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Background: Bladder cancer is the fourth most common cancer in men and eleventh most

common in women. Combination therapy using a gene and chemotherapeutic drug is a poten-

tially useful strategy for treating bladder cancer in cases where a synergistic benefit can be

achieved successfully. This approach relies on developing drug combinations using carrier

systems that can load both hydrophilic genes and hydrophobic drugs. Ideally, the formulation

for carrier system should be free of traditional high shear techniques such as sonication and

extrusion to reduce shear-induced nucleic acid strand breakage. Moreover, the system should be

able to protect the nucleic acid from enzymatic attack and deliver it specifically to the tumor site.

Materials and methods: A dual payload carrier system that was formulated using a simple

flow mixing technique to complex anionic plasmid (EGFP-NLS) using a cationic polymer

(CD-PEI2.5kD) followed by coating of the polyplex using lipid membranes. The resulting

lipid-coated polyplex (LCP) formulations are targeted to bladder cancer cells by employing a

bacterial adhesive peptide sequence, RWFV, that targets the LCP to the tumor stroma for

efficiently delivering reporter plasmid, EGFP-NLS and a model small molecule drug, pyrene,

to the cancer cells.

Results: Encapsulation efficiency of the peptide targeted carrier for the plasmid was 50% ± 0.4%

and for pyrene it was 16% ± 0.4%. The ability of the targeted LCP to transfect murine bladder

cancer cells was 4-fold higher than LCP bearing a scrambled peptide sequence. Fluorescence of

cells due to pyrene delivery was highest after 4 hrs using targeted LCP. Finally, we loaded the

peptide targeted LCP with anti-cancer agent, curcumin. The targeted formulation of curcumin

resulted in only 45% viable cancer cells at a concentration of 5 µg/mL, whereas the empty and non-

targeted formulations did not result any significant cell death.

Conclusion: These results demonstrate the specificity of the targeting peptide sequence in

engaging tumor cells and the utility of the developed carrier platform to deliver a dual

payload to bladder tumor cells.
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Introduction
Non-muscle invasive bladder carcinoma (NMIBC) has the highest recurrence rate among

all types of cancer.1 This requires constant monitoring and frequent hospitalization,

making NMIBC very expensive to manage on a cost-per-patient basis from diagnosis

to death.2 Recently, there has been an increased appreciation regarding the role of multi-

drug resistance (MDR) in the poor prognosis of patients with recurring tumors after first-

line chemotherapeutic therapy.3–7 Kunze et al reported that siRNA-mediated silencing of
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genes like B-cell lymphoma 2 (BCL2), BCL2-like 1

(BCLXL), X-linked inhibitor of apoptosis (XIAP), and survi-

vin, led to sensitization ofMDR expressing bladder carcinoma

cells such as T24 and J82 cells towards mitomycin-C and

cisplatin chemotherapy.8 In a similar study, it was shown that

downregulation of the MDR-associated protein-1 (MRP1) by

emodin, a natural anthraquinone analogue, increased cisplatin

mediated apoptosis in cisplatin-resistant T24 and J82 cells.9

Thus, the co-delivery of chemotherapeutic agents has the

potential to overcome MDR by manipulating the expression

profile of the MDR gene or activating synergistic

pathways.10,11 The biggest challenge in this approach, how-

ever, is the availability of a suitable carrier system that can load

two therapeutic molecules with dramatically different physical

properties and deliver them to cancer cell targets.10,12 Nucleic

acid therapeutics are anionic and hydrophilic nature with high

molecular weights, whereas conventional chemotherapeutics

are typically hydrophobic molecules with much lower mole-

cular weights.

Multiple drug delivery systems have been developed that

are capable of delivering nucleic acid and small molecule

payloads for the treatment of different diseases, especially

cancer.10,11 Amajor problem for urothelial carcinoma patients,

however, is that intravesical administration of small molecule

therapeutics affords poor retention within bladder due to con-

stant urine influx and bladder voiding, resulting in sub-optimal

therapeutic concentrations and modest clinical outcome.13

Development of a bladder tumor-targeted dual delivery system

which can “stick” to cancerous sites and release dual payload

within the targeted tumor cell may have advantages in treating

urothelial carcinoma.We report a tumor-targeted dual delivery

system as a potential model for delivery of small molecules

and nucleic acids to bladder tumor cells. For this proof-of-

concept study, we used EGFP-NLS as our reporter gene and

pyrene as a hydrophobic small molecule reporter that is able to

partition efficiently into lipid bilayers. Additionally, the inher-

ent fluorescent quality of pyrene makes it easily quantifiable

using its absorbance or fluorescence properties.14,15 Finally,

we loaded a well-known anti-cancer agent, curcumin, which is

hydrophobic in nature and has recently been evaluated as a

intravesical therapy in a preclinical orthotopic rat model of

bladder cancer as a curcumin-cyclodextrin complex to

enhance its solubility.16

High molecular weight (M.W.; e.g., 10k and 25k) poly-

ethyleneimine (PEI) has been widely used as a gene transfec-

tion agent in vitro.17 Unfortunately, these cationic polymers

are highly cytotoxic, thereby limiting their in vivo

applications.18,19 On the contrary, low molecular weight

PEI has a better toxicity profile, however, it lacks the high

transfection efficiency of its high molecular weight

counterparts.20 Conjugating β-CD to PEI has been shown to

enhance luciferase gene transfection in HEK293 cells by 3.7

times relative to unmodified PEI and significantly decreases

the toxicity of the polymer.21 Reduction in cationic charge

density and/or a change in polymer structure was proposed as

the basis for the in reduction of toxicity relative to unmodified

PEI. Additionally, the membrane destabilizing effect of

cyclodextrin has been suggested to aid in endosome mem-

brane destabilization for enhancing transfection.22,23 Our for-

mulation utilizes β-CD and linear PEI (M.W. 2.5kD) as a

conjugate (CD2.5kD-PEI) to electrostatically condense the

plasmid into a polyplex. The polyplex is then further coated

with a layer of fusogenic lipid mixture to produce a lipid-

coated polyplex (LCP) that is also capable of encapsulating

hydrophobic smallmolecules such as pyrene (Figure 1, inset).

The exterior of the LCP is decorated with a lipopeptide

sequence (GNRQRWFVVWLGSTNDPV) that is derived

from fibronectin attachment protein. The peptide mimics a

fragment of the bacterial adhesin present on the surface of

Mycobacterium bovis. This peptide sequence has been shown

to be responsible for the functional activity of fibronectin

attachment protein, with the core tetrapeptide RWFV being

absolutely critical for fibronectin engagement.24 Our formu-

lation approach uses a microfluidic mixing technique to form

LCPwith enhanced targeting to bladder tumor cells when the

GNRQRWFVVWLGSTNDPV peptide is present on the par-

ticle surface.

Materials And Methods
Materials
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-mPEG2k),

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and

cholesterol hemisuccinate were purchased from Avanti

Polar Lipids. Linear poly(ethyleneimine) (2.5kD) was pur-

chased from Polysciences. β-Cyclodextrin, pyrene and cur-

cumin were purchased from Sigma. DNAase-I was

purchased from New England Biolabs. EGFP-NLS was

obtained as a gift from Prof. Rob Parton (Addgene plasmid#

67652). Slide-a-Lyzer dialysis cassettes (MWCO 20K, 3

mL) and cell culture reagents like Dulbecco’s modified

Eagle medium (DMEM), Opti-MEM® reduced serum med-

ium, 1× phosphate buffered saline solution (PBS) and

GibcoTM TrypLE express enzyme (1×) were purchased
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from Fisher Scientific. Fetal bovine serum (FBS),

Penicillin-Streptomycin 10/10 (100X) and L-glutamine –

200 mM (100×) were purchased from Atlanta Biologicals.

MB49 cells were obtained as a gift from Prof. Timothy

Ratliff (Purdue University, Department of Comparative

Pathobiology) and have been authenticated by STR profile.

Ultrapure water (18.2 MΩ) was used for preparation of 20

mM HEPES buffer (pH 7.4). All solvents were of analytical

grade, purchased from commercial sources. Buffers and

solvents were filtered through 0.22 µm CA syringe filters

(Macherey-Nagel Inc.) before use.

Synthesis Of CD-PEI
Poly(ethylenimine) (2.5 kDa) was used to introduce a

single modification onto the primary β-cyclodextrin rim

as previously described.25–27

Synthesis Of Lipopolymer Conjugates
The FAP sequence (GNRQRWFVVWLGSTNDPV) with a

propargylglycine modification at C termini was synthesized

by solid-phase peptide synthesis. Similarly, a control peptide

sequence (scrambled peptide, SCR) GNRQWVRFVWL

GSTNDPV) was also prepared where the order of the critical

RWFV tetrapeptide was scrambled to WVRF. The alkyne

modification on the peptide was utilized for a copper-catalyzed

azide−alkyne cycloaddition (CuAAC) conjugation to DSPE-

PEG2k-Azide. A detailed description of the method has been

reported previously.28

Formulation Of Polyplex And Lipid-

Coated Polyplex (LCP)
The formulation set-up comprised two syringes attached to

1/16” I.D. tubing connected by a T-junction. The T junc-

tion was followed by 6ʹ length tubing of the same I.D.

wrapped around a plastic support 10 cm in length, 2.5 cm

in width and 0.5 mm in height (Supplementary Figure 1).

Optimal conditions for polyplex formation were deter-

mined by mixing the HEPES solution (20 mM) of

CD2.5kD-PEI and 60 µg/mL EGFP-NLS at different N/P

ratios of 5, 10, 15 and 20. N/P was defined as the ratio

between the number of nitrogen atoms present in the

polyethyleneimine tail of CD2.5kD-PEI to the number of

phosphorus atoms in the plasmid backbone. Flow rates

were varied from 10 µL/min to 5 mL/min. The flow was

Figure 1 A schematic representation of LCP formulation steps. Step 1: cationic CD2.5kD-PEI and plasmid are mixed at the desired N/P ratio within a microfluidic reactor.

Step 2: polyplex and a lipid mixture dissolved in 80% ethanol solution are mixed in the same microfluidic reactor. Step 3: the LCP are dialyzed to remove ethanol and free

pyrene from the formulation. A total flow rate of 10 mL/min and flow rate ratio of 1:1 was used for mixing. (Enlargement) Conceptual diagram of a single lipid-coated

polyplex (LCP) in cross section.
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allowed to stabilize for at least 6 s before starting sample

collection.

The polyplex formed above were then mixed with an

80% ethanolic solution of 0.5 mM, 1 mM, 2 mM, 4 mM or

8 mM mixture of lipids (34:54:10:2 CHEMS:DOPE:DSPC:

DSPE-mPEG-RWFV). The flow rate was kept constant in

this step at 5mL/min for each syringe. The resulting LCP

were immediately diluted in HEPES buffer to <16% ethanol

after collection. The diluted particles were then dialyzed

using 20K MWCO dialysis cassettes against 500 volumes

of 20mM HEPES for 24 hrs. All collected formulations

were stored at 4ºC prior to analysis. For small molecule

loading, 5 mol% of pyrene or curcumin was mixed with the

ethanolic lipid solution. Non-targeted and scrambled LCP

were prepared as controls using the method described above

except that the DSPE-mPEG-RWFV was replaced by

DSPE-mPEG (non-targeted control) or DSPE-mPEG-SCR

(scrambled control). LCP prepared by bulk phase mixing

employed 1mL of 60 µg plasmid to 1 mL of CD2.5kD-PEI in

20mM HEPES buffer at a N/P ratio of 10 in a glass vial,

followed by brief vortexing for 30 s and incubation at 25°C

for 30 mins. Lipid coating was performed using the lipid

film hydration method. The lipid mixture in chloroform (1

mL of 4 mM mixture) was evaporated in a round bottom

flask under reduced pressure and stored overnight under

vacuum to remove residual solvent. Polyplex solution

(2mL) was added to the dry lipid film, followed by hydra-

tion for 30 mins at 37ºC and vortexing for 4 mins. A

schematic representation of the formulation steps using

flow mixing is shown in Figure 1.

Dynamic Light Scattering (DLS)

Measurements
The hydrodynamic diameters (number mean), polydispersity

index (PDI) and zeta potentials (ζ) of the materials were

evaluated using a particle size analyzer (Zetasizer Nano ZS,

Malvern Instruments Ltd.) at 25°C with a scattering angle of

173°. Particle solutions (30 µL) were diluted to 1 mL with

sterile filtered NanoPure water before analysis.

Gel-Shift Assay
The pDNA complexation ability of polymers mixed within

the flow channel was determined by 1% agarose gel elec-

trophoresis. The agarose gels were precast in 1× TBE buffer

with GelRed dye (Biotium Inc.) at 1:10,000 dilution.

Polyplex samples containing 0.1 μg of pDNA at different

N/P ratios were added to loading dye (5:1 dilution) and

loaded onto the gel, prior to initializing electrophoresis at a

constant voltage of 55 V for 1.5 hrs in 1× TBE buffer. The

pDNA bands were then visualized under a UV transillumi-

nator at 365 nm.

TEM Images
Transmission electronmicroscopy (TEM) images ofLCPwere

collected using a Tecnai G2 20 microscope equipped with a

200 kV LaB6 filament and fitted with a bottom mount 2k × 2k

Gatan US1000 CCD camera. Samples were deposited onto

Formvar/carbon-coated Cu 400-mesh grids and stained with

2%uranyl acetate prior to visualization. Further image analysis

was performed using ImageJ software (NIH).

Quantifying Plasmid Content
Encapsulation efficiencies and loading efficiencies of plas-

mid DNA in LCP were determined using the membrane

impermeable dye PicoGreenTM (Molecular Probes, Eugene,

OR, USA) that binds specifically to double-stranded DNA

and fluoresces only when bound. PicogreenTM fluorescence

was measured with a spectrofluorometer (Biotek Synergy)

using excitation and emission wavelengths of 490 and 525

nm, respectively. Plasmid content was determined by mea-

suring the PicoGreenTM fluorescence after treating the LCP

for 30 mins at 25ºC with 1% Triton X-100 for disrupting the

lipid coat, followed by another 30 mins treatment with 0.15

mg/mL of heparin sulfate solution for decomplexing the

polyplex.29,30 Plasmid concentrations were calculated by

comparing PicoGreen fluorescence values to the calibration

curve prepared using plasmid standards. The encapsulation

efficiency (EE) and loading efficiencies (LE) were calcu-

lated using the following formula:

EE ¼ μg of plasmid in formulation

μg of plasmid collected
� 100

LE ¼ μg of plasmid in formulation

μg of LCP
� 100

Quantifying Pyrene Content
HPLC analysis was used to measure the amount of pyrene

that was encapsulated within the LCP. Briefly, 50 µL of

the LCP was dried using a Vacufuge TM (Eppendorf) at

40ºC for 2 hrs. NanoPure water (30 µL) was added to the

dried pellet, followed by addition of 70 µL of acetonitrile

to dissolve the LCP. An Agilent 1200 HPLC system

equipped with a XBridgeTM C18 column (2.1 mm ×

100 mm, pore size 3.5 μm) and employing mobile phase
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A (water with 10 mM NH4OAc) and mobile phase B (75%

acetonitrile:25% methanol with 10 mM NH4OAc) was

used for analysis. A gradient elution was used from 95%

A to 95% B over 4 mins at a flow rate of 250 µL/min, with

pyrene absorbance monitored at 338 ± 4 nm using a diode

array detector. Pyrene concentrations were calculated by

comparing the pyrene absorbance for LCP to a calibration

curve prepared using absorbance values obtained from

standard pyrene concentration. The EE and LE were cal-

culated using the following formula:

EE ¼ μg of pyrene in formulation

μg of pyrene collected
� 100

LE ¼ μg of pyrene in formulation

μg of LCP
� 100

Quantifying Curcumin Content
Curcumin absorbance at 425 nm was used to quantify the

amount of drug encapsulated within the LCP. A calibration

curve prepared by spiking known amounts of curcumin

into a solution of empty LCP. The following formula was

used to determine the EE and LE.

EE ¼ μg of curcumin in formulation

μg of curcumin collected
� 100

LE ¼ μg of curcumin in formulation

μg of LCP
� 100

DNAase Protection Assay
The ability of the LCP to protect the complexed DNA

against nucleases was evaluated by incubation with

DNase-I.31 In brief, LCP formed at N/P = 10 were incu-

bated at 37°C in 20 mM HEPES buffer containing 2U

DNase I. The reaction was quenched by addition of 10

mM EDTA solution to a final EDTA concentration of 2.5

mM and heating at 65ºC for 10 mins using a heat block.

The particle solutions were then treated with 1% Triton

X-100 for 30 mins at 25ºC to strip the lipid coating,

followed by another 30 mins treatment at 25ºC with 0.15

mg/mL heparin to decomplex the polyplex and release the

pDNA. Next, CHCl3 was added at a 1:1 ratio, the mixture

vortexed, and then incubated for 15 mins to effect phase

separation. The aqueous layer containing pDNA was col-

lected and concentrated using an Eppendorf Vacufuge

under reduced pressure at 25ºC. The extracted pDNA

was analyzed using 1% agarose gel electrophoresis.

Quantifying Transfection Efficiency
MB49 cells were seeded in 96-well plates at a density of

15,000 cells per well in 100 μL of complete medium

(DMEM containing 10% FBS, supplemented with 1%

penicillin-streptomycin and 1% L-glutamine) and incu-

bated for 24 hrs prior to transfection. The medium was

replaced, and naked plasmid, non-targeted LCP, scrambled

LCP, or targeted LCP were added at 0.1 μg DNA per well

in 100 μL in Opti-MEM® media for 4 hrs. Then, the cells

were rinsed with PBS and incubated at 37°C for an addi-

tional 4 hrs, 12 hrs or 24 hrs in complete media. Next, the

cells were trypsinized and analyzed using a FC500

(Beckman Coulter) flow cytometer equipped with a 488

nm laser and 525 ± 20 nm detector. As positive control,

Lipofectamine™ LTX was used according to the manu-

facturer’s protocol. All transfection experiments were per-

formed in triplicate.

Quantifying Pyrene Delivery
MB49 cells were seeded in 24-well plates at a density of

2 × 105 cells per well in 500 μL of complete medium and

incubated for 24 hrs prior to transfection. Media was replaced

with either non-targeted LCP, scrambled LCP or targeted LCP

at an equivalent dose of 0.05 μg/mL pyrene in 500 μL Opti-

MEM®media for 4 hrs. Opti-MEM®media without LCP was

used as a negative control. Next, the cellswere rinsedwith PBS

and incubated at 37°C for an additional 4 hrs or 24 hrs in

complete media. Cells were trypsinized and analyzed using a

BD Fortessa flow cytometer equipped with a 355 nmUV laser

and 379 ± 14 nm detector.

Cytotoxicity Evaluation
Cell viability was measured using CellTiter 96® AQueous

One Solution Cell Proliferation Assay (Promega). MB49

cells were seeded at 15,000 cells per well in 96-well plates

in growth medium and allowed to adhere overnight at 37°C.

Cells were washed with PBS and incubated with LCP

samples in Opti-MEM media for 4 hrs. The cells were

then washed with PBS and incubated overnight in complete

DMEM media. Next, 20 µL of the MTS reagent was added

into each well and incubated for another 1 hr at 37ºC before

recording the absorbance at 490 nm using a Synergy Biotek

plate reader. The absorbance of the wells without any cells

was subtracted from the untreated controls and treated

sample wells for background correction. The cell viability

(%) relative to untreated cells was calculated as [A]sample/

[A]untreated × 100%, where [A]untreated is the absorbance of
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the wells without LCP and [A]sample is the absorbance of the

wells treated with LCP. All experiments were performed in

triplicate and the cytotoxicity values reported are the mean

from three different measurements.

Results And Discussion
Formulation And Characterization Of

Lipid-Coated Polyplex
A sonication- and extrusion-free technique for formulating

dual loaded LCP was developed. First, we studied the N/P

ratio needed for complete complexation of CD2.5kD-PEI

and the 5.2 kB plasmid. For all the N/P ratios studied, the

flow rate was kept constant at 5 mL/min for each syringe.

The positively charged polymer was mixed with the anio-

nic plasmid to produce electrostatically condensed poly-

plex. The hydrodynamic diameters of the polyplex were

133 ± 9 nm, 97 ± 3, 87 ± 8 and 78 ± 10 nm at N/P of 5, 10,

15 and 20, respectively (Figure 2A). At N/P ratios of 5 and

10, the polydispersities were 0.26 ± 0.01 and 0.27 ± 0.03,

respectively. These PDI increased to 0.32 ± 0.03 and 0.33

± 0.06 for N/P of 15 and 20, respectively (Figure 2B). At

N/P of 5, the measured ζ of the polyplex was −18.2 ± 1.1

mV, suggesting that the plasmid was incompletely com-

plexed by the polymer. At an N/P of 10, the polyplex

displayed a positive ζ = 14.8 ± 2.9 mV, suggesting com-

plete complexation of the plasmid cargo. For higher N/P

ratios, we did not observe significant increases in surface

charge, such that ζ = 12.6 ± 3.0 mV and 16.3 ± 0.8 mV at

N/P 15 and 20, respectively (Figure 2C). These findings

are consistent with our gel-shift assay results (Figure 2D).

At N/P 5, there was a significant amount of uncomplexed

plasmid as revealed by the migrated electrophoretic bands

visible on the agarose gel. At N/P ≥ 10, however, no bands

were visible due to the absence of free plasmids. Thus, all

subsequent lipid-coated polyplex formulations employed

N/P = 10.

When T junctions are used in flow reactor systems,

mixing occurs primarily due to diffusion at the contact

surface between the two fluid streams, thereby necessitat-

ing the use of long mixing channels.32 Flow properties

within such microfluidic channels can be predicted by

Figure 2 Effect of N/P ratio on polyplex properties. (A) Hydrodynamic diameter (number mean); (B) polydispersity; (C) zeta potential; (D) gel-shift assay for polyplex

prepared by mixing 60 µg/mL plasmid with CD2.5kD-PEI in 20mM HEPES buffer at different N/P ratios. The total flow rate was 10 mL/min and the flow rate ratio was 1:1.

Results are the mean ± SD (n=3).
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calculating the Reynolds number (Re).
33 Re is a dimen-

sionless number and is defined by the following equation:

Re ¼ ρdv
μ

where ρ is the density of the fluid (kg/m3), d is the diameter of

the channel (m), v is the flow velocity of the fluid (m/s) and µ is

the dynamic viscosity of the fluid (kg/m.s).34 Considering the

dynamic viscosity and density ofwater at 25ºC to be 8.9 × 10−4

kg/m•s and 997 kg/m3 respectively, at a total flow rate of 10

mL/min, the Re of the system can be calculated to be 149.7,

which is in the laminar flow regime where mixing is diffusion

controlled.33 However, higher flow rates and sharp turns along

the fluid flow path have been shown to enhance mixing by

promoting the formation of eddies and vortices within the

fluidic channels.35,36 We evaluated the effect of flow rate on

polyplex formation at N/P = 10 by increasing the totalflow rate

(TFR) from 0.02 mL/min to 10 mL/min while maintaining a

flow rate ratio of 1:1. Increasing the TFR produced a polyplex

size decrease from234± 57 nmat the lowestflow rate to 97 ± 3

nm at the highest flow rate of 10 mL/min (Figure 3A).

Improvement in polyplex polydispersity was also observed

from 0.66 at the lowest TFR to 0.28 at a TFR of 10 mL/min

(Figure 3B). Additionally, the ζ of the polyplex increased from

8.6 ± 1.5 mV to 14.8 ± 2.9 mV (Figure 3C). These results

confirm that higher flow rates ensure efficient mixing between

the cationic polymer and the pDNA streams, resulting in

smaller and more highly condensed polyplex of greater homo-

geneity. All subsequent formulation experiments used a TFR

of 10 mL/min.

Next, we studied the concentration of lipid needed for

efficient coating of the polyplex (N/P = 10). The effects of

0.5 mM, 1 mM, 2 mM, 4 mM and 8 mM lipid on the size,

surface charge and polydispersity of the LCP were evaluated.

At a concentration of 0.5 mM lipid, the LCP diameters were

259 ± 68 nm, a larger diameter than expected that we attribute

to LCP aggregation. At 1, 2, 4 or 8 mM lipid concentrations,

the LCP sizes decreased to an essentially uniform size of 108 ±

10 nm, 118 ± 40 nm, 110 ± 10 nm and 127 ± 20 nm, respec-

tively (Figure 3D). Polydispersities were found to follow a

similar trend wherein the LCP had high polydispersity (0.67

± 0.15) at 0.5 mM, but becoming similar above 1 mM lipid

concentration (0.16 ± 0.01 at 1 mM, 0.18 ± 0.01 at 2 mM, 0.15

± 0.01 at 4 mM and 0.19 ± 0.01 at 8 mM) (Figure 3E). In

contrast, ζ were found to display a significant decrease from

Figure 3 Effect of total flow rate and lipid concentrations on properties of polyplex and LCP, respectively. (A, D) Hydrodynamic diameter (number mean); (B, E)
polydispersity; and (C, F) zeta potential. Polyplex were prepared by mixing 60 µg/mL plasmid with CD2.5kD-PEI in 20mM HEPES buffer at a N/P ratio of 10. The flow rate

ratio was kept constant at 1:1. For LCP, 1 mL of polyplex solution was mixed with 1 mL of ethanolic lipid mixture (DOPE:CHEMS:DSPC:DSPE-mPEG2k = 34:54:10:2)

solution of varying concentration. The total flow rate was kept constant at 10 mL/min and flow rate ratio was 1:1. Results are the mean ± SD (n=3).
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−14.8 ± 2.2 mVat 0.5mM to −26.8 ± 1.0 at 4mM (Figure 3F).

Increasing lipid concentration to 8 mM did not result in any

significant change in surface charge in the zeta potential. Thus,

we conclude that 4 mM lipids were sufficient to produce a

complete coating of the polyplex, such that further increases in

lipid concentration would only result in depositing multiple

lipid coats onto the polyplex core and unloaded empty

liposomes.

Finally, we also studied the effect of flow mixing on

the size distribution of complexes in comparison to bulk

mixing. For this we generated a batch of polyplex at N/P

of 10 by bulk phase mixing followed by lipid coating

using lipid film hydration method. The polyplex made in

bulk phase had a larger hydrodynamic diameter of 154 ±

10 nm, with a polydispersity of 0.32 ± 0.16. However, a

much more dramatic difference in size distribution of

lipid-coated polyplexes were found between the two for-

mulation techniques. LCP prepared with the lipid film

hydration method resulted in much larger sized particles

with a hydrodynamic diameter of 381 ± 9 nm and a

polydispersity of 0.5 ± 0.05. The frequency distribution

plots from DLS analysis (Supplementary Figure 2)

demonstrate that flow mixing results in much more uni-

form lipid coat around the particles, but in lipid film

hydration method, the lipid coating causes particles to

form large aggregates and produce a wide size distribu-

tion of particles.

TEM Images
Themorphology of the polyplex and LCP was also evaluated

using negative stain transmission electron microscopy. TEM

images showed that polyplex formed at N/P = 10 were

smaller than 100 nm in diameter, in good agreement with

our DLS data (Supplementary Figure 3A). Lipid coating of

the polyplex increased the particle diameter. Size analysis of

the TEM images using ImageJ revealed that the LCP are

made up of about 90 nm diameter polyplex that are coated

with a 12 nm lipid layer around the polyplex core, resulting in

LCP that are about 114 nm in diameter (Supplementary

Figure 3B). Since a single bilayer of lipid is approximately

5 nm in thickness, we can expect that there are about 2

bilayers around each polyplex at 4 mM concentration.37

Quantifying Plasmid, Pyrene And

Curcumin Content
Next, we decided to probe the assembly of LCP as envi-

sioned in Figure 1. We used four different treatment

conditions to sequentially dissemble the LCP and release

the encapsulated pDNA prior to incubation with the pDNA

intercalating dye, PicoGreenTM. These were where the dye

was added 1) without any treatment, 2) with heparin

treatment alone, 3) with Triton X-100 treatment alone,

and 4) with both heparin and Triton X-100 treatments.

We used heparin at a concentration of 0.15 mg/mL to

disassemble polyplex because addition of a higher heparin

concentration did not produce increased PicoGreenTM

fluorescence. This indicates that 0.15 mg/mL heparin is

sufficient to completely decomplex the polyplex and

release the entrapped pDNA (Supplementary Figure 4).

Triton X-100 (1%) has been shown to disrupt membranes

of multilamellar vesicles.38 As seen in Figure 4, for LCP,

the intercalating dye is able to interact with released

pDNA and fluoresce only after treatment with both heparin

and Triton X-100. However, for the polyplex (Figure 4,

inset) only heparin treatment is sufficient to release the

pDNA and enabling dye interaction. This supports the

concept that there is an additional layer of lipids in LCP

that needs to be disrupted before the polyplex can be

dissembled using heparin. Additionally, the percentage of

the pDNA payload that was loaded inside the polymeric

core of the LCP was calculated to be 92.0% ± 1.1% using

the following formula:

% Plasmid inside LCPs ¼ RFUH � RFUU

RFUH
� 100

The remaining ~8% of the payload remained exposed to

the surface and will likely be degraded in presence of

nucleases.

Next, we determined the encapsulation and loading effi-

ciency of the formulation technique. Plasmid and pyrene

content analysis showed that there was no significant differ-

ence between the encapsulation and loading of the payload

amongst the targeted, scrambled and non-targeted controls.

The plasmid encapsulation efficiencies for non-targeted,

scrambled and targeted formulations were 83.6% ± 0.2%,

86.1% ± 0.6% and 83.7% ± 5.1%, respectively (Figure 5A).

Thus, ~76% of the plasmid used in the formulation ends up in

the core of the LCP where it is completely protected from

possible nuclease degradation. To determine the % mass of

plasmid within the LCP, loading efficiencies were calculated

and were found to be 0.33% ± 0.01% for all the different

formulations (Figure 5B). Similarly, the encapsulation effi-

ciencies of pyrene were found to be 24.3% ± 1.8%, 20.6% ±

0.8% and 21.3% ± 0.5% for the non-targeted, scrambled and

targeted LCP, respectively (Figure 5C), indicating that the
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different formulations were each composed of 0.15% ±

0.01% of pyrene by mass (Figure 5D). For the curcumin

loaded targeted LCP formulation, the encapsulation was

62.5% ± 4.7% and loading was at 0.8% ± 0.04%

(Supplementary Figure 5). These findings indicate that a

1:2 pyrene:plasmid and 2.5:1 curcumin:plasmid mass ratio

can be achieved within the LCP. Thus, for a 5.2 kB EGFP-

NLS plasmid, it can be calculated that the LCP particles

contain either 8300 pyrene or 23,000 curcumin molecules

on average per copy of plasmid loaded within the LCP.

DNase Protection Assay
Since intravesical administration of the LCP would require

it to be in contact with urine, we evaluated the ability of

the delivery system to protect the plasmid against the

nuclease degradation of the most prevalent DNA-hydro-

lyzing enzyme in urine, i.e., DNAse-I.39,40 LCP containing

pDNA were treated with and without 2U DNAase-I at

37ºC for 4 hrs. After exposure to the enzyme, the

DNAase was inactivated using EDTA before isolating

the nucleic acid contents of the samples. Plasmids

extracted from DNase treated and untreated LCP showed

identical plasmid band patterns on agarose gels, indicating

that the plasmid inside the LCP was protected from enzy-

matic degradation under these conditions. In contrast, the

naked plasmid treated with same amount of DNAase did

not show any electrophoretic bands on the gel, indicating

that the DNAase enzyme was active and completely

digested the naked plasmid (Figure 5E).

Quantifying Cellular Delivery Of Plasmid

And Pyrene
The developed delivery system utilizes a novel bacterial adhe-

sin peptide that enables the delivery system to engage exposed

Figure 4 Effect of heparin and Triton X-100 treatments on disassembly of LCP and polyplex (Inset). LCP or polyplex were treated at a concentration of 0.15 mg/mL heparin

or 1% Triton X-100 or both. Disassembly was studied by PicoGreenTM fluorescence enhancement at 490 nm excitation and 525 nm emission wavelengths.
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fibronectin matrix at the tumor site.41 We anticipate that this

interaction will prevent loss of vehicle from the bladder tumor

sites due to the urine influx and bladder voiding. Previously,we

have reported that empty Cy5.5 labelled liposomes displaying

the RWFV targeting peptide was able to associate with murine

bladder cancer cells (MB49) is a sequence specific manner.28

Unfortunately, those dispersions were prepared using sonica-

tion and extrusion techniques, making it impossible to achieve

the delivery of fragile nucleic acid payloads in a functional

manner. The formulation technique used here avoids both

Figure 5 Encapsulation and loading efficiency of (A, B) plasmid and (C, D) pyrene. (E) The ability of LCP to protect loaded plasmid from DNAase degradation. Plasmid

content was measured via PicoGreenTM assay after decomplexing the LCP using 1% Triton-X100 to disrupt the lipid layer and 0.15 mg/mL heparin to release the plasmid

from the polyplex. Pyrene content was measured by dissolving the LCP in 70% ACN solution to release pyrene, followed by HPLC separation and pyrene detection using

absorbance at 338 ± 4 nm. Results are reported as mean ± SD (n=3). For analyzing enzymatic degradation of plasmid, LCP were treated for 4 hrs with 2U DNAase-I at 37ºC

before quenching the enzymatic reaction with 2.5 mM EDTA and heating at 65ºC for 10 mins. The entrapped pDNA was released using sequential treatment with 1% Triton

X-100 and 0.15 mg/mL heparin. The released pDNA was concentrated using vacuum centrifugation before agarose gel (1%) electrophoresis to analyze for plasmid integrity.
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sonication and extrusion to enable the encapsulation and deliv-

ery of functional plasmid. Interestingly, weak transfection

activity was observed for CD2.5kD-PEI polyplex alone (i.e.,

no lipid coating or targeting peptide) (Figure 6). This can be

attributed to the fact that although the polyplex associates with

cells electrostatically in a non-specific manner due to its posi-

tive zeta potential, the transfection efficiency is low because

low molecular weight PEI lacks the strong buffering capacity

of its high molecular weight counterparts and hence cannot

efficiently escape the endosomes.42,43 Additionally, the mem-

brane destabilizing effect of the cyclodextrin may not be suffi-

cient to promote endosomal escape, leading to cargo

degradation within the lysosomal compartments. Thus, to

facilitate endosomal escape, we utilized CHEMS and DOPE

to coat the polyplex. At acidic endosomal pH, CHEMS

becomes protonated and loses its ability to stabilize bilayers

such that the inverted hexagonal phase forming lipid, DOPE,

promotes fusion with the endosomal membrane.44,45 Since

coating of the positively charged polyplex with a lipid mixture

containing anionic CHEMS introduces a negative surface

charge on the LCP, non-targeted LCP are electrostatically

repelled from the cell surface, thus limiting entry of the LCP

into the target cell population. Introduction of RWFV peptide

onto the LCP particle surface, however, overcomes this barrier.

To examine the impact of sequence specificity of the targeting

peptide on transfection efficiency, we synthesized two versions

of the targeting peptide-lipopolymer construct. One contained

the critical RWFV tetrapeptide sequence and other contained

WVRF (a scrambled version of the key RWFV binding motif)

in the targeting peptide. Scrambled peptides are often used as

negative controls to show that a specific sequence is critical for

function.46,47 Naked DNA and Lipofectamine LTX were used

as negative and positive controls, respectively. Cellular inter-

nalization of FAP-FBN-integrin complexes, the pathway by

which RWFV constructs enter the cells via the caveolar uptake

pathway, are known to occur with very slow kinetics in MB49

cells.41 Our results show that at 4 hrs and 12 hrs time points,

transfection by RWFV-targeted LCP are significantly lower

than the transfection achieved byLipofectamine LTX.After 24

hrs, however, the presence of the targeting ligand resulted in

four times greater GFP expression as compared to the

scrambled peptide and comparable to positive controls.

These results demonstrate that the RWVF tetrapeptide

sequence is crucial for boosting the plasmid expression profile.

Similar results were observed for pyrene delivery (Figure 7).

After 4-hr incubation, targeted LCP resulted in 2-fold enhance-

ment in pyrene delivery to cells relative to scrambled LCP and

4-fold relative to non-targeted LCP. After 24 hrs, the pyrene

fluorescence decreases, possibly due to metabolism by the

cellular polycyclic aromatic hydrocarbon (PAH) metabolizing

Figure 6 (A) EGFP-NLS plasmid transfection efficiency of the non-targeted, scrambled and targeted LCP. (B) Histogram plot for GFP fluorescence distribution in MB49 cell

population at 24 hrs. Cells were treated with LCP formulations for 4 hrs at 37°C, followed by PBS washing to remove unbound complexes. The cells were further incubated

for 4 hrs, 12 hrs or 24 hrs and then trypsinized, and resuspended in PBS for flow cytometry analysis. Error bars indicate the standard deviation of the mean (n=3). (Two-way

ANOVA). p<0.0001.
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enzymes.48,49 Secondly, these data show that although the

internalization of the RWFV-targeted LCP-FBN-integrin com-

plex occurs via slow uptake kinetics compared to cationic

LipofectamineTM LTX, the endocytosed targeted LCP can

efficiently decomplex and deliver similar quantity of functional

payload to the nucleus for protein expression. Additionally, to

make sure that the developed formulation was non-toxic to

MB49 cells,we performedMTS assays.MTSdata suggest that

all the developed formulations resulted in similar cellular

viability as compared to untreated cells, thus showing that

the LCP were non-toxic to cells at concentrations used

(Supplementary Figure 6).

Anti-Proliferative Effect Of RWFV-

Targeted LCP On Bladder Cancer Cells
Curcumin is a safe, affordable and efficacious drug that

has been shown to induce cell death in multiple cancer cell

lines.50 Recently, curcumin treatment has been suggested

as a potential chemopreventive therapy for intravesical

administration in bladder cancer management.16,51,52

Thus, we sought to evaluate the anti-proliferative effect

of our RWFV-targeted LCP loaded with curcumin. MTS

assay data (Figure 8) show that after 48 hrs of incubation

post-treatment, only 45% of MB49 bladder cancer cells

are viable when treated with RWFV-targeted formulations

at a dose of (5 µg/mL curcumin dose). Non-targeted for-

mulations or free curcumin, however, did not display any

significant toxicity at the concentrations tested. We attri-

bute this observation to the removal of the non-targeted

formulation or free drug during the washing step post 4-hr

treatment (which mimics loss of drug in a clinical setting

due to urine influx into bladder and bladder voiding), thus

limiting the amount of drug that is internalized. The pre-

sence of the RWFV-targeting ligand, however, promotes

internalization via the FAP-FBN-integrin pathway, to

induce a cytotoxic effect. Additionally, the empty targeted

LCP also did not show any significant signs of toxicity,

suggesting that the delivery system components are well

tolerated.

Conclusion
In conclusion, we have developed a carrier system for co-

delivery of plasmid DNA and small hydrophobic mole-

cules to MB49 bladder cancer cells in a targeted manner.

The fabrication utilizes an easy microfluidic mixing

approach that can be readily scaled-up.29,53 The inner

cationic and outer hydrophobic character of the LCP

allows for simultaneous entrapment of nucleic acids and

small molecules, suggesting that these formulations may

be useful for dual delivery approaches. The use of a lipid

shell conveniently allowed the incorporation of the

RWFV-lipopeptide, a component that confers tumor-tar-

geting and internalization properties to the LCP formula-

tions. The non-toxic nature of the RWFV-targeted LCP,

combined with the efficient transfection and small mole-

cule delivery characteristics, warrants further investigation

as a co-delivery platform for intravesical therapy in blad-

der cancer management. Further investigation of the sys-

tem in an MB49 orthotopic bladder cancer model is

currently being pursued.

Figure 7 (A) Pyrene delivery of the non-targeted, scrambled and targeted LCP. (B) Histogram plot for pyrene fluorescence distribution in MB49 cell population at 4 hrs. MB49

cells were treated with LCP for 4 hrs at 37°C, followed by PBS washing to remove non-specific interactions. After further 4 or 24-hr incubation, cells were trypsinized, and

resuspended in PBS for quantification of pyrene fluorescence using flow cytometer. Error bars indicate the standard deviation of the mean (n=3). Two-way ANOVA, p<0.0001.
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