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ABSTRACT 

In today’s society cancer is one of the most common 
diseases. Approximately 1.3 million new cases have been 
recorded in 2003 in the US alone (ACS). For most patients 
an intervention with anticancer drugs is necessary, 
invariably causing systemic toxicity. To avoid this, 
strategies for targeted drug delivery or selective local 
activation of prodrugs at the tumor site are being 
developed. Unfortunately, most prodrug-activating 
strategies, such as ADEPT, ADAPT and GDEPT, suffer 
from disadvantages such as immunogenicity, little 
bystander effect and inefficient delivery. 

To overcome these setbacks we are developing a new 
system for selective activation of prodrugs in which the 
prodrug-activating enzyme is encapsulated in nanometer-
sized vesicles constructed of PMOXA-PDMS-PMOXA 
triblock copolymers. To allow diffusion of a prodrug into 
the vesicle, it is permeabilised by incorporating the 
bacterial porines OmpF or Tsx, thereby creating a 
functional nanoreactor. These nanoreactors will be 
equipped with tumor-specific camel antibodies. The 
prodrug activating enzyme used here is nucleoside 
hydrolase (NH) of T. vivax.  

Keywords: triblock copolymers, enzyme-prodrug therapy, 
targeted drug delivery, cancer therapy 

1 INTRODUCTION 

Currently chemotherapy is one of the major strategies 
to treat cancer patients. Despite its success, it is limited by 
several drawbacks such as low bioavailability of the 
chemotoxin, low drug concentrations at the tumor site, 
systemic toxicity, lack of specificity and the appearance of 
drug-resistant tumors. To overcome these problems many 
different strategies have been developed including 
improved drug formulations (e.g. liposomes)1, resistance 
modulators2 and antidote/toxicity modifiers.3 Selective 
local enzymatic activation of prodrugs is also a possibility 
to increase drug concentrations in the tumor and decrease 
systemic toxicity,4 thus improving the therapeutic index. 
Unfortunately human tumors rarely express useful 
activating enzymes at high concentrations. Therefore 
exogenous enzymes need to be used and directed to the 
tumor.  

Directed enzyme-prodrug therapies involve two stages. 
In the first step the activating enzyme is directed to the 
tumor. In the second step the non-toxic prodrug is 
systemically administered and subsequently converted in 
high local concentrations of an anticancer drug by the 
enzyme at the tumor site. The targeting of the enzyme can 
either be mediated by antibodies, termed antibody-directed 
enzyme-prodrug therapy (ADEPT) or by a gene-vector, 
termed gene-directed enzyme-prodrug therapy (GDEPT). 
Both ADEPT and GDEPT suffer from the same 
shortcomings. First, most activating enzymes are 
immunogenic. Second, the efficient targeting remains an 
obstacle and finally, most prodrugs are also activated by 
endogenous enzymes. 

 Therefore we are developing a new type of enzyme-
prodrug therapy in which the prodrug-activating enzyme is 
encapsulated in a polymeric nanometer sized reactor 
(figure 1) 

.

Figure 1. Schematic representation of a completely 
functionalized nanoreactor build up of poly(2-
methyloxazoline)-block-poly(dimethylsiloxane)-block(2-
methyloxazoline) (PMOXA-PDMS-PMOXA), 
permeabilised by the bacterial outer membrane protein 
OmpF, encapsulated with Trypanosoma vivax Nucleoside 
Hydrolase (TvNH) and targeted by a tumor-specific 
antigen.

Prodrug-activating 
enzyme 

Tumour-specific Ab 

prodrug 

drug

porine
polymer 

NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-7-3 Vol. 2, 2006358



By encapsulating the enzyme, it is shielded from the 
environment and thus protected against proteolysis and the 
immuunsystem. This will increase the stability of the 
enzyme in the blood circulation and decrease the 
immunogenicity of the enzyme. To allow transport of the 
prodrug and drug in and out of the reactor, it is 
permeabilized by incorporating bacterial porins inside the 
reactor wall. Finally, by coupling the reactors to a tumor-
specific antibody, the reactor is directed to tumor tissue.   

2 BUILD-UP OF THE REACTOR 

2.1. ABA Triblock copolymers 

The reactor wall is composed of the amphiphilic ABA 
triblock copolymer, poly(2-methyloxazoline)-block-
poly(dimethylsiloxane)-block(2-methyloxazoline) 
(PMOXA-PDMS-PMOXA) (Fig. 1). This copolymer has 
an average molecular weight of 8660 g/mol and self 
assembles to form stable vesicular structures in aqueous 
solutions.5 Containers with controlled mean diameters of 
200 nm can be obtained by successive extrusion. Vesicles 
made of this triblock copolymer are more stable and less 
permeable, especially in dilute solutions, compared to 
liposomes.6 This is due to the higher length of the 
hydrophobic block of the polymer, slower dynamics and 
intermolecular steric stabilization. Furthermore, these 
vesicles are completely covered with PMOXA that has 
similar stealth properties as PEG. Stealth properties allow 
vesicles to escape clearance by the immune system 
because of low adsorption of plasma proteins and low 
hepatosplenic uptake.7 This results in longer blood 
circulation times. Also, non specific uptake of non 
permeabilised PMOXA-PDMS-PMOXA nanocontainers 
by COS-7 cells and THP-1-derived macrophages is 
completely absent in vitro8, which makes these 
nanocontainers biocompatible and good candidates for in 

vivo use.  

2.2. Bacterial porines 

Despite a polymeric membrane thickness of 10 nm, 
three times wider than a biological lipid membrane, 
channel forming proteins, have previously been 
incorporated in PMOXA-PDMS-PMOXA vesicles without 
loss of function.9 This is probably due to the high 
flexibility of the hydrophobic PDMS block and the 
presence of shorter polymers which segregate around the 
protein. A recent mean field analysis also indicated that 
protein incorporation only causes a minor energy penalty 
in the polymeric membrane.10 This also suggest that the 
proteins are buried in the vesicle wall. The channel 
forming proteins that we use in our experiments, are outer 
membrane proteins (OMP’s) of gram negative bacteria, 
called porines. We used two different OMP’s, OmpF and 
Tsx. OmpF forms a 16-stranded transmembrane -barrel 
that functions as a molecular sieve, allowing concentration 

driven diffusion of solutes < 600 Da.11 Tsx on the other 
hand forms a 12-stranded -barrel and allows specific 
transport of nucleosides and nucleotides.12 Since it has a 
binding site for nucleosides in the interior of the channel, 
rapid transport of nucleosides at very low concentrations is 
possible compared to slow diffusion through the 
nonspecific porine OmpF. By permeabilising the 
nanoreactors with OmpF or Tsx, small substrates can be 
transported across the vesicle membrane to reach the 
interior where they are activated by the enzyme. 
Subsequently products can diffuse out of the vesicle to the 
exterior.

2.3. The prodrug-activating enzyme 

As a proof of principle for our system we chose the 
purine specific nucleoside hydrolase of Trypanosoma 

vivax (TvNH) as prodrug activating enzyme. This enzyme 
is a member of the nucleoside hydrolase superfamily that 
catalyses the hydrolysis of the N-glycosidic bond of -
ribonucleoside forming the free nucleic base and ribose. 
These enzymes are widely distributed in nature but they 
are not present in mammals. Since TvNH is purine 
specific, its natural substrates are inosine, adenosine and 
guanosine. Crystallographic data on the T. vivax enzyme 
showed that the ribose is tightly bound to the enzyme with 
all its hydroxyl groups involved in multiple stereoselective 
H-bonds.13 This makes the enzyme highly specific towards 
the ribose moiety. The nucleic base in contrast is stacked 
between two tryptophanes residues and forms very few 
specific interactions with the enzyme. Consequently TvNH 
is less specific towards the nucleic base moiety. This 
feature makes TvNH a promising candidate for enzyme-
prodrug strategies since many known chemotoxins are 
nucleobase analogs.

2.4. The tumor-specific antibody 

The tumor-specific antibodies we use in our 
experiments are nanobodies. These nanobodies are the 
smallest fragments of naturally occurring single-domain 
antibodies that have evolved to be fully functional in the 
absence of a light chain.14 Functional heavy-chain 
antibodies devoid of light chains are naturally occurring in 
nurse sharks, wobbegong sharks and Camelidae. Their 
antigen-binding site is reduced to a single domain, the 
VHH domain. Furthermore, they are strictly monomeric,
very stable, and highly soluble entities. Because of their 
small size, they show improved tumor penetration and 
reduced immunogenicity.   

Ultimately we will direct the nanoreactors to 
carcinoembrionic antigen (CEA)-expressing tumors. CEA) 
is highly expressed on cancer cells of epithelial origin, 
such as colorectal, lung, breast, and ovarian carcinoma15. It 
is not expressed in other cells of the body except for low-
level expression in gastrointestinal tissue. This expression 
profile makes it an attractive target for tumor therapy. 
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Figure 2. Analysis of the size-distributions of functionalized nanoreactors by DLS before extrusion (A) and after extrusion 
(B). Measurements were carried out at 90° and 532 nm on a laser-spectroscatter 201 by RiNa GmbH, Berlin, Germany.

3 RESULTS 

3.1. Production of the nanoreactors 

We successfully produced nanoreactors via a polymer-
film-rehydration method as previously described. Porine 
OmpF and Tsx were incapsulated in the nanoreactor wall 
at molecular ratios of porine to polymer of 1/100 and 1/10. 
The TvNH was encapsulated at a concentration of ± 60 
µM and an encapsulation efficiency of 15%. We obtained 
a polydisperse solution of vesicles with a mean diameter of 
326 nm. Successive extrusion through a membrane with a 
cut-off of 200 nm, resulted in a monodisperse solution of 
vesicles with a mean diameter of 200 nm (Figure 2). 

Table 1: Kinetic properties of nanoreactors  

3.2. Activity of the nanoreactors 

The activity of the nanoreactors was tested using a 
reducing sugar assay as described by Parkin16. We 
determined the activity by using three natural substrates of 
TvNH, inosine, adenosine and guanosine, and one 
prodrug, 2-fluoroadenosine. The activity of nanoreactors 
permeabilised with OmpF or Tsx were compared (table 1). 

In all cases we saw that (KM)app > KM,enzyme. This 
observation indicates that the substrate concentration is 
higher outside the nanoreactor as compared to inside. 
Furthermore, the activity of the nanoreactors is a function 
of the porine to polymer ratio in the reactor wall. When 
this ratio increases 10 times (from 1:100 to 1:10) for 
OmpF permeabilised nanoreactors, the (KM)app  and (kcat)app

also increase approximately 10 times.  

  Inosine Adenosine Guanosine 2-fluoroadenosine 

kcat (s 
-1

) 5.19 ± 0.08 2.6  ± 0.2 2.31  ± 0.11 1.86  ± 0.11 
(TvNH)free 

KM (µM) 5.37  ±  0.42 8  ± 1.8 2.33  ±  0.47 39.05  ±  7.99 

(kcat)app (s 
-1

) 2.28  ±  0.05 2.15  ± 0.12 4.26  ± 0.19 0.32  ± 0.05 1/100 OmpF 
nanorectors (KM)app (µM) 356  ± 23 602  ± 71 582  ± 57 396  ± 169 

(kcat)app (s 
-1

) 37.46  ± 1.88  12.13  ± 0.76 52.77  ± 3.10 2.94  ± 0.34 1/10 OmpF 
nanoreactors (KM)app (µM) 84  ± 15 41  ± 12 125  ± 23  35  ± 19 

(kcat)app (s 
-1

) 24.09  ± 1.48 19.02  ± 1.47 21.48  ± 1.12 1.88  ± 0.10 1/100 Tsx 
nanoreactors (KM)app (µM) 80  ± 18 24  ± 17 100  ± 18 38  ± 10 
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Although the apparent kcat for 2-fluoroadenosine is one 
order of magnitude smaller than the apparent kcat for the 
natural substrates, we are able to engineer nanoreactors 
that can hydrolyse 2-fluoroadenosine at sufficiently high 
amounts.  

All previous results were recently published in the 
November issue of Nanoletters 2005.17

3.3. Ongoing experiments  

3.3.1. Targeted Nanoreactors 

We are currently developing targeted nanoreactors. 
Although we ultimately want to target the nanoreactors to 
CEA expressing tumors, we are now using nanobodies 
directed against lysozyme as a proof of principle. We can 
evaluate the targeting efficiency of these nanoreactors by 
using transgenic tumors expressing lysozyme on their 
membrane.  The nanoreactor and nanobody are covalently 
linked via a Michael addition between a methacrylated 
PMOXA-PDMS-PMOXA polymer and a free thiolgroup 
on the nanobody.  

3.3.2. Uptake by macrophages 

Since clearing of vesicles by the reticuloendothelial 
systems (namely kupffer cells) is a major concern in the 
usage of vesicles (e.g. liposomes), we recently started 
exploring the uptake of the nanoreactors by macrophages. 

For this purpose we made fluorescently labeled 
nanoreactors and injected these intraperitonealy in F1 
mice. Although there clearly is an interaction between the 
macrophages, it appears that there is no or very slow 
uptake by peritoneal macrophages. These results however 
are not yet conclusive and need to be investigated further. 

3.3.3. Enzyme replacement therapy 

As an asset of this research we recently started 
exploring the possibility to use this type of nanoreactor in 
enzyme replacement therapy. Many genetic diseases are 
characterized by the deficiency of a crucial enzyme. This 
deficiency results in accumulation of one or more 
metabolites to toxic concentrations. Enzyme replacement 
therapy consists of administering the deficient enzyme in 
its native form. This therapy is unfortunately not very 
efficient since the therapeutic protein is immediately 
cleared from circulation. Therefore we want to try to 
increase the bioavailability of the enzyme while keeping 
the enzyme in its native form, by encapsulating it in ABA 
triblock copolymeric nanocontainers. As a proof of 
principal we are now focusing on two genetic diseases: 
ADA deficiency, with deficient adenosine deaminase, and 
MNGIE, with deficient thymidine phosphorylase.    
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