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GFP in cytosol

INTERNALIZATION OF MS2-SP94 OCCURS PRIMARILY OVER ONE HOUR

Surface Binding and Internalization of MS2-SP94 Conjugates

PEPTIDE CONJUGATION

DELIVERY OF QDs AND NPs
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Future Directions

Virus-like particles (VLPs) possess characteristics that make them well-suited for a variety of biological 
and materials science applications:
• VLPs are highly monodisperse, enabling their self-assembly into well-ordered 2D structures by simple evaporation-driven  

techniques.  
• Phage capsids can be engineered to express non-native peptides with known affinities. These peptides can: (1)

 

nucleate gold, 
zinc sulfide, etc. from precursor salt solutions (e.g. p8#9, which binds gold); (2)

 

condense silica from silicic acid at neutral pH (e.g. 
R5 repeat unit from silaffins); (3)

 

detect the presence of surface antigens expressed by pathogens (e.g. LPS-reactive peptides); (4)
produce monoclonal antibodies against a given pathogen (e.g. anthrax protective antigen); and (5)

 

target drug carriers to a 
specific cell type (e.g. SP94, which targets hepatocarcinoma).

VLPs can be used as a platform for phage display, a combinatorial-based technique that enables 
selection of peptides that bind to a specific material (organic,

 

inorganic, biological) from a complex  
random peptide library.
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particles formed in the presence of MS2 
bacteriophage displaying the R5 peptide 

Self-assembled 2D hcp array of bacteriophage Qβ, the long range order of which 
was confirmed by in situ GISAXS

TARGETED VLP-BASED DRUG DELIVERY
Virus-like particles of MS2 and Qβ

 

bacteriophages are

 

 
well-suited for use as targeted drug delivery carriers:
• MS2 and Qβ

 

are cheaply produced and purified in large quantities

• Their 28-nm capsids self-assemble from 180 copies of coat protein

• Their capsids are tolerant of high density peptide display

• Their capsids self-assemble around RNA genome and will   

encapsidate RNA-cargo conjugates 

•

 

Their capsids are stable under physiological conditions and are

 

biocompatible

External Capsid Modification with Targeting Peptides

•

 

Link surface Lys residues in coat protein to peptides with a C-

 

terminal cysteine residue via a heterobifunctional crosslinker

 

(SMPH)

Targeting peptide (SP94):                                
H2

 

N-SFSIIHTPILPLGGC-COOH 

Control peptide:                                             
H2

 

N-FPWFPLPSPYGNGGC-COOH

•

 

Link various cargo (drugs, siRNA, QDs, Au NPs, Fe2

 

O3

 

NPs, 
etc.) to thiolated  RNA

Lo, A., Lin, C-T and Wu, H-C. (2008).  Hepatocellular carcinoma cell-specific peptide 
ligand for targeted drug delivery.  Mol. Cancer Therapy
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(3): 570-589.

Internal Capsid Modification with Various Cargo

Higher peptide conjugation efficiencies can be achieved 
with Qβ

 

due to the increased availability of surface lysine 
residues:

Conjugate Dye Molecules per Capsid

MS2-dye 168

MS2-SP94-dye 149

MS2-control-dye 147

Qβ-dye 182

Qβ-SP94-dye 61

Qβ-control-dye 49

Expose MS2 and Qβ

 

to SMPH (1:4), 1 hr. at 25°C

Expose VLP-SMPH

 

to SP94 or control, overnight at 4°

 

C

Expose VLP, VLP-SP94, and VLP-control to Alexa Fluor®

 

555 carboxylic acid 
succinimidyl ester, 1 hr. at 25°C then overnight at 4°

 

C

Rinse 3X on a 100kDa MWCO Amicon buffer exchange filter

Rinse 3X on a 100kDa MWCO Amicon buffer exchange filter
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Although higher conjugation efficiencies can be achieved with Qβ, we have 
more thoroughly studied MS2 (e.g. tolerance to peptide display).

TARGETED MS2 BINDS TO HEPATOCARCINOMA 
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MS2-SP94

Alexa Fluor®

 

555-labeled MS2-SP94 conjugates bind to Hep3B cells with high specificity. 
Fluorescently-labeled MS2 and MS2 bearing a control peptide do not bind to Hep3B 

cells.

1012

 

MS2-control

5 min. incubation 15 min. incubation 1 hr. incubation

5 min. incubation (orthogonal 
view)

15 min. incubation 
(orthogonal view)

1 hr. incubation (orthogonal 
view)

Internalized

Immunofluorescence can be used to determine whether MS2-SP94 conjugates are internalized within endosomes and/or 
lysosomes. 

5 min. incubation

MS2-SP94 CONJUGATES ARE ENDOCYTOSED BY HEP3B

Surface-bound

Co-localization of Alexa Fluor 555®-

 

labeled MS2-SP94 and Alexa Fluor 
488®-labeled endosomes and 

lysosomes

Anti-Rab5 Anti-Rab7 Anti-LAMP1

A significant portion of Alexa Fluor 555®-labeled MS2-SP94 conjugates appear to be localized in late endosomes; localization occurs within 
lysosomes as well, indicating that the protein capsid should disassemble upon internalization, thereby releasing the cargo. 

Alexa Fluor 647®-capsid

Alexa Fluor 555®-

 

capsid

Qdot ®-565

Alexa Fluor 647®-capsid

Various types of cargo can be delivered to Hep3B via conjugation

 

to RNA and encapsidation within MS2-SP94

DELIVERY OF DOXORUBICIN

Alexa Fluor 647®-labeled MS2 capsid separates from Qdot®-565 upon 
internalization; electron microscopy was performed to confirm internalization of 

silver-enhanced gold nanoparticles.

The SP94 peptide mediates HIGHLY specific binding to and internalization of virus-like particle (VLP) drug carriers within human hepatocarcinoma Hep3B, 
while minimizing interaction with human hepatocytes.   We are currently investigating the delivery of multiple types of cargo:  Fe2

 

O3

 

particles, siRNA that 
silences cyclin A expression, cholera toxin A chain, and ricin toxin A chain

~120 peptides per 
MS2 (1:2)

~240 peptides per 
Qβ

 

(1:2)

Au NPs (+ Ag)

5 min. incubation (orthogonal 
view)

Surface-bound

Hepatocytes were 
incubated with 1012

 

particles/mL of MS2-

 

SP94 at 37°

 

C for >24 
hours

MS2-SP94 can be used as a biocompatible carrier to deliver drugs and

 

other cargo to human hepatocarcinoma cells 
without affecting the viability of non-cancerous cells.

NO INTERNALIZATION IS OBSERVED

MS2-SP94 CONJUGATES ARE NOT

 

INTERNALIZED BY HEPATOCYTES

All saturation curves represent only SPECIFIC BINDING

MS2-SP94 HAS A 150X HIGHER AFFINITY FOR HEP3B THAN FOR HEPATOCYTES

1012

 

MS2-SP94                    Hepatocyte

MS2-SP94 has a 150X higher affinity for Hep3B and HepG2 than for 
human hepatocytes; all binding experiments were performed at 4°C to 

prevent internalization of MS2 conjugates. 

1012

 

MS2-SP94                    HepG2

The high affinity of MS2-SP94 for Hep3B is facilitated by multivalent 
peptide display

540 surface Lys 
residues per VLP

Although the affinity of MS2-SP94 for Hep3B decreases at low peptide 
densities, only ~60 peptides per VLP are necessary to achieve maximum 

specificity 

The majority of MS2-SP94 conjugates are endocytosed within 1 
hour; those that remain surface bound are internalized over the 

course of 12 hours. 

SP94 Targeting Peptide:                                
H2

 

N-SFSIIHTPILPLGGC-COOH

SP88 Targeting Peptide:                                         
H2

 

N-YHLQDSETLSLLGGC-COOH

USE OF MULTIPLE TARGETING PEPTIDES 
MAY HELP MITIGATE AN IMMUNE RESPONSE

The high affinity of MS2-SP94 for Hep3B is retained when two 
different targeting peptides are employed simultaneously. The 
affinity selection process enables identification of numerous 

different targeting peptides.

The MS2 capsid spontaneously self-assembles 
from 90 copies of dimeric coat protein in the 

presence of RNA

+

90

28 nm

100 nm

We are currently investigating the delivery of other types of cargo, including Fe2

 

O3

 

rods, siRNA , and ricin toxin A chain. MS2 can encapsidate particles that are 
<15 nm in diameter as well as single-stranded and double-stranded DNA and RNA (<3000 bp).
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Hepatocytes + Free DOX

Hepatocytes + M S2-SP94-DOX

Hep3B + Free DOX

Hep3B + MS2-SP94-DOX

Targeted MS2 VLPs loaded with doxorubicin (100 molecules of DOX per VLP) are cytotoxic to Hep3B but not to 
hepatocytes. Furthermore, targeted delivery of DOX promotes specific cytotoxicity at lower drug concentrations.    

Live Hepatocytes

Live Hep3B

Dead Hep3B

MS2-SP94-DOX causes an 80% loss in 
Hep3B viability over 36 hours

Cell viability was assessed using flow 
cytometry after exposure to 500 nM DOX

Doxorubicin is a chemotherapeutic agent that 
intercalates dsDNA, thereby inhibiting topoisomerase 

II

MS2 and Qβ

 

VLPs can be used as targeted drug delivery 
systems by internal and external modification of their

 

 
capsids:
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