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The strong biotechnological drive for miniaturized reaction
systems to reduce sample consumption and increase through-
put has, to date, been mainly addressed by microfabrica-
tion."™! Herein, we use self-assembly (SA)>! to create a
nanofluidic system for mixing attoliter volumes (released
from nanometer-sized lipid vesicles) in a closed femtoliter
reactor vessel (a larger unilamellar lipid vesicle), thereby
controlling the number of mixed reactants with single-
molecule precision. The reactions are monitored in situ by
fluorescence correlation spectroscopy (FCS). The mixing of
reactants, which initiates an enzyme-catalyzed transformation
of nonfluorescent substrate to a fluorescent product, is
triggered by changes in temperature that drive the small
vesicles through phase transitions.*! The closed, autonomous
nanoreactor allows repetitive addition of reactants and
successive distinct reactions; the system remains tightly
sealed for weeks. This approach opens novel vistas for ultra-
miniaturized screening of chemical and protein libraries,
synthetic chemistry and biology, and for constructing artificial
cells.

Chemical reactions inside biological cells occur on 3D
length scales ranging from several micrometers to nano-
meters, as dictated by the dimensions of cells and their
intracelluar compartments. Biological systems employ molec-
ular SA as a ubiquitous method to create highly complex and
functionally efficient nanoscale architectures for establishing
the cellular biochemical network.” The biological miniatur-
ization and complexity of biochemical processes is unmatched
in laboratory synthetic chemistry. For example, the most
important laboratory manipulation to initiate a chemical
reaction is the mixing of defined volumes and concentrations
of reactants inside a reactor of defined size. What is trivial at
macroscopic scale becomes an unsolved challenge if mixing
should be downscaled to sub-femtoliter volumes. Present
microtechnologies are capable of handling volumes as small
as 50 fL."* Alternatively, self-assembled vesicles made of
polypeptides, polymers, or lipids have evolved to enclose
small volumes.®*1°]
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Especially lipid vesicles offer interesting advantages,
including 1) fast and cheap production, 2) biocompatibility,
and  3) ultra-miniaturization to zeptoliter  volumes
(1072 L).1%71219 Their potential relevance for carrying out
confined reactions in individual containers'* has not been
fully exploited, mainly owing to lack of control, reproduci-
bility in their fabrication, and functional complexity. Herein
we present one of the most complex, functional self-assem-
bled nanofluidic systems, optimized for initiating and mon-
itoring biochemical reactions.

Figure 1 illustrates conceptually our nanofluidic system.
The choice of lipids with a specific ordered-fluid phase-
transition temperature (7,) enabled us to define accurately
the temperature under which the small unilamellar vesicles
(SUVs), trapped in the interior of a large unilamellar vesicle
(LUV), release their cargo. This cargo is subsequently
confined and mixed in the interior of the LUV, which serves
as a chemical nanoreactor. Furthermore, by incorporating
different sorts of SUVs with different 7}, different compounds
can be released in succession at each particular 7,, thus
allowing the controlled, consecutive initiation of distinct
chemical reactions within the same nanoreactor. To monitor
the function of the individual reactor systems in a parallel
manner, biotinylated nanoreactors are immobilized on a solid
support functionalized with neutravidin. The use of biotin-
PEG-lipids with long poly(ethylene glycol) (PEG) spacers
prevents nanoreactor destabilization or destruction. To
increase the lifetime of the reactors, we also employed
negatively charged lipids to create an electrostatic repulsive
barrier that keeps the SUVs “suspended” in the nanoreactor
by suppressing interactions with other SUVs or with the walls
of the reactor, which could cause uncontrolled leakage. We
found that SUVs composed of DPPC/DPPG = 9:1 molar ratio
(DPPC = dipalmitoylphosphatidylcholine, DPPG = dipalmi-
toylphosphatidylglycerol) were efficiently enclosed into the
lumen of the nanoreactors.

To demonstrate a potential application of our system, we
focused on enzyme catalysis as a class of key biochemical
reactions for the biological function of a cell. Alkaline
phosphatase (AP) was chosen as a prototypical enzyme of
biological relevance that regulates a variety of cellular signal
transduction pathways."”! Figure 2a,b shows confocal micro-
scopy images of nanoreactors immobilized on a glass plate
before and after the release of nonfluorescent substrate FDP
that reacted with AP to be converted to a fluorescent product
(fluorescein). Figure 2 ¢ illustrates product formation starting
a few degrees below the SUVs’ lipid phase-transition temper-
ature 7,=41°C (determined by differential scanning calo-
rimetry), as observed previously in a different context.”! The
time course (i.e. temperature dependence) of the product’s
fluorescence intensity in a single nanoreactor and averaged
over 20 nanoreactors is similar, demonstrating that the release
process occurs at a precise temperature and is highly
reproducible for all reactors.

FCS is used to determine the concentration of reactants
and products inside the lumen of individual reactors. A laser
beam focused into an individual nanoreactor probes the
number and the mobilities of single fluorescent molecules and
SUVs diffusing across the subfemtoliter-sized confocal
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dye in SUVs is fairly uniform. The stan-
dard deviation in the concentration of
released dye is therefore mainly due to
the variation of loading nanoreactors with
SUVs. The high release efficiency is a
consequence of the large dilution upon
release (ca. 2000 fold) and the complete
suppression of nonspecific interactions
between the SUVs’ hydrophobic mem-
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Figure 1. Consecutive enzymatic reactions in a single nanoreactor. The external nanoreactor
surface comprises biotin for immobilization on a neutravidin-coated glass slide. Alkaline
phosphatase (AP, star) is incorporated in the nanoreactor together with two kinds of SUVs,
each loaded with a different nonfluorescent substrate for the enzyme. The first kind of SUV
(T:=23°C) is loaded with dichlorodimethylacridinone (DDAO) phosphate (dark red) and the
second kind of SUV (T,x41°C) is loaded with fluorescein diphosphate (FDP, dark green). An
increase of temperature triggers the release of the substrates in two distinct, consecutive
steps at the two corresponding phase-transition temperatures, first DDAO phosphate at 23 °C
and then FDP at 41°C. After release from the SUVs, the substrates remain confined in the
nanoreactor, where they are converted by the enzyme to their particular fluorescent products,

DDAO (light red) and FDP (light green).

volume, thus enabling us to distinguish freely diffusing dye
molecules from those encapsulated in SUVs using their
autocorrelation functions, as shown elsewhere (Fig-
ure 2d,e)."8! Figure 2d shows the autocorrelation function
G(t) of Alexa 488 dye before (black) and after (green) release
from SUVs inside individual nanoreactors. After release, no
encapsulated, slow-diffusing dye could be detected, thus
indicating a release efficiency of approximately 100%. To
demonstrate the potential of our nanoreactors for quantita-
tive chemistry, two different preparations of nanoreactors
containing SUVs loaded with either low (3.2 um) or high
(32 pm) initial dye concentration (corresponding to an
average of 1 or 13 dye molecules per SUV) were analyzed
before and after heating above 7,. Consistent results were
obtained: 1) The number of dye molecules released from
SUVs loaded with 3.2 pm was identical with the number of
SUVs before heating. As each SUV initially contained on
average one dye molecule, the releasing efficiency is close to
100%. Unheated SUVs did not show significant passive
leakage over two weeks after production. 2) As expected, the
average number of dye moleucles released from highly loaded
SUVs (average of 13 dye molecules per SUV) is ten times
higher than the number of SUVs before heating and ten times
higher than the number of dye molecules released from SUVs
loaded with one dye molecule per SUV. 3) Increasing the
concentration of entrapped dye did not affect the number of
incorporated SUVs in a nanoreactor. The encapsulation of
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brane and the hydrophilic dye. Results
shown in Figure 2d,e demonstrate the
reliability of production of the nanoreac-
tor system by SA, the substrate release,
and consequently, the final concentration
of the substrate in the nanoreactor vessel.

To demonstrate the enzymatic trans-
formation principle, a control experiment
is shown Figure 2f. Two sorts of nano-
reactors were produced and analyzed.
One was loaded with substrate-containing
SUVs together with enzyme; the other
was loaded with substrate-containing
SUVs but without enzyme. A fluorescent
lipid (ex 550, em 590 nm) inserted in the
membrane of the second sort of nano-
reactor distinguishes the two vesicle pop-
ulations. The different nanoreactors were
finally mixed, immobilized on the micro-
scope slide, and heated to release the
substrate. The fact that we observe tem-
perature-induced fluorescence changes
only in the nanoreactors which contain
enzymes confirms that the fluorescence changes stem from
the enzymatic reaction. The stable signal of the membrane
dye before and after release indicates that temperature scans
did not move the sample out of focus.

In the following, we quantitatively evaluate the enzyme
kinetics in the individual nanoreactors. Figure 3a shows the
time course of product formation (fluorescein from FDP)
inside three different nanoreactors at approximately 0.4 um
enzyme concentration. The reaction between enzyme (E) and
substrate (S) in the LUV nanoreators is described by
Equation (1), where k; and k_; are the rate constants for

O Fluorescein

S+ EmeCLep (1)
ko

formation and dissociation of the enzyme—substrate complex

(O), and k, is the rate constant of the formation of product

(P). Under our experimental conditions of relatively low total

concentrations of substrate over enzyme [S,]/[E] = 1-10, the

rate V of product formation can be described by Equation (2)

V =k, /2(([So] + [Eo] + Kn)—(([So] + [Eo] + Kn)*—4([So] [Eo]))'?)
2)

with the Michaelis constant K,.*”! From the dependence of
the rate of product formation on the total concentration of
substrate transformed (Figure 3b) and a fit with Equation (2),
we obtained values of Ky=06+02pum and k,=42+
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T/°C reactor. In Figure 3d, the red time

course shows the increase of fluores-
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cence intensity at approximately 23°C
arising form the release of DDAO
phosphate from DMPC/DMPG =4:1
SUVs (DMPC = dimyristoylphospha-
tidylcholine) and its enzymatic trans-
formation to highly fluorescent
DDAUO. The green time course corre-

= 20 LUVs
= 1 LUV
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=

sponds to the enzymatic reaction
resulting from the release of FDP
from DPPC/DPPG=9:1 SUVs and
its transformation to fluorescein. The
results shown in Figure 3c,d reveal
that the two enzymatic reactions
occurred consecutively and in a
highly controlled manner within the
same nanoreactor. The temperature
width of approximately 6°C over
which the substrate release takes
place consequently would allow the
sequential triggering of as many as
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Figure 2. Quantitatification of nanoreactor production and operational performance. Lipid com-
position of SUVs was DPPC/DPPG =9:1; that of nanoreactors was DOPG (dioleoylphosphatidyl-
glycerol). a—c) Triggered release of FDP inside nanoreactors and its conversion to a fluorescent
product by AP. Fluorescence images of nanoreactors (excitation 480, emission 520 nm; scale
bars 10 pm): Fluorescence intensity as color code on vertical axis is plotted for each pixel in the
focal plane a) before (30°C) and b) after (45 °C) release of FDP inside the nanoreactors. Initial
concentration before encapsulation is FDP 0.5 mm and AP 175 nm. c) Time course of the
fluorescence intensity inside single nanoreactors corresponding to the enzymatic conversion of
nonfluorescent substrate FDP into fluorescent product fluorescein. One reactor (squares) is
compared to the average of 20 reactors (green line). Data were extracted from a single

100x 100 pm? field of view. d),e) FCS measurements. d) Autocorrelation function G(#) of

Alexa 488 before (black) and after (green) release from SUVs inside single nanoreactors. €) In situ
quantification of the number of released dye molecules as a function of the concentration of
encapsulated SUVs and encapsulated dye molecules. Each point represents an average of several
(ca. 10) individual nanoreactors. For an initial dye concentration of 3.17 mm inside the SUVs
(average of 1.3 dye molecules per SUV), the total number of released dye moleucles (green
circles) equals the number of SUVs (black squares). A tenfold increase of the initial dye
concentration inside the SUVs to 31.7 mm while keeping the number of SUVs constant also
increased the number of released dye molecules tenfold. f) Control experiment using two sorts of
nanoreactors, one loaded with substrate-containing SUVs together with enzyme (+), the other

four reactions within a temperature
range of approximately 25°C.
Because mixing of reactants is
remotely triggered by changes in tem-
perature, the LUVs function as fully
autonomous nanoreactors without the
need for external interfacing of the
reactor (e.g. outlets and inlets or extra
fusion steps between different con-
tainers), allowing for extreme minia-
turization. We prepared nanoreactors
with controlled diameters between 1
and 10 um that enclosed cargo SUVs
with an average diameter of about
100 nm (as determined by quasi-elas-
tic light scattering and electron micro-
scopy). Consequently, we varied the
volume of our nanoreactors from 1 to

loaded with substrate-containing SUVs but without enzyme (—).

0.4 min~'. We measured very similar values (Ky=0.4+

0.2 um and k,=4.0+03 min') for the enzymatic reaction
in bulk solution under the same conditions as used in the
nanoreactors (pH value, temperature, enzyme and substrate
concentrations), thus demonstrating the high performance
and reliability of the single-nanoreactor experiments despite
the extremely small quantities of reagents used (for 1-10 um
LUVs: 1077-107"* g enzyme, 107%-107"° g substrate).

In addition to single-step enzyme reactions, the nano-
fluidic system can serve as a closed, autonomous nanoreactor
performing consecutive multistep enzyme reactions. As a
proof of principle, we prepared a system in which each
nanoreactor enclosed two different sorts of SUVs distin-
guished by different 7| and different enclosed nonfluorescent
substrates for AP, DDAO phosphate, and FDP. Figure 3¢
depicts the confocal images and the corresponding time
courses of two enzymatic reactions within one single nano-
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1000 fL, while the individual SUVs

had attoliter volumess. Though the
fabrication process is based on hierarchical SA, we had
quantitative control over both the assembly of the reactors
(concentration variability of reactants +30%) and their
operational performance (release efficiency of reactants
ca. 100%). The release of the cargo molecules from the
SUVs inside a nanoreactor could be finely controlled in
several ways leading to a stepwise addition of reactants from a
few to hundreds of molecules per nanoreactor: 1) by the
concentration of cargo molecules inside the SUVs (typically
controlled between 1 and 20 molecules per SUV), 2) by the
number of SUVs enclosed inside a nanoreactor (typically
controlled between 1 and 100 fL ™), 3) by the rate of release
of the cargo molecules from the SUVs into the lumen of the
nanoreactor. The rate can be controlled by the rate of
temperature change and might lead, in the case of fast
temperature jumps,'' to multiple cargo releases from the
same population of SUVs inside a particular nanoreactor
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Figure 3. Kinetics and multiplexing of enzymatic reactions in different
individual LUV nanoreactors within one field of view. a) Time course of
product formation for three different nanoreactors containing total
substrate concentrations [Sg]=0.5 pm (4), 2 um (@), 3 um (x). The
initial reaction rate V is determined for a particular substrate concen-
tration [Sy] inside a nanoreactor by fitting the time course of product
formation linearly after the inflection when substrate is released from
SUVs. b) Dependence of V on [S]; each data point corresponds to one
individual nanoreactor (total 8). Fitting the data by Equation (2) (green
line) yields k, and Kj,. c) Two consecutive reactions in a single LUV
nanoreactor. LUV was loaded with two kinds of SUVs, one made of
DMPC/DMPG =4:1 (DMPG = dimyristoylphosphatidylglycerol)
(T;=23°C) and encapsulating DDAO phosphate, the other made of
DPPC/DPPG =9:1 (T,=41°C) and containing FDP. Scale bar 10 um.
d) Consecutive release of the two different substrates at the different
lipid phase-transition temperatures during one temperature scan.

corresponding to repetitive titrations steps. Lipid phase
transitions can be also induced by changes of the ionic
environment (e.g. pH value, Ca®" concentration),”! pressure,
or electrical fields,” thus opening the possibility to release
reactants inside the nanoreactor isothermally and transiently.

Our technology resembles in many respects the perfor-
mance known from classical macroscopic synthetic chemistry.
The ability to add molecules repetitively in a finely controlled
manner to the nanoreactor vessel shows that titrations can be
performed on this small scale. Distinct reactions can be
initiated consecutively. The reactors are tightly sealed over
long time periods. They can be locally trapped, as demon-
strated herein, on a glass surface by specific and strong
interaction between avidin—biotin or other procedures known
from multiarray technologies.”” It has been shown elsewhere
that vesicles could also be immobilized in a reversible
manner, either chemically on surfaces® or free-floating by
using optical tweezers.””! This approach enables, in addition,
the transport of nanoreactors in microfluidic devices over
macroscopic distances without loss of enclosed molecular
components, for example to sort and collect them in nano-
factories.***! We have also shown that nanoreactors can be
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immobilized as ensembles to perform and characterize
chemical syntheses simultaneously in a highly parallel
manner. In this context, multiple optical traps offer additional
advantages for miniaturized immobilization and monitor-
ing.>*"! Apart from dramatically downscaling the consump-
tion of reagents, the lipid-based reactors are compatible with
many cellular biochemistries. This feature offers the possibil-
ity to combine the artificial lipid vesicles with cell-derived
native vesicles, which carry both cellular membrane and
cytoplasmic components.”®! One or the other sort of vesicle
could be used as nanoreactor or SUV, thus opening new
possibilities for synthetic biology. The feature that our
nanoreactors are totally autonomous, enclosing smaller
entities which can selectively release their cargo upon a
trigger to initiate complex reactions, resembles cells with
intracellular compartments (organelles) and thus adds an
essential component for constructing artificial cells by self-
organization.””

Experimental Section
See the Supporting Information for details.
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