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A B S T R A C T   

The field of regenerative engineering relies primarily on the dual technical platforms of cell selection/condi-
tioning and biomaterial fabrication to support directed cell differentiation. As the field has matured, an appre-
ciation for the influence of biomaterials on cell behaviors has resulted in engineered matrices that meet 
biomechanical and biochemical demands of target pathologies. Yet, despite advances in methods to produce 
designer matrices, regenerative engineers remain unable to reliably orchestrate behaviors of therapeutic cells in 
situ. Here, we present a platform named MATRIX whereby cellular responses to biomaterials can be custom 
defined by combining engineered materials with cells expressing cognate synthetic biology control modules. 
Such privileged channels of material-to-cell communication can activate synthetic Notch receptors and govern 
activities as diverse as transcriptome engineering, inflammation attenuation, and pluripotent stem cell differ-
entiation, all in response to materials decorated with otherwise bioinert ligands. Further, we show that engi-
neered cellular behaviors are confined to programmed biomaterial surfaces, highlighting the potential to use this 
platform to spatially organize cellular responses to bulk, soluble factors. This integrated approach of co- 
engineering cells and biomaterials for orthogonal interactions opens new avenues for reproducible control of 
cell-based therapies and tissue replacements.   

1. Introduction 

Regenerative engineers regard biomaterials as critical for restoring 
tissue function. In fact, biomaterial scaffolds and cell delivery vehicles 
serve as one of the main cogs in the tissue engineering gearbox [1], along 
with cell sourcing and methods for dictating cell phenotype [2,3]. 
Engineered biomaterials are leveraged as more than simple physical 
substrata for encapsulating cells or for supporting neomatrix production 
[4]; instead, modern biomaterials are designed to meet the demands of 
specific systems-level needs, where the system is defined by the 
biomechanical, biochemical, and spatial demands of the relevant pa-
thology as well as the complex relationship between cells and their 
fabricated and biologic microenvironment [5–7]. To serve regenerative 
engineering needs, materials have been produced with tuned elasticity 

[8–12], topography [13–18], and pore size [19–21]: these parameters 
have been shown to influence self-renewal, differentiation, and 
self-organization of multicellular assemblies [22–27]. Synthetic 
matrices have been programmed to incorporate native ligands to 
encourage maintenance of encapsulated cell fate [28] and to encourage 
synthesis of local tissues [29], or to sequester pro-inflammatory factors 
[30]. Furthermore, owing in part to advances in “click” chemistry, 
biomaterial designers have developed means to produce dynamic ma-
terials that release bioactive factors in response to triggers such as pH 
[31,32], temperature [33–35], light [36,37], or the presence of 
matrix-degrading enzymes in the material microenvironment [38]. 
However, these dynamic changes unfold over time in an irreversible 
fashion - once the material releases cargo factors, they lose their ability 
to further coordinate cell behaviors in response to changes within the 
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niche [5,39]. Thus, new approaches are needed to complement these 
advances while enabling sustained, reproducible control of cell 
behaviors. 

Here, we investigate a strategy to co-engineer cells and biomaterial 
substrata so that a biomaterial provides customized instructions to a 
cognate engineered cell. Rather than unidirectionally modifying an 
environment by eluting factors or altering mechanical properties, these 
materials leverage the computational power of cells to conditionally 
execute defined functions encoded in artificial gene circuits. We use the 
synthetic Notch (synNotch) platform [40–43] to engineer cells to 
respond to selected inputs presented via programmable biomaterials 
(Fig. 1A). SynNotch is a synthetic receptor platform based on the native 
Notch signaling channel. By exchanging Notch’s (1) extracellular 
domain with chosen recognition motifs (i.e., single chain variable 
fragments [scFvs] or nanobodies) and (2) intracellular domain with a 
synthetic transcription factor such as the tetracycline-controlled trans-
activator (tTA), synNotch receptors can produce user-specified sense/-
response behaviors. Customized synNotch receptors can bind to chosen 
ligands to drive expression of any transgene, making it possible to tune 
defined cellular responses to selected inputs. This facilitates coupling of 
arbitrarily selected ligands, including orthogonal bioinert factors such as 
green fluorescent protein (GFP), to desired cell transcriptional programs 
to support homeostasis and regeneration. 

Critically, like the juxtacrine Notch receptor, synNotch requires 
mechanical strain generated by immobilized ligand for receptor acti-
vation, and as such monomeric soluble ligands do not efficiently activate 
this receptor alone [44]. This feature distinguishes synNotch from other 

synthetic receptors such as GEARs [45], MESA [46,47], GEMs [48], or 
TANGO [49,50]. Based on its design, synNotch transgene expression is 
highly localized to niches decorated with immobilized activators. We 
have illustrated that conjugation of synNotch ligands directly to mi-
croparticles leads to productive regulation of chimeric antigen receptor 
expression in engineered T cells [51]. Our prior work has also demon-
strated a method for converting soluble inputs for synNotch recognition 
via anchor cells that capture and present ligand to engineered synNotch 
cells [52]. Here, we build on that work by functionalizing biomaterials 
with affinity motifs that capture soluble ligands as inputs for synNotch 
cells. Engineering cells to interface with such programmable bio-
materials opens a privileged channel of communication that flexibly 
offers customized input/output relationships and spatial control over 
engineered transgene expression. We thus term our platform MATRIX 
for material activated to regulate inducible expression. In cells ranging 
from immortalized fibroblasts, primary stem cells, and pluripotent stem 
cells, we illustrate the versatility of the MATRIX platform for regulating 
CRISPR-based transcriptome modifiers, modulating inflammatory 
niches, and mediating stem cell differentiation. These results represent 
progress toward the design of custom cell-matrix interactions to 
orchestrate regeneration and repair. 

2. Materials and methods 

Biomaterial surface functionalization. To prepare GFP capturing 
biomaterial surfaces, a 12-unit polyethylene glycol (PEG) linker acti-
vated with an N-hydroxysuccinimide ester (NHS) group on one end and 

Fig. 1. An integrated cell-biomaterial design platform in which functionalized surfaces instruct custom cellular responses based on synthetic signaling networks. (A) 
Schematic of the modular synNotch receptor serving as a privileged channel of communication between biomaterial surfaces that capture soluble ligands of interest 
for presentation to engineered cells. Upon binding of immobilized ligand, proteolytic cleavage of the receptor enables translocation of a transcription factor (TF) to 
the nucleus to activate target gene expression. (B) Median mCherry fluorescence intensity of engineered GFP-synNotch L929 mouse fibroblast cells activated via 
indicated modes of ligand presentation. Groups not sharing the same letters are statistically significantly different (one-way ANOVA with Tukey’s post-hoc test). (C) 
Fold change of firefly luminescence across a range of GFP concentrations in GFP-synNotch L929 fibroblasts compared to no GFP control condition. (D) Luminescence 
values of GFP-synNotch cells co-cultured with GFP-secreting cells with and without the GFP-TRAP surface. (*p < 0.05, Welch’s t-test). In all plots, n = 3 replicates; 
error bars indicate SEM. 
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a biotin group on the other (Thermo Scientific) was conjugated to GFP- 
TRAP (Chromotek) in a reaction containing a 2-fold molar excess of 
NHS-PEG-biotin. The reaction was allowed to proceed for 1 h at room 
temperature or overnight at 4 ◦C and was then quenched by adding 50 
mM glycine at pH 2.1, resulting in a stock solution of biotinylated GFP- 
TRAP at a concentration of 7.19 μM. This solution was then diluted in 
DPBS to 5.6% v/v, resulting in a solution containing 402 nM conjugate. 
Then, surfaces of non-tissue culture treated plates were coated with 10 
μg/mL streptavidin (Thermo Scientific) in DPBS for a minimum of 1 h at 
37 ◦C. In CasRx experiments, 100 μg/mL streptavidin was used. Strep-
tavidin was aspirated prior to addition of 100 μl of biotinylated GFP- 
TRAP solution, which was allowed to incubate for 1 h at 37 ◦C prior 
to aspiration and use in cell culture experiments. 

To produce a substratum compatible with pluripotent stem cell 
culture, we utilized glycosaminoglycan-binding peptide (GBP, Gen-
Script Express, biotin-Ahx-GKKQRFRHRNRKG) and cRGD (cyclo[Arg- 
Gly-Asp-D-Phe-Lys(Biotin-PEG-PEG), VIVITIDE), which are derived 
from vitronectin and fibronectin, respectively, for stem cell adhesion 
[53,54]. We diluted stock concentrations of GBP and cRGD to 10 μM and 
17.85 μM, respectively, in DPBS. An eight micromolar solution of pep-
tides was used to coat culture wells. The stock concentration of 7.19 μM 
GFP-TRAP was mixed with the GBP and cRGD in a 5:2.2:0.8 (GBP:cRGD: 
GFP-TRAP) molar ratio. This mixture was used as the GFP-capturing 
biomaterial substratum. For control substrata without the 
GFP-capturing motif, GBP and cRGD were combined in a 5:2.15 molar 
ratio. To construct the biomaterial surface, 10 μg/mL streptavidin was 
adsorbed onto a non-tissue culture treated 24 well plate for 48 h. Then, 
the streptavidin was aspirated and either the GFP-capturing peptide 
combination or the control GBP + cRGD combination was added onto 
the 24-well plate and allowed to bind to streptavidin for 1–2 h in a cell 
culture incubator. 

Plasmid design and construction. Plasmids were designed with 
Snapgene and constructed using New England Biolabs HiFi DNA as-
sembly mix. After assembly, plasmids were transformed into NEB5α 
E. coli competent cells (NEB) and plated on an LB + agar with ampicillin 
supplementation plate for overnight incubation at 37 ◦C. Appropriate 
colonies were then picked and cultured in LB with ampicillin supple-
mentation overnight prior to miniprep purification (Qiagen). All plas-
mids were verified by Sanger sequencing prior to use. 

Virus production. Lentivirus was produced by transfecting Lx293 T 
cells (Clontech) with 2 μg of transfer vector, 1.5 μg of pCMV-dR8.91 
packaging vector [55] and 0.6 μg of pMD2.G envelope vector (gift 
from Didier Trono, Addgene #12259) [56] using Lipofectamine 3000 
(Thermo Scientific) following manufacturer’s instructions. The 
following day, medium was exchanged for fresh DMEM-High Glucose 
supplemented with GlutaMAX and sodium pyruvate as well as 10% 
heat-inactivated FBS. On each of the following two days, viral super-
natant was collected, filtered with a 0.45 μm PVDF filter (CELLTREAT) 
and pooled for cell transduction or stored short-term (<1 week) at 4 ◦C 
or long-term at − 80 ◦C. Lentivirus used to transduce H9 hESCs was 
produced in OptiMem rather than serum-containing DMEM and 
concentrated 60-fold in a 100 kDa MWCO filter (EMD Millipore) prior to 
transduction. 

2.1. Cell culture 

L929 mouse fibroblasts. Mouse L929 fibroblasts (ATCC# CCL-1) 
were cultured in DMEM-High Glucose with GlutaMAX (Gibco) and 
10% heat-inactivated FBS (Gibco) at 37 ◦C and 5% carbon dioxide. For 
experiments, cells were detached with TrypLE Express (Gibco) by in-
cubation at 37 ◦C for 5 min. Cells were then centrifuged for 5 min at 
300×g and resuspended in L929 culture medium for plating. 

Murine mesenchymal stem cells. Bone marrow-derived mesen-
chymal stem cells from C57BL/6 mice (Cyagen) were cultured in MEM α 
supplemented with GlutaMAX (Gibco) and 15% FBS in an incubator at 
37 ◦C and 5% carbon dioxide. For subcultivation, cells were rinsed with 

1X DPBS (Gibco) for 1 min and then detached with TrypLE by incubation 
at 37 ◦C for 5 min. Cells were then centrifuged for 5 min at 300×g and 
resuspended in mMSC culture medium for plating. 

Human embryonic stem cells. H9 human embryonic stem cells 
(hESCs, WiCell) were maintained in mTeSR1 or mTeSR Plus medium 
(STEMCELL Technologies) on Geltrex (Gibco)-coated wells. For routine 
passaging, cells were detached with ReLeSR (STEMCELL Technologies). 
To produce a single-cell suspension for flow cytometry or synNotch 
activation experiments, cells were dissociated with Accutase (Gibco). 

Lentiviral transduction. L929 and mMSC cell lines were derived 
through reverse transduction by passaging and plating with 100% viral 
media. Media were supplemented with 4 μg/mL of polybrene to facili-
tate uptake of the lentiviral particles. Viral medium was incubated with 
target cells overnight and replaced with fresh media the next day. L929 
cells were selected in 30 μg/mL puromycin and mMSC cells were 
selected in 10 μg/mL puromycin where applicable prior to experiments. 

For H9 hESC transduction, the concentrate from 2 mL of viral su-
pernatant was resuspended in 2 mL mTesR supplemented with 4 μg/mL 
of polybrene. The next day, transduction medium was exchanged for 
fresh mTesR. Cells were selected in 0.6 μg/mL puromycin prior to 
experiments. 

Sleeping Beauty engineering of Ngn2 H9 hESCs. To circumvent 
silencing of transgenes in differentiating hESCs [57], we relied on the 
Sleeping Beauty transposase system to produce stable synNotch H9 ESCs 
for neuronal differentiation experiments [58,59]. Control mCherry 
alone and Ngn2+mCherry hESC cell lines were derived through trans-
fection with the Sleeping Beauty transposon system using the 
TransIT-LT1 transfection reagent (Mirus Bio) by transfecting 1 μg 
Sleeping Beauty transposase plasmid (Addgene 34879, a kind gift from 
Zsuzsanna Izsvak) [60] and 1 μg transposon (based on Addgene 60495, a 
kind gift from Eric Kowarz) [61] delivering the synNotch receptor pro-
tein as well as the transgene payload. Cells were selected with 0.6 μg/mL 
puromycin, sorted based on expression of a c-myc-tag epitope appended 
to the synNotch receptor, and then sub-cultivated prior to use in syn-
Notch activation experiments. 

Activation of synNotch cells with biomaterial surfaces. Dissoci-
ated synNotch L929 fibroblasts were plated at a density of 18,000 cells/ 
well (56,250 cells/cm2) on either a control surface of streptavidin only 
or GFP-TRAP functionalized surfaces. For the juxtacrine condition, 
synNotch cells were plated at a 1:1 ratio with GFP-ligand sender L929 
cells on the control surface. For activation, culture medium was sup-
plemented with indicated concentrations of GFP. Unless otherwise 
noted, the LaG16 (Kd of 0.7 nM) synNotch receptor was activated with 5 
nM recombinant GFP purified from E. coli via immobilized metal affinity 
chromatography. A subset of synNotch cell lines were based on the 
medium affinity anti-GFP nanobody (LaG17, Kd = 50 nM) [62]. Re-
ceptor activation in these experiments involved either 50 nM GFP in the 
CasRx L929 experiments or 200 nM GFP in H9 hESC reporter activation 
experiments. After 48 h, firefly luminescence was measured using the 
BrightGlo luminescence assay (Promega) on a Tecan Infinite M1000 Pro 
plate reader. Unless otherwise indicated, results are expressed as fold 
change relative to GFP-free and non-functionalized surface conditions. 
For flow cytometry measurements, a 24-well non-tissue culture treated 
plate was used. Cells were gated for the presence of the response 
element, denoted by a BFP marker, or the synNotch receptor protein 
marked with a c-myc epitope tag stained with the 9B11 monoclonal 
antibody conjugated to AlexaFluor647 (Cell Signaling Technologies). 

mCherry as a synthetic input. L929 mouse fibroblast cells were 
transduced with an anti-RFP LaM8 synNotch receptor and a response 
element with a TRE promoter linked to production of firefly luciferase. 
Here, we engineered a fusion protein with an mCherry domain and a C- 
terminal c-myc epitope tag. Magnetic beads displaying anti-c-myc an-
tibodies (Thermo Scientific) served to immobilize a soluble mCherry- 
myc protein. We seeded a 96-well plate with 18,000 LaM8 synNotch 
cells per well. Cells were plated with either the mCherry-myc protein 
only, the anti-myc beads only, or both mCherry-myc and anti-myc 
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beads. The fusion protein was produced by transfecting an expression 
plasmid with the mCherry-myc transgene into Lx293 T cells and col-
lecting conditioned media. The medium was then filtered through a 
0.45 μm PVDF filter to remove cellular debris. To exchange the bulk 
conditioned medium for fresh medium, we concentrated the supernatant 
using a 30 kDa MWCO filter (EMD Millipore) and then resuspended the 
concentrate in an original volume of fresh culture medium. To activate 
cells with mCherry-myc ligand, ligand-containing medium was mixed 
1:1 with fresh cell culture medium. A final concentration of 0.1 mg/mL 
of anti-myc beads was added to the cells to capture and immobilize the 
soluble mCherry-myc protein. After 48 h, firefly luminescence was 
measured using BrightGlo as indicated above. 

Orthogonal activation of synNotch receptors. L929 mouse fibro-
blast cells were transduced with two synNotch receptors: the LaG16 
synNotch receptor with a tTA intracellular domain and the LaM8 syn-
Notch receptor with a Gal4VP64 intracellular domain [40]. They were 
also transduced with two response elements, one a TRE promoter linked 
to firefly luciferase, and the other a UAS promoter linked to Renilla 
luciferase. Cells were plated in culture with or without the combination 
of GFP, mCherry-myc, and the respective surfaces functionalized to 
capture each of these ligands. as described above. After 48 h, firefly and 
Renilla luminescence values were measured with DualGlo (Promega) 
per manufacturer’s instructions. 

Sensing cell-secreted ligands. L929 mouse fibroblast cells were 
transduced with the LaG16 synNotch and an mCherry + firefly lucif-
erase payload. Another population of L929 cells was transduced with a 
vector driving constitutive secretion of GFP. A 1:1 ratio of 18,000 cells of 
each type were plated in a 96-well plate either with or without the GFP- 
TRAP functionalized surface described above. After 48 h, the firefly 
luminescence was measured using BrightGlo reagent as noted above. 

Patterned synthetic signaling via engineered surfaces and syn-
Notch cells. We used a wedge-shaped cell culture insert (Ibidi) divided 
into quadrants to functionalize different areas of individual wells of a 
tissue culture treated 12-well plate. For an initial set of experiments 
using a uniform concentration (5.6% v/v) of GFP-TRAP, surfaces of 
wells defined by two of the quadrants were functionalized with GFP- 
TRAP, while surfaces within the other two quadrants and on the 
outside of the cell culture insert were coated with 5% FBS in DPBS. In a 
follow-up experiment, we varied the amount of GFP-TRAP used to 
functionalize surfaces of quadrants defined by the insert using 0%, 1.4%, 
5.6%, or 20% v/v GFP-TRAP solutions. After a 1-h incubation, all re-
agents were aspirated off the plate and the cell culture insert was 
removed with sterile tweezers. Then, the well was washed with 1 mL 
DPBS, and 20,000 LaG16-synNotch cells/cm2 were plated over the 
entire well surface. GFP at 5 nM was added to the medium. For the cell- 
secreted version of this experiment, a 1:1 number of cells engineered to 
secrete GFP were added along with the LaG16 synNotch cells in L929 
cell culture medium. Images were taken 48 h after plating. Cells were 
first stained with 5 μM Draq5 (Thermo Scientific) for 15 min at room 
temperature to enable visualization of both activated and unactivated 
cells. Average mCherry pixel intensities were quantified from n = 12 
fields of view at 10× magnification using the Fiji mean gray value 
measurement. 

CRISPR-based transcriptome modification regulated via material- 
mediated artificial signaling. Mouse L929 fibroblasts were engineered 
with a vector encoding K-cadherin-IRES-mCherry. These cells were engi-
neered to express a LaG17-synNotch receptor driving TRE-inducible 
expression of CasRx [63]. Finally, these cells were also transduced with 
vectors encoding CasRx gRNA sequences targeting mCherry. The se-
quences of mCherry-targeting gRNAs are 5′-CGCCGCCGTCCTCGAAGT 
TCAT-3’; 5′-GAAGCGCATGAACTCCTTGATG-3’; 5′-TTCATCACGCGCTC 
CCACTTGA-3’; 5′-ACCTTGAAGCGCATGAACTCCT-3’. Following trans-
duction, cells were sorted based on synNotch receptor, gRNA, and mCherry 
expression. For synNotch activation experiments, GFP-TRAP functional-
ized culture surfaces were prepared, and 20,000 cells were added with 
soluble GFP at a final concentration of 0 or 50 nM. For control conditions, 

20,000 cells were added in monolayer on a tissue culture-treated plate. 
Mouse mesenchymal stem cell activation with biomaterial sur-

faces. Mouse mesenchymal stem cells were transduced with the LaG16- 
synNotch receptor described previously and a response element with a 
TRE promoter linked to production of secreted alkaline phosphatase 
(SEAP). A total of 6000 cells/well were plated in a 96-well plate on the 
GFP-TRAP functionalized surface for each condition supplemented with 
0 or 5 nM of GFP and cultured for 96 h. SEAP production for mMSC 
activation was analyzed using a chemiluminescence assay (Takara Bio), 
according to the manufacturer’s protocol. The samples were then 
measured on a Tecan Infinite M1000 Pro plate reader. 

For experiments investigating the ability of material-mediated sup-
pression of TNF responses, a streptavidin-coated, 96-well non-tissue 
culture treated plate was functionalized with GFP-TRAP as described 
above, and 6000 mMSCs were seeded per well. The medium was then 
supplemented with 5 nM GFP. Two days after plating, the wells were 
supplemented with medium containing either 0 or 10 ng/mL TNF-α 
(STEMCELL Technologies). Two days after addition of TNF-α, media 
were aspirated and saved from each sample for an ELISA, and cells were 
lysed for quantitative real-time PCR (qRT-PCR). For flow cytometry, 
cells were plated in a similar fashion in a 24-well non-tissue culture 
treated plate and harvested via TrypLE dissociation. 

Human embryonic stem cell activation via biomaterial surfaces. 
Engineered H9 hESCs were dissociated with Accutase and plated at 
150,000 cells per well of a 24-well plate in 10 μM Y-27632 dihydro-
chloride, a ROCK inhibitor (Tocris), in mTeSR medium. For conditions 
with ligand added, 200 nM GFP was supplemented into the medium to 
activate the LaG17-synNotch. After 24 h, the medium was aspirated and 
replaced with 5 μM Y-27632 dihydrochloride with and without GFP 
supplementation in mTeSR. Medium was changed daily until termina-
tion of the experiment on day four. 

For neuron differentiation experiments, engineered H9 hESCs were 
cultured on the GBP, cRGD, and GFP-TRAP functionalized surface as 
described previously. Cells dissociated with Accutase were plated at 
50,000 cells/well in a 96-well plate with 10 μM Y-27632 dihydro-
chloride mTeSR + medium, and 0 or 5 nM GFP. The next day, culture 
medium was changed to a neurogenic medium, consisting of DMEM 
F12+GlutaMAX, 1X B-27 with vitamin A (Gibco), and 1X N-2 supple-
ment (Gibco) [64] with 10 μM Y-27632 dihydrochloride. The Y-27632 
dihydrochloride concentration was then lowered to 5 μM for the 
remainder of the experiment. Medium was changed every 24 h for four 
days prior to preparing cells for immunocytochemistry and mRNA 
isolation as described below. 

2.2. Measurements 

Microscopy. All images were taken on a Leica Dmi8 epifluorescent 
microscope at 10× magnification except for tilescan wedge images, 
which were taken at 5× magnification, and neurite projection images, 
which were taken at 20× magnification. 

Flow cytometry. Cells were dissociated into a single cell suspension 
with either TrypLE or Accutase, as noted above. Cells were pelleted via 
centrifugation and then resuspended into blocking buffer (5% FBS in 
DPBS). The samples were then spun down again and resuspended in 100 
μL of blocking buffer per sample. For immunolabeling prior to flow 
cytometry, cells were incubated for 15 min in blocking buffer on ice. 
Cells were immunolabeled with an Alexa Fluor 647 conjugated mouse 
monoclonal antibody for c-myc tags (clone 9B11, Cell Signaling Tech-
nologies) at a 1:50 dilution for H9 activation experiments and with a 
Human Cadherin-6/KCAD Alexa Fluor 647-conjugated antibody (clone 
427909, R&D Systems) for determination of K-cadherin expression. 
After staining, the samples were then washed twice with 200 μL blocking 
buffer, collected by centrifugation and then resuspended for analysis in 
400 μL of blocking buffer. Flow cytometry results were collected from a 
Cellstream analytical flow cytometer and analyzed in FlowJo. 

ELISA. For ELISA analysis, the Human TNF RI/TNFRSF1A DuoSet 
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ELISA kit and DuoSet Ancillary Reagents (R&D Systems) were used. 
Culture media were aspirated off the cells and media from conditions 
with GFP added were diluted 1:100 in reagent diluent while media from 
conditions without GFP added were diluted 1:10. Following the manu-
facturer’s protocol, absorbance measurements at 450 nm were made on 
a Tecan Infinite M1000 Pro plate reader, with a measurement at 540 nm 
to correct for plate absorbance. Average absorbance of the 0 pg/mL 
standard was subtracted from all samples to correct for baseline absor-
bance. A standard curve was determined by plotting the log of the 
standard concentrations versus the log of absorbances. After fitting a 
linear best-fit line, the trendline equation was used to calculate the 
sample concentrations. 

Quantitative real-time PCR. Cells were lysed and mRNA was iso-
lated using the PureLink RNA Mini Kit (Invitrogen). mRNA was reverse 
transcribed into cDNA for qRT-PCR analysis using the SuperScript IV 
VILO Master Mix (Invitrogen). Samples were analyzed with the Power-
Track SYBR Green Master Mix (Applied Biosystems) on a Bio-Rad CFX96 
using a non-skirted low-profile plate (Thermo Scientific) with optical 
adhesive film (Applied Biosystems). The primers used are listed in 
Supplementary Table 1 [65,66]. Relative gene expression was calculated 
using the delta-delta Ct method using r18s as a reference gene and 
indicated samples as controls. 

Immunocytochemistry. Cells were fixed in 2% paraformaldehyde 
in PBS for 10 min, washed in ice cold DPBS, and permeabilized and 
blocked in 0.3% Triton-X (EMD Millipore) and 5% FBS in PBS for 45 
min. Cells were then stained for Tuj1 expression with an anti-Tuj1 
mouse antibody conjugated to Alexa-Fluor 647 (product number 
801210, Biolegend) diluted 1:500 in permeabilization and blocking 
buffer for 1 h at room temperature. The cells were then incubated in 
DPBS for 5 min and then counterstained with a 1:1000 dilution of DAPI 
(Thermo Scientific) in deionized water for 1 h. 

Statistical analysis. All bar graphs display means of triplicates with 
error bars showing standard error of the mean. For experiments 
involving only two comparisons, statistical significance was determined 
with a Student’s t-test or Welch’s t-test, as appropriate based the dis-
tribution of variances, and with alpha set to 0.05. To determine signif-
icance in experiments involving >2 groups or categorical variables, one- 
way or two-way ANOVA was used as appropriate followed by Tukey’s 
post-hoc test with alpha set at 0.05. 

3. Results 

3.1. Biomaterial surfaces co-opted to interface with synNotch cells 

While synNotch is inspired by a juxtacrine cell-cell signaling recep-
tor, our goal was to engineer biomaterial surfaces to capture soluble 
factors and thereby transduce artificial signaling via synNotch [40]. The 
synNotch platform is composed of two key elements (Fig. 1A): (1) the 
receptor protein that can be programmed to detect selected cues and (2) 
the “payload,” or the genetic response element, which prescribes the 
outcome of induced synNotch signaling. The intracellular domain of the 
synNotch receptor used in these studies consists of the 
tetracycline-controlled transactivator (tTA), which activates expression 
of genes downstream of the TRE-inducible promoter. In this work, we 
establish the cell-substratum platform performance by enabling cells to 
respond to the bioinert protein GFP – a ligand that does not typically 
activate signaling in cells. To convert soluble GFP to an input detected 
by synNotch cells through interactions with biomaterials, we used a 
GFP-recognizing nanobody called LaG16 (Kd of 0.7 nM) to generate the 
recognition domain of the synNotch receptor protein [62]. In initial 
studies, the payload consists of bicistronic expression of firefly luciferase 
and mCherry reporter transgenes. Via lentiviral transduction, we engi-
neered L929 fibroblasts to express the LaG16-synNotch receptor and 
inducible mCherry and luciferase payload. To enable biomaterials to 
capture soluble GFP for synNotch recognition, we functionalized cell 
culture surfaces with a GFP-specific nanobody, GFP-TRAP (Kd of 0.59 

nM), conjugated to a polyethylene glycol (PEG) linker. The GFP-TRAP 
nanobody binds an epitope of GFP that does not overlap with the 
binding site of LaG16 [62]. 

To verify that this surface engineering strategy enables efficient 
synNotch activation, we compared activation via material-mediated 
immobilization of soluble GFP to the canonical synNotch activation 
mode of cell-cell juxtacrine signaling [40]. For juxtacrine signaling, GFP 
ligand expressing “sender” cells were engineered for transmembrane 
expression of GFP. Median mCherry fluorescence intensity values, as 
measured by flow cytometry, indicate that supplementation of medium 
with 5 nM GFP activates synNotch in a manner that depends on material 
surface programming with GFP-TRAP (Fig. 1B). Using this readout, 
material- and ligand-dependent activation levels exceeded 18-fold as 
compared to control conditions. Critically, addition of free GFP alone 
was inadequate to activate synNotch; biomaterial functionalization with 
the GFP-TRAP affinity motif was both necessary and sufficient to convert 
soluble GFP to a productive synNotch input. Further, synNotch activa-
tion via the ligand-capturing biomaterial compares favorably to juxta-
crine activation of synNotch, which generated activation levels of 7-fold 
over control conditions. Greater activation via material-mediated 
capturing of soluble GFP may be due to increased density of ligand 
presented on functionalized culture surfaces as compared to 
membrane-bound ligand in engineered GFP-expressing cells. Based on 
these results, we determined that co-engineering synNotch cells and 
biomaterial surfaces represents a viable strategy to govern gene 
expression on the basis of soluble inputs in the cellular 
microenvironment. 

Next, we assessed the sensitivity of the MATRIX signaling platform to 
varying concentrations of GFP input. We found that synNotch cells 
upregulate luciferase transgene expression at concentrations as low as 
0.5 nM, exhibiting a roughly 100-fold increase in signal over back-
ground conditions (Fig. 1C). We found that the luminescence response 
begins to plateau at 2 nM GFP and reaches a maximal activation level at 
5 nM GFP, illustrating induction of approximately 200-fold over basal 
conditions. Finally, to ascertain whether the platform could respond to 
levels of ligand secreted by cells, we engineered an L929 line to 
constitutively secrete GFP. We then co-cultured GFP secretors with 
synNotch cells on control or functionalized surfaces and observed ~36- 
fold luciferase upregulation in response to GFP ligand in a material- 
dependent manner (Fig. 1D). Thus, our strategy of integrating mate-
rial surface engineering with cell design facilitates synthetic signaling 
that is tunable to ligand concentrations relevant to paracrine inputs and 
that display well over two orders of magnitude in dynamic range. 

3.2. Flexible input selection 

We then transitioned to test whether MATRIX could accommodate 
signaling inputs other than GFP. To achieve this, we exchanged the 
LaG16 extracellular motif for a nanobody known as LaM8, which rec-
ognizes red fluorescent protein (RFP) derivatives, including mCherry. 
We utilized magnetic beads functionalized with an anti-c-myc antibody 
as the ligand-capturing entity in this system, which made use of a c-myc- 
tagged mCherry. Upon input of c-myc-tagged mCherry, LaM8-synNotch 
L929 fibroblasts activate robustly and produce significant luciferase 
expression in a material- and ligand-dependent manner (Fig. 2A). 
Building off this, we then explored whether we could layer two artificial 
signaling circuits into a single cell population. We coupled the mCherry/ 
LaM8 signal activation to the output of upstream activator sequence 
(UAS) promoter-driven Renilla luciferase expression, while GFP/LaG16 
signal transduction produced firefly luciferase expression as in earlier 
experiments (Fig. 2B). We observed that transgene activation depended 
on provision of both the relevant ligand as well as cognate biomaterial 
(Fig. 2C). Of note, when cells were cultured in conditions that enabled 
simultaneous activation via both GFP and RFP inputs, the GFP-activated 
circuit reached just over 50% of its maximum activation level. We 
attribute this apparent partial activation of the firefly luciferase 
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transgene to interference of the anti-c-myc beads with the luminescence 
assay. Crucially, cross-activation of the two independent receptors was 
not observed. This indicates that multiple orthogonal receptors can be 
layered into a cell population, and activation can be achieved through 
selective material programming and ligand provision. 

3.3. Spatially constrained artificial signaling 

A key feature of synNotch is the requirement for mechanical strain to 
activate signaling [44]. As such, synNotch activation is highly localized. 
This opens the intriguing opportunity to capitalize on our cell-material 

engineering strategy to develop a platform that produces 
user-specified, spatially restricted responses to bulk soluble cues. To test 
this, we used a cylindrical cell culture insert divided into four wedges 
(Ibidi) to constrain the pattern of functionalized cell culture surfaces. 
Cell culture surfaces were programmed with GFP-TRAP such that two 
out of four wedges could capture the soluble synNotch ligand GFP, while 
the remaining wedges were untreated and therefore unable to immo-
bilize soluble GFP (Fig. 3A). This resulted in alternating wedges func-
tionalized to capture GFP, which potentiates activation of the 
GFP-sensitive LaG16-synNotch via ligand immobilization within those 
wedges. After functionalization, the Ibidi insert was removed, and L929 

Fig. 2. The cell-biomaterial design strategy enables discrete programmable responses from multiple ligands. (A) Relative luminescence values indicating activity of 
the RFP-sensitive synNotch receptor to surface-captured mCherry-myc (one-way ANOVA with Tukey’s post-hoc test; **p < 0.01). (B) Schematic of a dual receptor 
synNotch cell sensitive to RFP (output: Renilla luciferase) and GFP (output: firefly luciferase). (C) L929 mouse fibroblast cells programmed as in (B) were exposed to a 
variety of substrata and ligand conditions. Firefly and Renilla luminescence values were measured for each condition and plotted as a percent of the maximum 
activation value for each luminescence type. In all plots, n = 3 replicates; error bars indicate SEM. 

Fig. 3. Patterned surface functionalization results in spatially discrete mCherry expression in response to bulk GFP provision. (A) As illustrated, alternating wedges 
were functionalized with GFP-TRAP to organize synthetic signaling in response to the global cue of soluble GFP. The wedge chamber was removed prior to addition 
of GFP uniformly to the cell culture well. (B) synNotch activation, indicated by mCherry signal, induced by 5 nM GFP supplementation. Nuclear Draq5 counterstain 
was used to determine the distribution of cells across the cell culture well. (C) As in (B), except synNotch cells were mixed 1:1 with GFP-ligand secreting cells, 
indicating that the spatial gating is achievable at levels of ligand produced by cells. (D) Tilescan image of mCherry intensity after functionalization of wedge regions 
with GFP-TRAP preparations of 0%, 1.4%, 5.6%, or 20%. (E) Representative images of individual 10× objective fields from the tilescan shown in (D). (F) Quantified 
pixel intensities of 10× objective fields from wedges produced as shown in (D). n = 12 fields of view from replicate wedges. Groups not sharing same letters are 
significantly different (p < 0.0001, one-way ANOVA with Tukey’s post-hoc). (Scale bar = 200 μm). 
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fibroblasts engineered with the LaG16-synNotch receptor driving 
mCherry transgene expression were plated throughout the whole well. 
The medium was supplemented with 5 nM GFP. After 48 h, the cells 
were stained with the nuclear dye Draq5 and imaged by microscopy. 
MCherry expression was constrained to wedge regions functionalized 
with GFP-TRAP (Fig. 3B). We repeated this experimental setup, 
replacing the 5 nM GFP with GFP-secreting L929 cells co-cultured with 
LaG16-synNotch cells at a 1:1 ratio. Consistent with prior results, syn-
Notch cells were able to respond to GFP input in a pattern specified by 
surface functionalization (Fig. 3C). This illustrates that selective func-
tionalization of biomaterial substrata enables spatial control over syn-
Notch transgene expression, even in the presence of a uniform bath of 
activating factors, highlighting the utility of our approach of leveraging 
synNotch to organize cellular responses to bulk environmental cues. 

We then queried whether we could obtain a graded response to bulk 
GFP inputs by varying the concentration of GFP-TRAP used to func-
tionalize surfaces of each quadrant of the cell culture inserts. We used 
solutions of 0%, 1.4%, 5.6%, or 20% GFP-TRAP to functionalize culture 
surfaces defined by quadrants of the inserts. We then uniformly plated 
cells in the well and applied 5 nM GFP. Results demonstrate graded 
mCherry fluorescence intensity in accordance with increasing GFP- 
TRAP concentration, with a significant increase in mCherry pixel in-
tensity at each level of GFP-TRAP applied to the surface (Fig. 3D–F). 
These data illustrate that MATRIX can be flexibly deployed to generate 
graded responses to soluble cues within a microenvironment. 

Taken together, these studies establish the sensitivity, flexibility, and 
utility for spatially gating transgene expression with this co-developed 
cell-biomaterial platform. 

3.4. MATRIX for CRISPR regulation 

We then transitioned to illustrating diverse functions that the MA-
TRIX platform can govern. Recent efforts in regenerative engineering 
have focused on deploying CRISPR epigenetic regulators in vivo [67]. To 
assess whether we could leverage MATRIX to control CRISPR-based 
transcriptome regulators, we engineered an L929 fibroblast cell line 
for inducible expression of the RNA-editing Ruminococcus flavefaciens 
XPD3002 Cas protein (CasRx) [63]. CasRx, in conjunction with gRNAs 
specific to a gene of interest, acts as a compact RNA-targeting CRISPR 
system and can mediate gene knockdown directly at the transcript level. 
To demonstrate proof-of-principle of MATRIX performance in this 
application, we engineered GFP-sensitive synNotch cells to activate 
CasRx expression in response to synNotch signaling. Cells were further 
engineered to constitutively express a single bicistronic transcript con-
sisting of a K-cadherin cell adhesion molecule, IRES, and mCherry. 
Finally, we added a panel of four CasRx gRNAs specific to the mCherry 
transcript (Fig. 4A) [63]. As both K-cadherin and mCherry are expressed 

through a single mRNA transcript, degradation of one portion of the 
transcript mediated by CasRx will knock down expression of both pro-
teins. SynNotch cells were then plated onto the biomaterial to assess 
ligand-dependent CasRx knockdown efficiency after 72 h. Results 
illustrate that MATRIX rendered significant knockdown of both mCherry 
(Fig. 4B) and K-cadherin (Fig. 4C) in a GFP-dependent manner. These 
studies indicate that MATRIX may serve as a useful platform to 
orchestrate both cell delivery and transcriptome editing in transplanted 
cells. 

3.5. MATRIX to attenuate inflammatory signaling 

After highlighting features of the MATRIX platform in L929 fibro-
blasts, we aimed to extend this platform to other cell types. Due to their 
tri-lineage multipotency and an inherent ability to counteract dysregu-
lated inflammation [68,69], marrow-derived mesenchymal stem cells 
(MSCs) represent a cell type of wide interest in regenerative engineering 
[70]. Thus, we first evaluated whether MSCs were operational in the 
context of MATRIX. We transduced mouse MSCs (mMSCs) with the 
GFP-sensitive LaG16 synNotch receptor linked to production of the 
transgene secreted alkaline phosphatase (SEAP). We then cultured the 
mMSCs with and without GFP and on control versus programmed 
biomaterial surfaces. We observed a significant increase in SEAP pro-
duction as measured by a chemiluminescence assay (Fig. 5A), demon-
strating that the design of MATRIX accommodates engineered MSCs. 

We then extended these findings to determine whether MATRIX can 
augment the therapeutic potential of MSCs. TNF is frequently dysregu-
lated in autoimmune and chronic inflammatory environments [71]. 
Thus, the ability to blunt TNF in tissues with tunable, local therapeutics 
represents a goal in regenerative medicine [72]. We replaced the SEAP 
transgene payload with the soluble TNF receptor type 1 (sTNFR1), 
which we and others have used as an antagonist of the pro-inflammatory 
cytokine TNF [66,73]. To demonstrate the ability of MATRIX to generate 
sTNFR1 production, we cultured synNotch mMSCs on control or func-
tionalized surfaces and in the presence or absence of 5 nM GFP (Fig. 5B). 
As measured by ELISA, we observe a significant increase in sTNFR1 
production, up to 49 ng/mL, when the cells are exposed to GFP on the 
ligand-capturing biomaterial, even with exposure to 10 ng/mL TNF 
(Fig. 5C). 

We next analyzed whether this sTNFR1 production could antagonize 
deleterious levels of TNF. To monitor TNF signaling, we transduced 
mMSCs with a fluorescent mKate2 reporter [74] as a readout of NF-κB 
transcriptional activity. MSCs were then cultured on functionalized 
surfaces and in conditions of 0 versus 5 nM GFP with 0 versus 10 ng/mL 
TNF. As assessed by flow cytometry, we observed significant 
GFP-dependent reduction of mKate2 intensity, suggesting a decrease in 
TNF-induced NF-κB activity (Fig. 5D). We therefore performed gene 

Fig. 4. The MATRIX platform facilitates CRISPR-based transcriptome modification. (A) Illustration of L929 cells used in this experiment. Cells were engineered to 
constitutively express a single transcript encoding K-cadherin and mCherry. SynNotch activation leads to expression of CasRx. Vectors enabling expression of the 
mCherry-targeting gRNAs, which enable CasRx to initiate degradation of mCherry-encoding transcripts, are not shown. (B) Left: Median fluorescence intensity of 
mCherry in cells exposed to 0 nM or 50 nM GFP, as assessed by flow cytometry. Right: Representative histograms of mCherry expression of cells with and without the 
GFP-capturing surface in 0 or 50 nM GFP conditions. (C) Left: Median fluorescence intensity of anti-K-cadherin staining in cells with and without the GFP-capturing 
surface and exposed to 0 nM or 50 nM GFP, as assessed by flow cytometry. Right: Representative histograms of anti-K-cadherin staining of cells in 0 or 50 nM GFP 
conditions. In all plots, **p < 0.01 and ****p < 0.0001, two-way ANOVA with Tukey’s post-hoc test. n = 3 replicates; error bars indicate SEM. 
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expression analysis to determine whether a panel of genes regulated by 
TNF in MSCs reflected a GFP-dependent profile. We observed reduced 
expression of the inflammatory markers Il6, Ccl5, and Icam1 (Fig. 5E). 
Collectively, these results indicate that MSCs integrated into the MA-
TRIX platform can effectively antagonize pro-inflammatory cytokine 
signaling. 

3.6. MATRIX to orchestrate pluripotent stem cell differentiation 

A crucial aspect of regenerative engineering relies on the ability to 
produce target cell types and neotissue from stem cells. As such, we 
investigated whether the MATRIX platform could regulate transgene 
expression in human pluripotent stem cells (hPSCs). Such a goal repre-
sents a non-trivial extension of the MATRIX platform, since hPSCs 
require basement membrane proteins, such as Matrigel, as substrata to 
support cell attachment and viability during subcultivation and differ-
entiation. To develop a cell culture surface capable of capturing syn-
Notch ligand and compatible with hPSC maintenance and 
differentiation, we turned to a fully defined, peptide-based substratum 
comprised of a glycosaminoglycan binding-peptide (GBP) [53] and cy-
clic arginine-glycine-aspartate (cRGD) for cell adhesion [54], with 
GFP-TRAP incorporated to facilitate immobilization of soluble GFP. We 
engineered H9 human embryonic stem cells (hESCs) to express a 

GFP-sensitive synNotch receptor with a downstream gene circuit that 
induces mCherry upon synNotch activation. Flow cytometry indicates 
potent activation of synNotch signaling in engineered H9 hESCs 
(Fig. 6A). These results illustrate that the MATRIX design platform ac-
commodates synthetic, orthogonal signaling in hPSCs. 

We then extended these findings to determine whether the MATRIX 
platform can mediate synthetic signaling that drives hPSC differentia-
tion. We engineered H9 hESCs to express mCherry and neurogenin-2 
(Ngn2), a master transcription factor capable of converting hPSCs to 
TUJ1+ motor neurons upon ectopic expression [64,75,76]. We then 
cultured these cells on the defined GBP/cRGD/GFP-TRAP surface pre-
viously used. As expected, GFP ligand robustly activated synNotch in H9 
hESCs (Fig. 6B). We also found that, after 4 days, GFP-induced Ngn2 
expression gave rise to a TUJ1+ population of cells displaying extensive 
neurite projections, whereas the 0 nM GFP group did not adopt this fate 
(Fig. 6C). These results show that integration of the MATRIX platform 
with purpose-driven cell design enables coordination of pluripotent 
stem cell differentiation. 

4. Discussion 

Here, we present the concept of co-developing engineered cells and 
designer biomaterial surfaces to generate a privileged channel of 

Fig. 5. Therapeutic behaviors of mesenchymal stem cells can be governed via the MATRIX design approach. (A) SEAP reporter transgene expression from murine 
MSCs in a surface- and synNotch-ligand dependent manner. (****p < 0.0001 b y two-way ANOVA with Tukey’s post-hoc test). (B) Schematic of experimental 
configuration in panels C–E. (C) synNotch-dependent sTNFR1 expression in response to GFP input and TNF treatment. Groups not sharing the same letters are 
statistically significantly different by two-way ANOVA with Tukey’s post-hoc test. (D) Median fluorescence intensity of an mKate2 reporter expressed from tandem 
repeats of NF-κB response elements. Groups not sharing the same letters are statistically significantly different by two-way ANOVA with Tukey’s post-hoc test. (E) 
qRT-PCR gene expression profiling of transcripts upregulated by TNF treatment of MSCs. 

J.C. Lee et al.                                                                                                                                                                                                                                    



Biomaterials 297 (2023) 122099

9

communication via artificial signaling networks. Our platform, referred 
to as MATRIX, combines synthetic biology and biomaterial design to 
customize cell functions for regenerative engineering applications. The 
MATRIX platform is highly flexible, in that both cells and material 
surfaces can be programmed to interact via arbitrarily selected ligands. 
Here, we demonstrate that two different bioinert ligands, GFP and 
mCherry, can be converted to productive signaling factors. We show that 
the MATRIX platform can support orthogonal receptors that sense 
distinct inputs, implement discrete cellular functions, and do not 
crosstalk. Our data indicate that cell responses to such inputs can be 
customized for defined applications relevant to regenerative medicine, 
including orchestration of spatial responses to bulk soluble inputs, 
regulation of CRISPR-based transcriptome modifiers, resolution of in-
flammatory signaling, and hPSC differentiation. 

The bulk of these experiments used the bioinert protein GFP as the 
synNotch signaling factor. With soluble GFP as a ligand, we produced a 
MATRIX configuration with a dynamic range exceeding 200-fold, with 
robust activation by GFP concentrations as low as 0.5 nM as well as cell 
secreted GFP. For the majority of these studies, we chose high affinity 
motifs for programming the biomaterial surface (GFP-TRAP, Kd = 0.59 
nM [62]) and the synNotch receptor (LaG16, Kd = 0.7 nM [62]). Though 
not explored here, selection of a different affinity motif for either 
biomaterial functionalization or for synNotch receptor design would 
facilitate tunable sensitivity. In fact, in a subset of this work, we made 
use of a lower affinity LaG17-based synNotch receptor (Kd = 50 nM 
[62]), illustrating flexibility in the overall configuration of MATRIX. 

In principle, the MATRIX framework for co-engineering cells and 
biomaterial surfaces can accommodate any ligand. The major design 
constraint of MATRIX is the availability of two affinity motifs that can 
simultaneously bind target ligand: one that allows ligand recognition by 
the synNotch receptor and the other to enable surface immobilization of 
the soluble input. We anticipate future studies will entail selection of 
non-native factors other than GFP or mCherry for orthogonal control of 
cell behaviors. Further, because the system can also be adapted to re- 
route native inputs, such as morphogens or pro-inflammatory cyto-
kines, we believe the MATRIX platform opens the intriguing possibility 
to customize cell delivery vehicles to respond to typically deleterious 
factors in a microenvironment and produce therapeutic factors on 
demand. 

Several sophisticated biomaterial platforms have been reported as 
dynamic vehicles for influencing cell behaviors. Examples include ma-
terials that present immunomodulatory/anti-inflammatory factors 
[77–81], differentiation factors [82–85], chemokines [86], and angio-
genic factors [87,88]. Presented in the form of hydrogels [89–92], 
polymeric scaffolds [93–98], and nanoparticles [99–102], these mate-
rials can adapt to environmental cues such as light [103–105], pH [106], 
enzyme-mediated degradation [107], and temperature [108,109]. Such 
designs support the controlled release of therapeutic factors, bypassing 
the need for bolus delivery. However, once the structures housing these 
bioactive factors degrade as designed to promote release, these bioma-
terial matrices can no longer provide selected cues to cells in the envi-
ronment. Engineered living materials (ELMs) have also been created by 

Fig. 6. The MATRIX design approach enables artificial cell-substratum signaling in human pluripotent stem cells. (A) Median fluorescence intensity of the reporter 
transgene mCherry in synNotch H9 hESCs. (***p < 0.001; n = 3 replicates; two-way ANOVA with Tukey’s post-hoc test). (B) Fluorescence microscopy of H9 cells 
engineered to inducibly express the master regulator of neurogenesis, Ngn2. Top: DAPI nuclear stain; Middle: mCherry fluorescence reporter co-expressed with Ngn2; 
Bottom: anti-TUJ1 immunocytochemistry. Scale bar = 200 μm. 
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combining microorganisms, such as bacteria and yeast, with bio-
materials [110]. These platforms hold promise for use as self-growing, 
anti-fungal adhesive wound patches or for the sustained release of 
drugs such as antibiotics; however, they are limited to the extent that 
microorganisms can be applied as agents of tissue regeneration and 
repair. Further, advances in niche-responsive gene regulation are 
required to reliably control activities of transplanted microorganisms in 
ELMs [111]. To circumvent these potential shortcomings, our MATRIX 
platform weds synthetic biology with biomaterial design to generate a 
tunable, inducible platform capable of sustaining localized transgene 
production of therapeutic factors via orthogonal signaling of engineered 
mammalian cells. By designing a platform that integrates 
material-mediated signal transduction with engineered cells, our plat-
form organizes cell behaviors, instructs differentiation programs, and 
enables cells to serve as inducible biologic drug delivery agents to sculpt 
a regenerative niche. Thus, the MATRIX platform complements ad-
vances in biomaterial design to offer a modular, flexible platform for 
regenerative engineering. Continued development of MATRIX will 
pursue extension of the platform from 2D surfaces to 3D hydrogels and 
scaffolds. 

Numerous synthetic receptor platforms have been adapted to exert 
exquisite control over cell functions. Many of these are designed to 
detect soluble cues including bioactive ligands like VEGF or rapamycin, 
as well as pharmacologically inert factors like GFP, azo dyes, or cloza-
pine-N-oxide [45–48,112–115]. While these platforms are extraordi-
narily useful, signal transduction via such receptors is sensitive to ligand 
concentration rather than ligand immobilization. The MATRIX platform 
constrains ligand-induced responses to regions occupied by pro-
grammed biomaterial surfaces, taking advantage of a main feature of 
Notch signaling, requiring co-localization of the soluble ligand, the 
biomaterial, and the engineered cell for a response while also being 
responsive to ligand concentration with tunable activation [116]. Thus, 
in conditions in which local tissue targeting or spatial regulation of cell 
functions are central, such as restricted production of pleiotropic factors 
or templating of heterogenous neotissue constructs, the MATRIX 
framework offers an avenue for gating responses of engineered cells to 
bulk soluble inputs. 

In conclusion, we present MATRIX as a solution to the challenge of 
designing custom cell-matrix interactions to control therapeutic activ-
ities of cells. This platform combines advances in the areas of cell design 
and biomaterial engineering. Artificial signaling enabled by MATRIX 
spatially coordinates engineered cellular responses to bulk soluble fac-
tors. Our use of MATRIX facilitated CRISPR-based knockdown of specific 
gene targets, demonstrating the ability to leverage cell carriers and tis-
sue engineering scaffolds as vehicles to modulate transcriptional pro-
grams of engineered cells upon transplantation. We also used MATRIX to 
augment the inflammation attenuation of mesenchymal stem cells, a 
behavior relevant to development of cell-based therapies to treat auto-
immune diseases [117,118], arthropathies [119], and neuro-
degeneration [120,121]. Finally, we illustrate that the MATRIX 
framework allows for inducible, material-mediated differentiation of 
hPSCs, indicating applicability of this platform for production of cell or 
tissue replacements. We have thus demonstrated that MATRIX makes it 
possible to finely regulate cellular responses to selected inputs with 
engineered specificity and targeted outputs that are tunable in magni-
tude, making it a platform suitable for filling several needs in regener-
ative engineering. 
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