponges, sponges were redissolved in 100 uL Hexafluoro-2-pro-
panol, 1 mL of chloroform was added, followed by 1.5 mL water. This solution
was vortexed and sat at room temperature for 10 min, followed by a quick
slow spin. The aqueous layer was removed and 1 mL water was readded to
the organic mix. These steps were repeated two times. The final aqueous
solution was lyophilized and prepared for HPLC analysis. Further details
are available in S/ Text.

Animal Experiments. Mouse experiments were approved by the Johns Hop-
kins Animal Care and Use Committee. Animals were anesthetized with
3% isoflurane and received 0.05 mg/kg of intraperitoneal buprenorphine
perioperatively. CHO cells stably transfected with LTRi_EGFP were either en-
capsulated in PEGDA hydrogels or seeded onto PLGA sponges the day before
surgery. Hydrogels and sponges were implanted either subcutaneously into
the dorsal region or in the intraperitoneum of six- to eight-wk-old male athy-
mic nude mice for the specified amount of time. Harvested constructs were
processed for imaging and/or RT-PCR assays. For the systemic induction ex-
periments, the water bottles were changed in all cages and contained the
specified amount of IPTG (0 uM IPTG, 100 uM IPTG, 1 mM IPTG) the day after

surgery.
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