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Nanodelivery of therapeutic genes & molecular
biosensor feedback control systems



A.  Some of the advantages of therapeutic genes
B. Some of the advantages of molecular biosensor

feedback control systems
C.  Why a nanodelivery approach is appropriate

I.  Introduction and overview



A.  What constitutes a "therapeutic gene" ?
B.  Transient versus stable expression modes

II. The therapeutic gene approach



A.  Drug delivery has traditionally not used feedback controls
B.  Why feedback control might be a very good idea!
C.  Positive or negative feedback?

III. Molecular feedback control systems



Drug Delivery Systems with and 
without Feedback Control

Exponential decay Timed release Feedback-controlled  
release
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Feedback Control of Therapeutic 
Genes in Nanomedical Systems
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A.  What is a molecular biosensor?
B. How does a molecular biosensor 

function as a therapeutic gene switch?

IV. Molecular Biosensors as part of 
a nanomedicine feedback control 

system



Molecular Biosensors

Molecular biosensors are designed to sense their 
environment within a cell and minimally perturb 
that cell’s basic function. Hence, they are 
frequently used inside living cells to monitor basic 
cell biochemistry in response to drugs, 
environmental factors, etc. 



Nanoparticles provide multiNanoparticles provide multi--layered, selflayered, self--
assembling structures containing a complex of assembling structures containing a complex of 
targeting, sensing, and drug delivery to targeting, sensing, and drug delivery to 
radiationradiation--damaged cellsdamaged cells

Molecular biosensors provide sensing extraMolecular biosensors provide sensing extra--
and intracellular environments, and to provide and intracellular environments, and to provide 
feedback for subsequent actions (e.g. drug or feedback for subsequent actions (e.g. drug or 
gene delivery) gene delivery) 

Why combine nanoparticle and 
molecular biosensor technologies?



(TMD = transmembrane domain, CD = cleavage domain to allow transport 
to nucleus if target is present, tTA = transactivator (with tetracycline 
molecular on/off switch) with gene to be transcribed

Some Basic Components of a 
Molecular Biosensor

TMD      CD                   tTA

For example, this biosensor can be designed to sense a target in the cell, 
then target to the nucleus to allow for transcription of a gene for therapy

Targeting to 
initial region of 

interest

Cleavage domain sensitive 
to target molecule

Transactivator or 
Reporter molecule (e.g. 

GFP or luciferase)



A.  Required components
B. Example of a ribozyme/antivirus system 
C. Example of an ARE biosensor/DNA repair system

V. Building integrated molecular biosensor/gene
delivery systems –some examples



Nanomedicine for Antiviral 
Gene Therapies
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Hepatitis C infection
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Nanoparticle that mimics hepatitis C 
virus to find and destroy that virus 

inside living cells

Targeted
Nanoparticle with
Hepatitis C viral 
E-protein on its
Surface to mimic 
hepatitis C virus

Reporter
Gene

Receptor mediated
binding to host cell

Antigen
Receptor



Biosensors for Anti-hepatitis Treatment
• Tet-Off System: tetracycline transactivator protein based sensor mechanism 

with “emergency off switch” using tetracycline

• Schematic of hepatitis C biosensor to detect virus inside living cells

TRE Gene of 
interest

Tetracycline

VP16
Tetracycline transactivator
(tTA)

Transcription No Transcription

X
Inactive tTA

NS3/4A Protease
(2kb)

Membrane

Cleavage Domain
Membrane anchor

tTA To nucleus for
therapeutic
gene activation

Free tTA is evenly distributed 
throughout the cell:



Targeted Ribozyme Therapy for 
HCV Infection

Ribozymes are “molecular scissors” that can be targeted to 
cut a critical portion of the hepatitis C virus (called the 
IRES region) inside a living cell so that it cannot make 
more virus. This should have fewer side effects than 
current interferon-ribovirin  therapy.

TRE       HH         tRNA-Rz        HH

Transcription

Self cleavage &
export to cytoplasm

Binding to HCV
IRES target

Cleaved IRES can no
longer initiate translation
of downstream message

Blocked
translation

5’ Cap Poly A tail



Replicon/Sensor Confocal Data
Hypothesis: That in the presence of the HCV NS3 protease, the sensor protein (BS) 

will be cleaved in such a way to release the transactivator portion of the sensor, 
which will subsequently release the transactivator to diffuse throughout the cell.

Methods: Huh-7 cells (human liver derived cell line) infected with a HCV subgenomic 
replicon, containing the nonstructural region of the HCV genome, were transfected 
with plasmids containing one of the following: pTet-Off (positive control), BS-2, or 
BS-3 or nothing. After a 48 hour incubation, the cells were viewed and 
photographed with an Zeiss LSM 510 META multispectral confocal microscope. 
Red = tTA, Blue = Actin, Green = NS3.

Conclusions: BS-2 and BS-3 no longer appear to be anchored to their respective 
membranes and seem to be distributed throughout the cell in a manner similar to 
the positive control, tTA. Transactivator:

None pTet-Off BS-2 BS-3
Gene Arrangement:

tTA     CD TMDSig CD tTAtTA

Copyright: Tarl Prow, Ph.D. Thesis (Leary lab) 2003



HCV-Activated Sensor Data
• Hypothesis: That in the presence of the HCV NS3 protease, the sensor protein 

(BS) will be cleaved in such a way to release the transactivator portion of the 
sensor, which will subsequently activate transcription of a reporter gene (EGFP) 
downstream of the tetracycline response element (TRE).

• Methods: Huh-7 cells (human liver derived cell line) infected or not infected with a 
HCV subgenomic replicon, containing the nonstructural region of the HCV 
genome, were transfected with plasmids containing pBI-EGFP (TRE driven 
EGFP) and one of the following pTet-Off (positive control), BS-2, or BS-3. After a 
24 hour incubation, the cells were viewed and photographed with an inverted 
fluorescent microscope equipped with a digital camera.

Replicon 
negative:

Replicon 
positive:

BS-3

tTA       CD TMD

BS-2

Sig CD tTA
Hours: 24 48 24 48

Source: Tarl Prow, 
Ph.D. Thesis (Leary 
lab) 2004



Biosensors for Anti-HCV Treatment
(combine biosensor to therapeutic delivery system)

• Sub-cellular target:
Nucleus ER (Endoplasmic Reticulum)        Membranes

• Gene arrangement:

• Confocal microscopy data:

tTA       CD TMDSig CD tTATMD CD        tTA
(TMD = transmembrane domain, CD = cleavage domain, tTA = transactivator, 
Sig = ER targeting signal)

BT7H cells were counterstained with DAPI and immunostained with a primary 
antibody against the VP16 region of the tTA and a secondary antibody conjugated with PE.

Copyright: Tarl Prow, Ph.D. Thesis (Leary lab) 2004



D.D.C.C.

A.A. B.B. Delivery of 2 different plasmids 
with lipid coated LBL. Huh-7 
cells (Panels A. and B.) were 
transfected with a 1:1 mixture 
of pEGFP-C1 and pdsRed2-C1 
or exposed to ~100nm layer-
by-layer (LB) assembled 
nanocapsules containing a 
single layer of DNA (1:1 
mixture of pEGFP-C1 and 
pdsRed2-C1) (Panels C. and 
D.). Although the transfection 
efficiency was low, there were 
cells expressing both EGFP 
(green) and dsRed (red) protein. 
All cells were counterstained 
with DAPI (blue).

Feasibility Study: Nanocapsule delivery of two Feasibility Study: Nanocapsule delivery of two 
reporter gene plasmids for transient gene therapyreporter gene plasmids for transient gene therapy

Plasmid - transfected

Nanocapsule - transfected

Source: Tarl Prow, Ph.D. Thesis (Leary lab) 2004



Nanomedicine for DNA Repair in 
Response to Radiation Damage

Targeted 
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Concept: Ionizing Radiation Activates 
Biosensor Mediated DNA Repair Enzyme 

Expression

Irradiation

Normal Cell

Irradiated Cell
With DNA
Damage

Cell With
Repaired DNA

Transcription of DNA Repair Enzymes 
Initiated by radiation damage sensing 
molecules

MutY/FpgX

No transcription of DNA repair 
enzymes in normal cells

MutY/
FpgARE

Expression



Radiation -Sensitive Biosensors
Why use an oxidative stress induced biosensor?

Ionizing radiation is a potent carcinogen and is primarily 
toxic to cells due to oxidative stress
Therefore, we plan to utilize the cell’s own antioxidant 
response to initiate the expression of foreign DNA repair 
genes
When activated, a synthetic Antioxidant Response 
Element (ARE) will drive the synthesis of our DNA repair 
enzymes MutY/Fpg

ARE      MutY/Fpg

X
No transcription Transcription of DNA Repair 

Enzymes MutY/Fpg

CBP
ARE Binding 
Protein-1
Nrf2/Maf

Oxidative 
stress
induced by 
irradiation



ROS (reactive oxygen species)  
Activated Biosensor in T24 Cells

Time (h): 0 24 60

Cells transfected 
with plasmid

Cells treated with 
100uM tBHQ

Fluorescence 
photographed

Treatment:

TK-GFP:
(No Sensor)

ARE-GFP:
(ROS Sensor)

Methods: Cells were transiently 
transfected at ~60% confluence 
with either ARE-GFP or TK-GFP. 
24 hours later the cells were 
treated with tert-
butylhydroquinone (tBHQ), an 
ROS inducing agent. The cells 
were examined every 12 hours 
post treatment. Weak 
fluorescence was present at hour 
48 and at hour 60 photographs 
were taken. 



“Assisted” DNA Repair

nucleus

mitochondria

Nanoparticles containing DNA 
repair enzymes



A Strategy for improving DNA repair 
in human cells

In humans, there is ONLY ONE mechanism to repair UV-induced damage to DNA
Immune system suppressed 8-24 hrs.
DNA damage removal takes 24-48 hrs.

However, simpler organisms have TWO and sometimes THREE repair systems
One of these repair systems is partially present in humans, BUT we are MISSING
the FIRST STEP

PCNA
FEN-1
POL β or δ/ε
LIG I
LigIII/XRCC1

GLYCOSYLASE

AP LYASE
AP ENDONUCLEASE

POLβ
LIGI
LigIII/
XRCC1

OH

^

XX
UV Humans are 

missing this repair 
enzyme which can 
be transfected into 
human cells

Using nanoparticle/biosensor technology we can supply this  
missing first step to enhance DNA repair in human cells.



Production and Testing of Novel UV-specific 
Enzymes Using Cell Culture, Models of in 

vitro Skin, Animal and Clinical Trials

1) Create genetically-modified DNA repair proteins 
that are specifically targeted to the cell’s nucleus or 
mitochondria to initiate repair at UV-induced 
DNA damage sites

a) Nuclear localization signals PKKRKRRL and 
PKKKRKRL at the C-terminus

b) Mitochondrial targeting sequence 
MALHSMRKARERWSFIRA and 
MGVFCLGPWGLGRKLRTFGKGPLQLLSRLCGDHLQ 
at the N-terminus



T4 transfected DNA repair enzyme 
with no localization anchoring 
sequence, with transient expression 

Wt-T4-PDG-GFP in CHO-XPG. 
Transient expression. 100x objective

Results:  Human cells transiently or stably transfected 
with missing DNA repair enzyme

T4 transfected DNA repair enzyme 
with mitochondrial  localization 
anchoring sequence, with transient 
expression 

MLS35-T4-PDG-GFP in CHO XPG. 
100x objective

T4 transfected DNA repair enzyme 
with mitochondrial  localization 
anchoring sequence, with stable 
expression 

MLS18-T4-PDG-GFP in hXPA. 100x 
objective



T4 treatedNo T4 treatment

Un-irrad

20 J  0h

20 J  6h

Hxpa DNA repair-deficient human cells NLSI DNA repairable-human cells
No T4 treatment T4 treated

Results: DNA comet assays show evidence 
of DNA repair in transfected human cells

Note: Comet streaks show attempts to repair DNA damage which should be 
completed in about 6 hours. NLSI cells successfully repair, Hxpa cells do not.
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