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ABSTRACT

To develop an intelligent sensor  —effector functionality on the nanoscale, a pH-switchable, controlled nanoreactor based on amphiphilic copolymer
membranes was built. The nanovesicles were equipped with bacterial transmembrane ompF pore proteins and the pH-sensitive enzyme acid
phosphatase, resulting in a switchable substrate processing at pH 4 -6.5. Ideal pH and substrate concentrations for the reaction were determined
experimentally. In future, the reactor might be used for self-regulating targeted diagnostic and therapeutic applications in medicine.

Nanotechnology is believed by many to be one of the most chain length and end group modifications of the polymer
important scientific topics of the next decade with a huge constituents, the building blocks can form unilamellar
impact on biology, pharmacology, and medicié.In vesicles with specific diameters in aqueous solution, allowing
particular, medicine with its reliance on safe, potent, user- the encapsulation of lipid-soluble (in the case of diblock
friendly, and target-specific therapies for important diseasesmembranes) or water-soluble (in the case of triblock
such as arteriosclerosis, cancer, infections, or autoimmunemembranes) substances such as drugs, enzymes, nucleotides,
disorders will profit from nanometer-sized devices for radioisotopes, or contrast media into the self-assembled
diagnostic and therapeutic applications. nanostructures.

Specifically, injectable nanometer-sized particles, micelles, By choosing biocompatible and protein-repellent polymers
and vesicles (typical size 5@250 nm) made of advanced such as poly(ethylene glycol) (PEG)poly[N-(2-hydrox-
materials are currently under investigation for targeted ypropyl)methacrylamide] (pHPMAJ or poly(methyl ox-
delivery of toxic or water-insoluble drugs or contrast agents azoline) (PMOXAJ? for the hydrophilic side blocks, the
in biological system$> Necessary key elements for a secure nanovesicles can be used for biomedical applications. These
and directed transport of such nanocarriers in the bloodstreamsurface polymers ensure a higher grade of protection against
are high chemical and mechanical stability, low protein endogenous opsonins such as IgG antibodies and complement
absorbance, no immunogenicity, good biocompatibility and factors, an essential prerequisite for immunogenic stealth
biodegradability, specific targeting and clearance properties, properties. In contrary to these long-circulating stealth
and most of all defined functionalify8 vesicles with protecting polymers, unprotected nanostructures

Promising candidate structures for a targeted delivery of show very short circulation lifetimes due to the rapid uptake
drugs or contrast agents in humans are polymer-basedinto the macrophages of the mononuclear phagocyte system
vesicles consisting of amphiphilic diblotkhydrophilic— (MPS, also known as reticuloendothelial system RES) in liver
hydrophobic) or triblock (hydrophilic-hydrophobie-hy- and spleen? Furthermore, the uptake of artificial polymers
drophilic) copolymer building blocks. Depending on the into macrophages can lead to the presentation of these

: substances on class Il major histocompatibility complexes
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Figure 1. Two-dimensional outline and visualization of the nanoreactor system: The nanoreactors are based on a synthetic triblock copolymer
membrane functionalized with bacterial ompF pore proteins that make intact, size-selective channels for passive diffusion across the membrane.
Encapsulated acid phosphatase enzyme processes a nonfluorescent substrate into an insoluble, fluorescent reaction proefiét at pH 4
Visualization of the final nanoreactor was done by cryogenic transmission electron microscopy, where a distinct core is surrounded by a
fine halo, corresponding to the polymer membrane.

moieties such as antibodi€speptides'® carbohydrate¥; In this work, we present the successful equipping of a
polyamines'® or oligonucleotided? The targeting moiety  polymer vesicle platform (called nanocontainers) with proven
allows a receptor- or cell type specific transport of the long- cell targeting propertié8 with a switchable enzyme func-
circulating polymeric nanovesicles. Polymeric nanovesicles tionality responsive to external conditions by integrating bac-
have been used for targeting of cancer cells, the btood terial pore proteins into the triblock copolymer membrané
brain barrier, mononuclear phagocytes, dendritic cells, and This system demonstrates the feasibility of a nanometer-sized
endothelial cells. bioreactor with size-selective substance diffusion and a

A revolutionary new concept is the combination of these defined trigger mechanism that allows external control of a
target-specific nanometer-sized polymer vesicles with mul- defined functionality inside the enzyme-protecting, pore
tifunctional biological components such as transmembrane containing synthetic polymer nanocontainer.

proteins, pore_p_roteins or enzymes. The gqal is the creation e plant-derived enzyme acid phosphatase was chosen
Or: target-speﬁlflr(]: gndd fgrtzernrlolre respol?snlllelnanosyste_rr;]sfor encapsulation inside the nanocontainers due to the broad
:hat ﬁaln re?c (tj ef_lr gstlre (f[.e uraror su CZ L:harttarghgéx[wt spectrum of substrat®sand the well-established pH-de-

e help of a defined targeting moiety and that exhibit a pendent activity. The enzyme shows fast dephosphorylation
controlled and triggered diagnostic signal or therapeutic effect .

L 2 X of phosphate substrates between ptH74whereas at highly

upon activation. By combining sensing and effector func- _ .. . . .
. . oS . acidic, neutral, or basic pH the enzyme is inactive.
tionality on the nanoscale, it will be possible to generate a
defined response of the nanostructure that depends on 10 enable a controlled substance transport across the
environmental factors such as pH, substrate concentrationsOtherwise highly impermeable polymer membrahehe
or temperature at the target site. In contrary to this bottom- bacterial outer membrane protein F (omf§fijas integrated
up, auto-regulated approach, currently used concepts for alnto the synthetic bilayer. The pH-staBi@mpF belongs to
triggered action of nanostructures rely on externally ap- the porins, a group of proteins that build hydrophilic pores
plicable signals such as near-infrared lightaser irradia-  in the outer membranes of Gram-negative bactérithe
tion,2* or magnetic field$? These signals trigger the release 340-amino-acid-residue ompF was first detectedscheri-
of bound or encapsulated substances from the nanostructureshia coli bacteria and consists of three similar subunits. The
or the generation of cytotoxic molecules, leading for instance resulting pores in the amphiphilic polymer membranes are
to the killing of cancer cells. known to remain fully functional and allow the passive
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hydrolysis of a water-soluble, nonfluorescent phosphatase
substrate, leading to the production and precipitation of the
water-insoluble fluorescent molecule ELF97 within the
nanoreactor. Analysis was performed with fluorescence
microscopy and confocal laser scanning microscopy (see
Supporting Information for details).

The resulting nanoreactors showed a mean diameter of
93 nm and a homogeneous size distribution with a standard
deviation of 15 nm in transmission electron microscopy.
Enzyme-equipped nanocontainers showed a distinct core

Nanoreactors with ompF Nanoreactors without ompF

G Hd

(mean diameter 60 nm, standard deviation 9.5 nm) in
cryogenic transmission electron microscopy (see Figure 1),
whereas empty nanocontainers exhibited no increase in
contrast. The high-density core is covered by a distinguish-
able halo (mean thickness 16.5 nm, standard deviation 3 nm),
representing the polymer membrane.

Experiments performed with the pH-controlled nanoreac-
tors showed a strong fluorescent signal, when nanocontainers
with the integrated ompF were tested near the enzyme pH
optimum (pH= 5), while a series of control experiments
Figure 2. Channel- and pH-dependent nanoreactor activity: Active documented the expected behavior of the different bioreactor

nanoreactors with ompF pores in the upper left panel show strong ; . : ;
fluorescent activity at pH 5, whereas controls at pH 7.5 and without subsystems (see Figure 2). Nanocontainers without the ompF

the ompF pores show no significant fluorescent activity in confocal POrins showed no signal due to missing access of the
microscopy after 3 h. Substrate concentration in this experiment Substrate to the enzyme. Experiments with pH6.5 or pH
was 75uM. < 4 (see Figure 3) showed no detectable increase in
fluorescent signal intensity because of the switch functional-
diffusion of polar molecules smaller than 600 Da through ity of the enzyme. Long-term experiments showed a time-
the channel of this transmembrane prof&iff. dependent concentration increase of fluorescent product
Nanoreactor properties were controlled by light scattering inside the nanocontainers ov@ h (see Figure 4), whereas
and transmission electron microscopy, the functionality of equimolar concentrations of free acid phosphatase processed
the complete nanosystem was evaluated at variable pH andhe substrate within 10 min. Substrate dependency of the
substrate concentrations. The pH-switchable functionality of nanoreactor system was tested with increasing phosphatase
the complete system was demonstrated using enzymaticsubstrate concentrations, the ideal working concentration in

g2 Hd

Figure 3. Nanoreactor activity in acidic, neutral and basic environment: Active nanoreactors with ompF pores were incubatedMith 75
phosphatase substrate at changing pH conditions. The resulting fluorescent activity was measured and visuadizeckattgon time by
fluorescence microscopy. Strong green-yellowish fluorescence was observed at pH 5, weaker fluorescence could be observed in the pH
range between 6.5 and 4. At highly acidic, neutral and basic conditions, the nanoreactor showed no enzyme activity.
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s ° mentioned above, free nonencapsulated acid phosphatase was
% 60 | able to process equimolar substrate concentrations within
- minutes (no increase of fluorescence intensity after 10 min)
' ol I i 1 at pH 5. The complete nanoreactor system showed a steady
§ { increase in fluorescence intensity over a time period of 3 h,
*1 where the system reaches steady-state. Regarding the size
20 { limitation of the ompF pores of 600 Da and the molecular
10 f weight of the phosphatase substrate of 431 Da, it seems to
ole . . be evident that the pore number per nanocontainer influences
0 % 80 % 120 150 180 210 240 200 the nanoreactor kinetics and allows an adjustment of the
Reaction time Imin} processing velocity according to the need of the application.

Figure 4. Time-dependent nanoreactor activity: Active nanore-  This proof of concept of externally triggerable nanoreactor
actors with ompF pores were incubated with @ phosphatase  is a step forward in equipping artificial nanosystems with

substrate at pH 5. Repetitive measurements over more than 4 han increasingly complex range of biological functionalities
indicate slow increase of fluorescence intensity with a maximal from plant and bacterial origin and has the potential for
value afte 3 h (the error bars represent the standard deviation over hnical I bi dical licati
a series of experiments). technical as well as biomedical application.
In the field of targeted delivery of diagnostic or therapeutic
agents in medicine, the switchable bioreactor functionality
enlarges the possible applications of such polymer-based
{ ] systems massively. Not only might it be possible to release
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lysosome), the nanoreactors can also be considered as
artificial automated nanosystems with complex functionality
{ inside or outside of cells. The flexibility, stability, biocom-
patibility, and multifunctionality of our triblock copolymer

0 oo oo 4% &0 noow R nanocontainer platform make it a promising candidate system

St povevir Lol for an easily producible, injectable, target-specific, and stable

Figure 5. Substrate-dependent nanoreactor activity: Active nan- Nanometer-sized carrier with complex and automated diag-
oreactors with ompF pores were incubated with changing concen-nostic signal and/or therapeutic effect.

trations of phosphatase substrate at pH 5. After 3 h, the resulting

fluorescence intensity was measured. The results indicate a ; :
hyperbolic curve in the area between 55 and /@ substrate Acknowledgment. This work was financed by the
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the solution lies between 55 and 9. The resulting
enzyme activity curve as defined by increase of relative
fluorescence intensity over time shows an approximation to
a theoretically expected hyperbolic curve, corresponding to
Michaelis—Menten kinetics (see Figure 5).

As conclusion, we have presented the successful self-
assembled nanofabrication of an enzyme nanoreactor with
environment-controlled and triggerable serseffector func-
tionality by combining synthetic triblock copolymer mem- )
branes with complex biological components. By variation gg EVTC%:?]Z 2: KW E_'rzoggog, 11(;7,5'1092_1095.
of the pH of the surrounding solution, the nanoreactor was (3) Seaton, A.; Donaldson, Kangat2005 365, 923-924.
able to change its state of activity as demonstrated by (4) Moghimi, S. M.; Hunter, A. C.; Murray, J. (GaaERa]-2005 19,
producir}g a .water-insoluble'quorescent dye inside the ®) %luln_ci?w?h_zooa 2 347360,
polymeric vesicle. The bacterial pores that were integrated () Discher, D. E.; Eisenberg, ASgience?002 297, 967-973.

into the polymer membrane remained functional (even (7) Photos, P.J.; Bacak%\é%ngoDigsggfgﬁ.; Bates, F. S.; Discher, D. E.
thougr_l the _p(_)lymer membrane is-8 times thicker than a (8) Anderson, J. M.; Shive, M. N 1957, 25
biological, lipid-based membrane) and allowed the passive 5-24.

diffusion of both protons for activity control of the encap- (9 Kwon, G. s I 005 15 481
sulated acid phosphatasg, as well as the diffusion of the (10) Nardin, C.: Hirt, T.: Leukel, J. Meier, Vi 12000 16, 1035-
nonfluorescent substrate into the nanoreactor. 1041.

Even though the nanoreactor showed a substrate concen-(11) Owens, D. E., lil; Peppas, N. jimeigiiigh 2006 307, 93-102.
iond dent enzyme kinetic, the bacterial pore protein (12) Kame, S.; Kopecek, iigiiilmifgs1995 12, 663668,
tration dependent enzyme kinetic, the bacterial pore proteins (13) Woodle, M. C.; Engbers, C. M.; Zalipsky, Rl l R

seem to be the key limiting element of the nanosystem. As 1994 5, 493-496.

Supporting Information Available: Text giving material
and methods. This material is available free of charge via
the Internet at http://pubs.acs.org.
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