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Featured Application: A synthetic gene that codes for a protein comprised of a streptavidin do-
main for binding biotin-labeled cargo, a urokinase cleavage domain for release by urokinase
plasminogen activator, and a PLAP domain for cell-surface expression enables effective cell-
based delivery of small molecules and nanostructures to tumors.

Abstract: Many cytotherapy applications focus on delivering a therapeutic molecule or nanoparticle
to a disease site. One challenging step in this delivery is releasing the therapeutic molecule from the
delivery cell upon arrival at the delivery sight. Here a protein is designed and expressed that can bind
a biotin-labeled cargo and release that cargo in response to the presence of urokinase plasminogen
activator. A gene was designed that coded for a protein that contained a streptavidin domain for
binding biotin-labeled cargo, a urokinase cleavage domain for release by urokinase plasminogen
activator, and a PLAP domain for cell-surface expression. The utility of the resultant protein was
tested with biotin (5-fluorescein) and a biotinylated PLGA nanoparticle to test the performance of the
delivery systems with models for small molecule drugs and nanoformulations. When expressed in
neural progenitor cells (C17.2), the designed protein was able to bind both the biotin (5-fluorescein)
and the biotinylated PLGA nanoparticles and was able to release the biotin (5-fluorescein) in response
to urokinase plasminogen activator. This designed, multi-domain protein may prove useful as a
method for specifically releasing a cargo from delivery cells at a target site.

Keywords: synthetic biology; cytotherapy; PLGA nanoparticles; streptavidin-biotin

1. Introduction

Cytotherapy, using cells to treat or to deliver treatment to a disease, is a growing field
of research in many areas, including cancer and neural disease [1,2]. Cytotherapy can be
particularly effective because of the unique properties of certain cells to actively infiltrate
the diseased site. While some cytotherapies rely solely on the properties of the treatment
cell [3,4], many cytotherapies use cells as targeting agents to actively deliver an exogenous
payload to the abnormal tissue [5–8]. One persistent challenge in these delivery-oriented
cytotherapies is determining how to release or use the payload at the disease site.

One potential method for releasing the cytotherapy payload would be to attach it to
the delivery cell with a cleavable linker. Elevated protease levels are a hallmark of several
disease states [9–11]. For example, in many cancers the matrix-metalloproteinases and/or
urokinase plasminogen activator (uPA) are highly upregulated [12–16]. uPA is a part of
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the plasmin system and cleaves the inactive plasminogen into active plasmin which has
cascade effects modifying the extracellular matrix, vascular development, and growth
factor availability. uPA also cleaves its cell-surface receptor, the urokinase plasminogen
activator receptor (uPAR). A consensus sequence for uPA has been identified [17,18],
SGRSA, that has been used for a variety of medicinal applications [18,19]. If a payload was
connected to a delivery cell with a linker that was cleavable by uPA the payload would
remain attached to the delivery cell until it reached an area with high uPA activity at which
point it would be released.

Streptavidin [20] is a well-known bacterial protein that binds biotin with high affin-
ity. This binding affinity makes streptavidin an attractive possibility for engineering a
protein that would attach a biotin-labeled payload to the surface of a cell. Unfortunately,
while streptavidin binds biotin in a 1:1 ratio, the actual binding event occurs between
four molecules of streptavidin cooperatively binding four molecules of biotin. This 4:4
correspondence creates challenges for successfully engineering a hybrid protein containing
a streptavidin domain. Recently, a modified streptavidin protein has been engineered
that acts as a monomer, binding biotin on a 1:1 basis (referred to as mono-streptavidin,
mSA) [21,22]. This expands its potential for engineering into a designed protein as a biotin
binding moiety.

Placental alkaline phosphatase (PLAP) [23] is a membrane anchored protein that is
used as a model to understand phosphatidylinositol-glycan (GPI) anchored proteins. A
sequence (PLAP domain) has been identified at the C-terminal end of the PLAP protein
which signals the attachment of the protein to the GPI anchor and expression on the surface
of the cell. This domain has been engineered into other proteins to cause their cell surface
expression through GPI anchors [23].

Here, a cleavable mono-streptavidin (cmSA) delivery protein is designed and tested
that incorporates an mSA domain for binding biotin-labeled payloads, a uPA cleavage
domain for efficient release, and a PLAP domain for cell surface anchoring (Figure 1). This
protein could be one method for attaching and delivering a payload using cytotherapy.
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Figure 1. Schematic of the designed fusion protein containing seven components: (1) a strepta-
vidin/rhizavidin hybrid peptide; (2) the uPA consensus sequence (SGRSA); (3) an alpha helix spacer
[EAAK]3; (4) the uPA binding domain of uPAR; (5) a FLAG tag for antibody recognition; (6) a HIS
tag for isolation and identification; and (7) a PLAP sequence for GPI binding and anchoring to
the membrane.
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2. Materials and Methods
2.1. Materials

General chemicals were from Sigma-Aldrich, St. Louis, MO. SOC medium was from
Clontech, LB agar was from Invitrogen (Carlsbad, CA), and ampicillin was from Sigma-
Aldrich (St. Louis, MO, USA).

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG-Biotin), 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) (sodium salt) (DSPG), L-α-Phosphatidylethanolamine-N-(lissamine rhodamine
B sulfonyl) (Ammonium Salt) (Egg Transphosphatidylated, Chicken) (RhB-PE), and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[succinyl(polyethylene glycol)- 2000] (am-
monium salt) (DSPE-PEG-succ) were purchased from Avanti lipid (Alabaster, AL, USA).
50:50 Poly(D,L-lactide-co-glycolide) ester terminated (PLGA-ester) (0.55-0.75dL/g) was
purchased from DURECT Corporation (Birmingham, AL, USA)

2.2. Plasmid Design

A cleavable mono-streptavidin gene (cmSA) with the following sequence was ordered
from GenScript (Piscataway, NJ, USA) as an insert in the pQCXIP plasmid (Clontech,
Mountain View, CA, USA):
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This corresponds to an expressed protein with the following sequence:
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Amino acid residues 1–123 correspond to a published sequence for an engineered strepta-
vidin designed to bind biotin on a 1:1 basis as opposed to a 4:4 basis [21,22]. Residues 124–131
are a flag tag. Residues 132–166 correspond to a cleavage sequence (SGRSA) for urokinase
plasminogen activator (uPA) flanked by two rigid alpha helix spacers designed to separate
protein domains and allow protease access [24]. Residues 167–263 correspond to the urokinase
plasminogen activator receptor (uPAR) cleavage domain. Residues 264–273 are a histidine
tag. Residues 274–305 correspond to a PLAP sequence which signals the connection of a
GPI anchor.

2.3. Plasmid Expansion

Upon receipt of the plasmid from GenScript, the plasmid was expanded using Stellar
Competent Cells (Clontech) according to specified directions. Briefly, 5 ng of plasmid DNA
was added to 50 µL of cells on ice and incubated for 30 min. The cells were heat shocked
at 42 ◦C for 5 min and then returned to ice bath for 2 min. About 450 uL SOC medium
was then added and incubated at 37 ◦C for 1 h. Transformed bacteria were selected by
plating on an ampicillin plate and incubating overnight at 37 ◦C. After incubation, positive
colonies were isolated from the agar plate and cultured in LB medium with ampicillin.

2.4. PCR

To verify plasmid expansion, DNA was isolated from a 100 mL culture of transformed
bacteria using the Qiagen Maxi Kit (Qiagen, Germantown, MD, USA) according to specified
directions. DNA purity and concentration were determined using a NanoDrop ND8000
(Thermo Fisher Scientific, Waltham, MA, USA). Two primer sets specific for the mono-
streptavidin gene that produced 200bp PCR products were designed and purchased from
IDT (Coralville, IA, USA):
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A PCR reaction was set up as follows: 1 cycle of 95 ◦C for 5 min, 30 cycles of 95 ◦C for
30 s, 60 ◦C for 30 s, 72 ◦C for 45 s. Following PCR, product was analyzed by running on
a 2% agarose gel along with a GeneRuler 1kb DNA ladder (Fisher, Hampton, NH). PCR
performed with both primer sets returned the expected 200 bp product, indicating the
presence of the cmSA gene (Figure 2A).



Appl. Sci. 2021, 11, 2792 5 of 11Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 11 
 

 

Figure 2. Production of viral particles. (A) PCR products post-amplification run on a 2% agarose gel. Both primer sets 

returned the expected 200 bp product. (B) qPCR sample results. Red: 1× sample, Yellow: 0.1× sample, Green: 0.01× sample, 

Blue: 0.001× sample. (C) qPCR standard curve. Red: 5 × 107 copies, Yellow: 5 × 106 copies, Green: 5 × 105 copies, Teal: 5 × 

104 copies, Blue: 5 × 103 copies: Dark Blue/Purple: negative control. 

Transfected GP293 were cultured for 48 h and then the media was harvested and 

centrifuged at 500 g for 10 min and the supernatant was added to three volumes of the 

Retro-X concentrator solution. The viral concentrator was incubated at 4 °C overnight and 

then the viral particles were harvested by centrifuging at 1500× g for 45 min at 4 °C. The 

supernatant was discarded, and the viral particles were resuspended in 1 mL PBS. The 

virus was aliquoted in to 150 µL aliquots and stored at −80 °C until needed. 

To determine viral titer, RNA was isolated from 1 aliquot (150 µL) of viral particles 

using the Nucleospin virus purification kit (Clontech) according to directions. qRT-PCR 

was performed using the Retro-X qRT-PCR Titration Kit (Clontech) according to direc-

tions. Analysis of the amplification showed 5e6 relative copies of the virus which corre-

sponded to 1.7 × 109 viral particles/mL (Figure 2B,C). 

2.6. Transduction 

C17.2 neural progenitor cells were a gift from V. Ourednik (Iowa State University, 

Ames, IA, USA); this cell line was originally developed in Evan Snyder’s lab at Harvard 

University (Boston, MA, USA) [27]. C17.2 cells were plated at 9e4 cells/well in a six well 

plate in medium containing DMEM, 10% FBS, 5% horse serum (Gibco, Gaithersburg, MD, 

USA), and 4 mM glutamine. The next day, 4 µg/mL polybrene was added to the medium 

and then 96 µL (180 viral equivalents) of viral particle concentrate was added dropwise 

to the medium. Cells were cultured overnight and then the medium was removed and 

replaced with medium containing 3 µg/mL puromycin (Invivogen, San Diego, CA, USA). 

Medium was removed and replaced daily for 4 days. Once cells reached confluency, they 

were lifted and plated in a T75 flask. Once the T75 reached confluency, cells were lifted, 

and stocks were frozen. Cells were maintained in 3 µg/mL puromycin and labeled as 

cmSA-C17.2. 

2.7. Fluorescein Labeling 

To demonstrate the presence of the cmSA gene product on the surface of the C17.2 

cells, cells were incubated with biotin (5-fluorescein) (Sigma-Aldrich) as follows. cmSA-

C17.2 or control C17.2 cells were plated in a six-well plate so as to be 70% confluent the 

next day. The next day media was removed from all wells and replaced with media containing 

10 µg/mL biotin (5-fluorescein). Cells were incubated for 30 min and then washed 3× with PBS. 

Figure 2. Production of viral particles. (A) PCR products post-amplification run on a 2% agarose gel. Both primer sets
returned the expected 200 bp product. (B) qPCR sample results. Red: 1× sample, Yellow: 0.1× sample, Green: 0.01× sample,
Blue: 0.001× sample. (C) qPCR standard curve. Red: 5 × 107 copies, Yellow: 5 × 106 copies, Green: 5 × 105 copies,
Teal: 5 × 104 copies, Blue: 5 × 103 copies: Dark Blue/Purple: negative control.

2.5. Viral Particle Production

GP2-293 cells (Clontech) were transfected using the Retro-X universal packaging
system (Clontech) according to the manufacturer’s directions. Briefly, 4.5e6 GP2-293 cells
were plated in a 100-mm culture dish in a medium containing DMEM, 10% FBS (Sigma-
Aldrich). The next day, 15 µg of both the cmSA pQCXIP plasmid and the Retro-X envelope
plasmid were diluted to 600 uL in Xfect reaction buffer and 9 µL of Xfect polymer was
added. The solution was incubated for 10 min and then added dropwise to the GP2-293
cells. The cells were incubated with the plasmids for 8 h, then the medium was removed,
and fresh medium was added.

Transfected GP293 were cultured for 48 h and then the media was harvested and
centrifuged at 500× g for 10 min and the supernatant was added to three volumes of the
Retro-X concentrator solution. The viral concentrator was incubated at 4 ◦C overnight and
then the viral particles were harvested by centrifuging at 1500× g for 45 min at 4 ◦C. The
supernatant was discarded, and the viral particles were resuspended in 1 mL PBS. The
virus was aliquoted in to 150 µL aliquots and stored at −80 ◦C until needed.

To determine viral titer, RNA was isolated from 1 aliquot (150 µL) of viral particles
using the Nucleospin virus purification kit (Clontech) according to directions. qRT-PCR
was performed using the Retro-X qRT-PCR Titration Kit (Clontech) according to directions.
Analysis of the amplification showed 5e6 relative copies of the virus which corresponded
to 1.7 × 109 viral particles/mL (Figure 2B,C).

2.6. Transduction

C17.2 neural progenitor cells were a gift from V. Ourednik (Iowa State University,
Ames, IA, USA); this cell line was originally developed in Evan Snyder’s lab at Harvard
University (Boston, MA, USA) [25]. C17.2 cells were plated at 9e4 cells/well in a six well
plate in medium containing DMEM, 10% FBS, 5% horse serum (Gibco, Gaithersburg, MD,
USA), and 4 mM glutamine. The next day, 4 µg/mL polybrene was added to the medium
and then 96 µL (180 viral equivalents) of viral particle concentrate was added dropwise
to the medium. Cells were cultured overnight and then the medium was removed and
replaced with medium containing 3 µg/mL puromycin (Invivogen, San Diego, CA, USA).
Medium was removed and replaced daily for 4 days. Once cells reached confluency, they
were lifted and plated in a T75 flask. Once the T75 reached confluency, cells were lifted,
and stocks were frozen. Cells were maintained in 3 µg/mL puromycin and labeled as
cmSA-C17.2.
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2.7. Fluorescein Labeling

To demonstrate the presence of the cmSA gene product on the surface of the C17.2
cells, cells were incubated with biotin (5-fluorescein) (Sigma-Aldrich) as follows. cmSA-
C17.2 or control C17.2 cells were plated in a six-well plate so as to be 70% confluent the next
day. The next day media was removed from all wells and replaced with media containing
10 µg/mL biotin (5-fluorescein). Cells were incubated for 30 min and then washed 3× with
PBS. Cells were fixed in buffered neutral formalin (BNF; Sigma-Aldrich) and fluorescence
was visualized using the FITC filter on a Zeis Axiovert (Zeiss USA, Thornwood, NY, USA)
and images were captured using a ProgRes C3 camera (Jenoptik, Jena, Germany).

2.8. Nanoparticle Synthesis

Biotin functionalized polymeric nanoparticles were prepared through a solvent dis-
placement method. In brief, 100 µg DSPG, 260 µg DSPE-PEG-succ, 100 µg DSPE-PEG-Biotin,
and 10 µg RhB-PE were dispersed in 2 mL water containing 4% ethanol (v/v). The lipid
suspension was stirred at 60 ◦C for 30 min until the cloudy solution turned clear. To this
solution, 400 µL of 1 mg PLGA-ester in acetonitrile was added dropwise followed by the
addition of 1 mL Milli-Q water. The mixture was stirred continuously for additional 1 h
at room temperature to evaporate the organic solvent. The nanoparticles were further
purified using Amicon Ultra-4 centrifugal filter (Millipore, MA) with a molecular weight
cut-off of 10 kDA and stored at 4 ◦C for further use.

2.9. Nanoparticle Characterization

The hydrodynamic size and zeta potential measurements of the prepared nanoparti-
cles were analyzed by dynamic light scattering (DLS) using a Zeta sizer Nano ZSP (Malvern,
Worcestershire, UK) (Figure 3A). The Smoluchowski model was used to calculate the zeta
potential value (Figure 3B). All data represent the average OF triplicate measurements
of samples prepared in different preparations. The morphology of the prepared BNP
was further analyzed using transmission electron microscope (TEM, Tecnia G2, Spirit Bio
TWIN, Los Angeles, CA, USA). TEM sample was prepared by drop casting and evaporation
technique using a fomvar-coated copper grid (400 mesh). TEM images were analyzed by
GATAN digital imaging system (GATAN, Inc., Pleasanton, CA, USA) (Figure 3D).
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Figure 3. Physicochemical characterization of biotin functionalized polymeric nanoparticles. (A) Hydrodynamic size of
PLGA nanoparticles showing Z-average of 95 ± 5 nm. (B) Zeta potential of PLGA nanoparticles demonstrates the negative
charge property of PLGA nanoparticles. (C) A stability of PLGA nanoparticles in ionic condition (pH 7.4). (D) Representative
TEM image of PLGA nanoparticles with core-shell structure.
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The stability of the nanoparticles in physiological ionic condition was investigated
at pH 7.4 using PBS. In brief, 500 µL of 1mg/mL nanoparticles in PBS and incubated at
37 ◦C with rotating motion for 7 days. The stability of nanoparticles was determined by
measuring the particle size and PDI every 24 h for 7 days using DLS (Figure 3C).

2.10. Nanoparticle Labeling

To determine if the cmSA gene could bind to biotin-labeled nanoparticles, C17.2 cells
were incubated with the PLGA-rhodamine-biotin nanoparticles as follows. cmSA-C17.2
or control C17.2 cells were plated in a six-well plate so as to be 70% confluent the next
day. The next day media was removed from all cells and replaced with media containing
180 µg/mL PLGA-rhodamine-biotin nanoparticles. Cells were incubated for 30 min and
then washed 3× with PBS. Cells were fixed in BNF and fluorescence was visualized using
the TRITC filter on a Zeis Axiovert (Zeiss USA, Thornwood, NY, USA) and images were
captured using a ProgRes C3 camera (Jenoptik, Jena, Germany).

2.11. Urokinase Assay

To demonstrate the ability of uPA to cleave the cmSA protein and release the cargo,
cmSA-C17.2 were incubated with biotin (5-fluorescein) and then uPA (R & D Systems,
Minneapolis, MN, USA) as follows. cmSA-C17.2 were plated in a forty-eight-well plate so
as to be 70% confluent the next day. The next day, the medium was removed and replaced
with medium containing 10 µg/mL biotin (5-fluorescein). Cells were incubated for 20 min
and then the medium was removed and washed 3× with Krebs-Ringer. Total of 50 IU/µL
uPA in Krebs-Ringer buffer was added to one half of the wells (24 wells), and Krebs-Ringer
buffer (no uPA) was added to the other half of the wells (24 wells) as control. Wells were
incubated at 37 ◦C and medium was removed from 3 wells of uPA sample and 3 wells of
control at 0, 5, 10, 15, 20, 25, 30, and 45 min and placed in a black 96-well plate suitable
for fluorescence. Fluorescence in the medium was measured using an IVIS™ Live Imager
(Caliper, Waltham, MA, USA).

2.12. Confocal Microscopy

cmSA-C17.2 cells were plated on glass coverslips. Cells were then incubated for 10 min
in either 10 µg/mL biotin (5-fluorescein) or for 1 h in 200 µg/mL PLGA-rhodamine-biotin.
Cells were then washed 3× in PBS and then fixed in 10% BNF. After fixing cells, nuclei
were counter stained by incubating for 10 min in 5 µg/mL Hoechst. Cells were then
washed with 3× in PBS. All samples were kept in 1× PBS and stored at 4 ◦C in dark until
confocal microscopy. Finally, cells were imaged by confocal microscopy (LSM 700, Carl
Zeiss, Göttingen, Germany).

3. Results
3.1. cmSA Expression and Function

To demonstrate the expression and function of the cmSA gene, C17.2 neural progen-
itor cells were transduced with cmSA-pQCXIP, and positive clones were selected with
puromycin. Once a stable cell line had been produced, cmSA-C17.2 and C17.2 were in-
cubated for 30 min in 10 µg/mL biotin (5-fluorescein), washed and fixed. Fluorescence
microscopy showed significant fluorescence in the cmSA-C17.2 but not the control C17.2
(Figure 4A,B) demonstrating the expression of the cmSA gene and the ability of the mono-
streptavidin domain to bind biotin. Similarly, cmSA-C17.2 and C17.2 were incubated for 30
min in 180 µg/mL PLGA-rhodamine-biotin nanoparticles, washed and fixed. Fluorescence
microscopy showed significant fluorescence in the cmSA-C17.2 but not the control C17.2
(Figure 4C,D).
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Figure 4. The cmSA protein can bind small molecules or nanoparticles containing biotin. (A): cmSA-
C17.2 labeled with biotin (5-fluorescein); (B): C17.2 labeled with biotin (5-fluorescein); (C): cmSA-
C17.2 labeled with PLGA-rhodamine-biotin; (D): C17.2 labeled with PLGA-rhodamine-biotin.
Green = fluorescein fluorescence. Red = rhodamine fluorescence. Insets: A/B: fluorescein flu-
orescence without bright field overlay. C/D: rhodamine fluorescence without bright field overlay.

3.2. cmSA Cleavage by uPA

To demonstrate the ability of cmSA to be cleaved by uPA, cmSA-C17.2 cells were
incubated for 30 min in 10 µg/mL biotin (5-fluorescein) and washed thoroughly. Cells
were then incubated with or without uPA and medium was removed at 5-min intervals to
determine the amount of fluorescein released. Data showed significant release of fluorescein
fluorescence within 45 min from the uPA treated cells and minimal release of fluorescence
from the control cells (Figure 5, p = 0.0014) showing that uPA is able to cleave the cmSA
protein and release the N-terminal domain into the media.
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3.3. Confocal Microscopy

To better determine the cellular location of the bound biotin (5-fluorescein) and PLGA-
rhodamine-biotin nanoparticles, cmSA-C17.2 cells were plated on a glass cover slip and
incubated for 10 min in either 10 µg/mL biotin (5-fluorescein) or 200 µg/mL PLGA-
rhodamine-biotin, washed, incubated in medium for 1 h and then fixed. Confocal images
of the biotin (5-fluorescein)-labeled cells showed markedly increased fluorescence on the
margins of the cells, suggesting that the small molecule was retained on the membrane
(Figure 6A). In contrast, the nanoparticle, PLGA-rhodamine-biotin, showed punctate
staining throughout the cytoplasm, suggesting that the nanoparticle was bound to the
surface and then internalized (Figure 6B).
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4. Discussion

De-novo design of proteins with novel functions is an extremely complex compu-
tational technique. A potentially simpler method is fusion protein design which uses
naturally occurring protein domains in novel combinations to design new functions [26].
This method has been used to design a wide array of synthetic proteins with novel combina-
tions of functions [24,26,27]. Here, this method was used to combine the substrate binding
function of a novel monostreptavidin protein with the ability of uPAR to be cleaved by
uPA in order to design a system that could release a payload in response to uPA activity.
The fusion protein method allowed the design of a protein that could: (1) bind biotinylated
cargo; (2) be expressed on the cell surface; and (3) release the cargo in response to uPA
activity by using previously designed or naturally occurring domains from other proteins.
This facilitated the design of a novel protein with novel activity with significantly less input
than de-novo methods.

One challenge in fusion protein design is designing peptide linkers between the
domains that allow each domain to fold correctly and interact as expected [24]. Placing
protein domains next to each other in a fusion protein runs the risk of having the domains
interact in unexpected ways leading to a misfolded and/or inactive protein. To reduce the
chance of this, in the protein designed here, relatively rigid α-helix spacers were used to
insulate the domains from each other and to allow uPA access to the cleavage sequence.

In the expressed mSA protein, each domain functioned as expected. The PLAP
sequence caused the mSA protein to be expressed on the cell surface (Figure 6). The
modified mono-streptavidin domain was able to efficiently bind biotinylated moieties
(Figure 4). The uPA consensus sequence and uPAR domain was able to be cleaved by uPA
(Figure 5) allowing release of the payload.

The purpose in designing this protein was to allow a payload to be loaded onto the
surface of tumor-homing cells and then be released in the elevated uPA activity often found
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in tumors. The biotinylated fluorescein was an example of a small-molecule drug-like
molecule. This system could be used to target small-molecule chemotherapies (e.g., dox-
orubicin, cisplatin, vincristine, etc.,) to uPA producing tumors using modified tumor-tropic
delivery cells. This system could allow for a simple method for loading delivery cells with
a therapeutic and then releasing that therapeutic at the target location.

One unexpected result in the system was the internalization of nanoparticles bound to
the cmSA protein. C17.2 cells are not known to be significantly phagocytic, nor, as neural
progenitor cells, would they be expected to. WT C17.2 behaved as expected and did not
demonstrate any significant interaction with the PLGA nanoparticles during incubation.
cmSA-C17.2 showed evidence of binding to the PLGA nanoparticles as expected, but then,
unexpectedly, appeared to internalize the nanoparticles. This may indicate that stably
binding a nanoparticle in close proximity to the cell membrane can cause internalization
in otherwise hard to transfect cells. This may suggest alternative uses for mSA genes in
internalizing cargos such as DNA, nanoparticles, etc., in cells that would not normally
internalize them.

5. Conclusions

The engineered cmSA protein behaved as designed. The protein was expressed in
C17.2 cell and was able to bind biotin-labeled cargo, both small molecule and nanoparticle,
and release the cargo in response to uPA. This could be used as a highly targeted delivery
system, with active homing from the delivery cells and passive targeting through the
protease-mediated cargo release.
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