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ABSTRACT: The development of responsive nanomaterials, nanoscale

systems that actively respond to stimuli, is one general goal of nano-
technology. Here we develop nanoparticles that can be controllably triggered to
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These particles served as nanofactories capable of producing proteins including
green fluorescent protein (GFP) and enzymatically active luciferase. In vitro
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and in vivo, protein synthesis was spatially and temporally controllable, and Z ) desired
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could be initiated by irradiating micrometer-scale regions on the time scale of Qj/,//, protein
milliseconds. The ability to control protein synthesis inside nanomaterials may Q/f/%’r,’m'%rﬁ”“
enable new strategies to facilitate the study of orthogonal proteins in a confined Ll

environment and for remotely activated drug delivery.
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Reconstituting protein synthesis at the nanoscale requires
the integration of a large number of cellular compo-
nents.' > Though DNA encodes the complete information
required to specify the amino acid sequence of a protein, several
cellular machines are required to decode this information in order
to generate functional proteins.”> Here, we encapsulated the
machinery required to achieve transcription and translation inside
of artificial membranes, producing micro- and nanoparticles
capable of synthesizing functional proteins. These systems were
subsequently engineered to induce expression in response to an
external stimulus, allowing temporal and spatial control of protein
production in vitro and in vivo.

To create particles capable of synthesizing proteins,
phospholipid vesicles were formed around a minimal E. coli
S30 extract and plasmid DNA template encoding a reporter
protein (Figure 1a). The cell extract was used as the source of
biochemical machinery, energy, ions, and T7 RNA polymerase.®
cDNA was used to eliminate complexities associated with
mRNA splicing.7 To form vesicles, a phospholipid that self-
assembles into soft lipid bilayers at physiological temperature
was used (1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC); a phosphatidylcholine with two 14-carbon tails).
Microscale vesicles were formed spontaneously after mixing the
extract and DNA with DMPC. The particles were collected by
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centrifugation, and nonentrapped extract, DNA, and protein
were removed by repeated washing.

The lipid vesicles were capable of producing GFP, imaged using
fluorescence microscopy (Figure 1b). GFP only fluoresces if
folded properly,’ confirming that the fluorescent particles con-
tained all components necessary for transcription, translation, and
folding. The particles assumed a vesicular structure with GFP en-
capsulated in the aqueous core. Confocal microscopy showed that
the protein was dispersed throughout the inner core of the vesicles
and not bound to the outside of the membrane (Figure 1c).

To test if the particles were capable of producing proteins
that are enzymatically active, a template encoding Renilla luciferase
was incorporated into the particles. After the particles were
collected and thoroughly washed, they were lysed, and the internal
contents were examined by the complementary assays of
immunoblotting (Supporting Information Figure S1) and bio-
luminescence (Figure 2a). When luciferin was added to the lysate,
the solution emitted robust luminescence (1.01 X 107 AU),
indicating that the luciferase produced in the particles was
enzymatically active.”
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Figure 1. Protein producing particles. (a) A schematic of an encapsulated in

vitro transcription/translation nano- and microscale particulate system.

DNA, tRNA, ribosomes, amino acids, ribonucleotide triphosphates (rNTPs), and ions were loaded into lipid vesicles. Protein production can be
triggered by irradiating caged DNA with light. (b) Overlaid transmitted light and fluorescence images of a GFP-producing particle. (c) Confocal

images of four sections from a single particle. GFP is seen throughout the

inside of the vesicle. Bar 5 um.

To test if protein-producing particles have a minimum size
constraint, nanoparticles of various sizes were formed by
extrusion. Particles with average diameters of ~400, 250, and
170 nm were all capable of producing functional luciferase;
however, 100 nm particles were not (Figure 2a). CryoTEM
images (Figure 2b) suggest that the 170 nm extruded
nanoparticles display an elliptical morphology with the
ribosomes and code inside. Testing the internal content of
the 100 nm particles showed they lack DNA (Figure 2e), thus
explaining why they are dysfunctional. In these studies we used
a luciferase-encoding 4 kb (~1360 nm long) plasmid, Figure 2f.
For such a plasmid to fit into a nanoparticle it must supercoil
(Figure 2g). One possibility is that the spontaneous super-
coiling to fit the dimensions of the smallest particle (<100 nm)
is inefficient'>"" and may require additional condensing agents,
such as cationic lipids.

Interestingly, when comparing the total amount of protein
produced, dispersions with smaller particles (170 or 250 nm)
produced more protein than dispersions with larger (400 nm)
particles, Figure 2. Comparing the internal content of the
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different particles showed that while 170 nm particles produced
81 + 9 proteins/particle, the 400 nm particles, which have a
13 times greater volume, produced only 190 + 15 proteins/
particle. This observation that smaller particles are more
efficient in producing proteins has also been suggested in other
studies that tested protein production at the nanoscale."*”'®
While the exact reason for this phenomenon is unclear, it seems
possible that the close proximity of the “reacting” components
(e.g, nucleoside S'-triphosphates (NTPs) and amino acids) to
the machinery (e.g, RNA polymerase and ribosomes) plays a
role in more eflicient use of resources during these processes.

We next sought to develop nanoparticles wherein protein
production can be remotely triggered in vitro and in vivo. To
control the production of proteins temporally, a photolabile
protecting group was conjugated to the DNA.'® Luciferase-
encoding DNA was caged with 1-(4,5-dimethoxy-2-nitrophenyl)
diazoethane (DMNPE) to block transcription. UV irradiation at
365 nm uncaged the DNA, and luciferase was produced.

To better understand the time scale of irradiation necessary
to activate the particles and to test if they could be activated
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Figure 2. Particles are functional at the nanoscale but have a minimum size constraint. (a) Total luciferase activity is shown for particles extruded to
various sizes. No signal is observed for particles with a diameter of 100 nm. (b) A cryoTEM micrograph of 170 nm particles with structures
resembling ribosomes (c) and DNA (d) inside them. (d) The crosssection between the two green arrows is ~2.3 nm and is that of DNA. While
DNA is detected in particles 170 nm or larger (e) it remains at baseline levels in the 100 nm particles, explaining why the smaller particles are
dysfunctional. AFM images (f) of the 4 kb, luciferase-encoding, plasmid in solution reveal its unfolded dimensions (~1360 nm long) and that the
plasmid must supercoil (g) in order to fit into the nanoparticles. To fit into a 100 nm particle the supercoiled plasmid would need at least 4 writhes
in its configuration, while only 2 writhes are needed to fit into a 170 nm particle.Graph bars are the mean + SD of three separate experiments with
four experimental points each.
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Figure 3. Protein production can be remotely triggered. (a) A schematic of the inducible system in microfluidic channels. The formulated DNA is
caged by DMNPE, which is released by irradiation with UV light, permitting transcription to occur. Following UV exposure, the particles were
incubated for 1 h at 37 °C to ensure completion of the protein production process. (b) Protein production in 200 nm nanoparticles is inversely
correlated with flow velocity in a microfluidic channel (black bars). The quantum efficiency, that is, the number proteins produced per absorbed
photons, is proportional to flow velocity (b, gray bars) (c) The rate of luciferase production in a solution of 200 nm nanoparticles flowing through
a microfluidic channel at a flow velocity of 2 cm/s with and without irradiation. (d,e) Uncaging of DNA by local UV irradiation induces the
production of luciferase in vivo. (d) Representative whole body bioluminescence imaging of mice injected locally with particles containing caged
luciferaseencoding DNA. After injection the mice were either administered UV (400 mW/cm?®) at the site of injection or left untreated.
(e) Quantitation of the whole body bioluminescence imaging shown in (d).

when flowing at the speed of physiological blood flow,"”
particles were irradiated while flowing through a 100 pm wide
microfluidic channel (Figure 3a) using 300—400 nm light at
120 mW/cm? Although these wavelengths have tissue
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penetration of ~10 mm,"® two photon microscopy could be
used to deepen penetration significantly in the future.'”*° Flow
velocity was varied, and the rate of luciferase production
decreased as velocity increased (Figure 3b). This was expected,
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as the amount of time that the particles were in the patch of light
decreased as flow velocity increased. When light was irradiated
through a microscope objective, the particles were activated in as
short as 10 ms at physiological flow velocity (2 cm/s). Notably,
luciferase production in the flowing channel could be activated in a
pulsatile manner by modulating the light source (Figure 3c).

To examine whether the particles could be remotely
activated to produce luciferase in vivo, particles were injected
locally into mice. The animals were either irradiated at the site
of the injection or left untreated. Whole body bioluminescence
imaging confirmed robust production of luciferase expression,
which persisted for at least 24 h (Figure 3d,e). While the
quantum efficiency in vitro is in the range of 10—40 photons
per protein produced (Figure 3b), in vivo this ratio grows to
approximately 6500 photons per protein. This is explained by
the attenuation of UV rays in tissue.”"*>

Such an approach, in which autonomous nanoscale
production units are located in the body and can be remotely
activated to synthesize a potent compound from inert
precursors, may find utility in the localized delivery of
therapeutics.”>™*” To date, this objective has been met for
therapeutic applications only with live bacteria that were
predesigned to produce proteins in disease sites.”® >° Unlike
bacterial systems, artificial systems are modular, and their
physical/chemical properties can be modified. Incorporating
mechano-synthesis functions in nanomaterials may have
applications in both basic biophysics and in medicine.
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