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Abstract. Spatially confined and precise time delivery of neuroactive molecules is an important issue in neuro-
physiology. In this work we developed a technique for delivering chemical stimuli to cultured neurons consisting
in encapsulating the molecules of interest in liposomes. These vectors were then loaded in reservoirs consisting
of glass capillaries. The reservoirs were placed in the recording chamber and single liposomes were trapped and
transported out by optical tweezers to the site of stimulation on cultured neurons. Finally, the release of liposome
content was induced by application of UV-pulses, breaking the liposome membrane. The efficiency of encapsu-
lation and release were first evaluated by loading the liposomes with fluorescein. In order to test the effect of the
UV-induced release, liposomes with diameter ranging from 1 to 10 μm (fL to pL volumes), were filled with KCl
and tested on neuronal cells. Neuronal cultures, loaded with Ca2 + dye, were monitored by imaging intracellular
Ca2 + . An efficient release from the liposomes was demonstrated by detectable calcium signals, indicating stimu-
lated depolarization of the neuronal cells by KCl. The present technique represents an alternative method for focal
chemical stimulation of cultured cells that circumvents some of the limitations of microejection and photorelease
of caged compounds. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3616133]
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1 Introduction
The study of the synaptic function in the nervous system, in-
cluding synaptic integration, development, and plasticity, and
the investigation of fast desensitizing receptor kinetics are very
often limited by the impossibility of properly mimicking the
process of chemical release occurring in neuronal cells.1 Phys-
iological chemical stimuli (release of neurotransmitters, neuro-
modulators, or neurotrophins) are characterized by fast release
of small volumes, or even single molecules in spatially confined
areas. The delivery of volumes in the range of femtoliters with
sub-micron spatial precision would be therefore very useful, and
would also provide a way to explore amplification mechanisms
underlying metabotropic cascades by measuring cell global re-
sponses to the binding of single molecules.

Different techniques, that allow the stimulation of specific
neuronal compartments (axons, somata, dendrites, and spines),
have been developed with the aim of releasing chemical com-
pounds noninvasively at sub-micron spatial resolution, with mil-
lisecond time precision and tight control of the volume released.
Conventional methods for focal chemical delivery include
puffers and microejectors2, 3 that allow delivering nanoliters to
picoliters of most of soluble drugs from glass micropipettes
by pressure pulses. However, microejection techniques do not
allow strict control of volumes released and present the risk
of leakage from the micropipette. Moreover, ejection under
pressure pulses produces spillover of the solution over large
areas and can induce mechanical disturbance. The kinetics of
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delivery in these conditions definitely differs from physiological
conditions. All in all, though technically straightforward, these
methods do not appear suitable for single synapse stimulation
or measurements of fast desensitizing receptor currents.

In order to obtain spatially restricted and faster stimulation,
the method of photoactivation of caged compounds has been
more recently developed becoming the most popular tool for
focal stimulation of single synaptic sites.4, 5 Photoactivation of
caged compounds has the main advantage to be applicable for
both extracellular and intracellular stimulation. Moreover, the
temporal resolution of delivery is very high, ranging from sub-
microseconds to milliseconds and the location of the release is
restricted to the area of incidence of the uncaging light.6

However, most of the caged compounds turned out to produce
undesired side effects, being able to block both glycine and
gamma-aminobutyric acid receptors7 and, up to now, there is no
practical availability of caging of most of neuroactive molecules,
precluding a large number of applications.

Recent methods circumvent the intrinsic limitations of
the caging synthesis encapsulating molecules in micro/nano-
sources and liposomes.8, 9 High time and spatial precision of
delivery can be reached using these vectors in combination
with optical manipulation and photolysis. In particular, Sun and
Chiu9 demonstrated a method to stimulate CHO-M1 cells with
carbachol molecules encapsulated in liposomes and released
by membrane photolysis. Here, we present a development of
this technique consisting in local delivery of KCl from single
liposomes to stimulate neuronal cells in culture. We show that
neuronal activity at a single cell level can be evoked using
this technique. Another advantage is the combination of a
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straightforward preparation with high spatial and temporal
precision of delivery to neurons.

For the preparation of liposomes, phospholipids were
dissolved at the concentration of 10 mg/mL in a solvent
composed of chloroform:methanol (2:1, v/v). The phospholipid
composition was the following: Cholesterol: 9 μmol, L-α-
Phosphatidylcholine: 63 μmol, Stearylamine: 18 μmol (Sigma-
Aldrich, cat. N. L4395). Liposomes were obtained using the
lipid film hydration method.10 Aliquots of the phospholipid so-
lution were dried in vacuum overnight. The obtained lipid films
were finally hydrated with the solution to be encapsulated (KCl
100 mM, Sucrose 100 mM). After a brief incubation, lipo-
somes were formed. Liposomes were then gently centrifuged
(5000 rpm × 3 min) and rinsed three times with an isotonic
solution [physiological buffered saline, (PBS)]. Sucrose
100 mM was added to the hydration solution to improve
liposome wash and to favor the trapping of large liposomes as
previously reported.11 The size distribution of the liposomes
was 6.30 ± 4.04 μm. We could observe the presence of both
multi- and mono/oligo-lamellar vesicles, based on qualitative
optical criteria, i.e., shape and rim size. The stability was tested
by filling the liposomes with fluorescein and maintained for
days. Liposomes were finally charged in rectangular capillaries
(Vitrotubes, #5005, VitroCom, New Jersey) and subsequently
transferred to the recording chamber. This allows selection
of a single liposome from the capillary and positioning it at
the site of interest. Considering the very low permeability
(10− 11 cm/s) (Ref. 12) of the K+ cations across the phospho-
lipid membranes at room temperature, which is well above the
melting phase transition temperature of phosphatidylcholine,
we can assume that the encapsulated aqueous solution has the
same concentration as the rehydrated one and leakage of K+

ions is negligible. Moreover, after hydration in KCl solution,
the liposomes were washed and quickly used in experiments,
so that leakage of K+ cations through the lipid bilayer could be
definitely excluded. Preparation of (Ca2 + ) ions encapsulated
in liposomes has been previously reported13 and the ion
concentration of the encapsulated solution was estimated to be
the same as that of the rehydration solution in bulk.

Although a quantitative method for the evaluation of the en-
capsulation efficiency was proposed using photolysis and confo-
cal microscopy of individual liposomes,14 this technique allows
only measurement of fluorescent molecules that was not the case
of KCl.

Cell cultures were obtained from hippocampi dissected from
P0-P1 rats, in accordance with the regulation of the Italian An-
imal Welfare Act, and under the approval of a local veterinary
service. Cells were plated at the concentration of 105 cells/mL
on glass bottom petri-dishes, coated with polyornithine and 2%
Matrigel (BD Biosciences). Neuronal cultures were maintained
in an incubator at 5% CO2, 95% moisture, and 37 ◦C in mini-
mum essential medium with Earle’s salts and Glutamax I (MEM,
Life Technologies, Invitrogen) with 10% FBS (Gibco), 35 mM
D-glucose (Lancaster), 14 mM Hepes (Sigma), 1 mM vitamin
B12 (Sigma), 0.36 mM d-Biotin (Sigma), 30 μg/mL insulin
(Sigma), 100 μg/mL bovine transferrin (Sigma), and antibiotics
(Euroclone). The medium was changed every two days. Cultures
were used after five to seven days in vitro.

Single liposomes were optically trapped and transported out
of the reservoir to desired sites in the proximity of the cultured

neurons by means of a custom IR optical tweezers implemented
on an inverted microscope Nikon Eclipse TE-2000-E. The colli-
mated TEM00 beam from a 1064 nm continuous wave Yb fiber
laser (YLM-5, IPG Photonics GmbH, Burbach, Germany) was
aligned with the optical axis of the microscope and directed
into the objective lens to form the trap in its focus. Powers be-
tween 10 to 20 mW at the sample were used to trap individual
liposomes. After selection in bright field imaging, a single lipo-
some was trapped. With the liposome fixed in the trap, the stage
was moved laterally to position the liposome at the desired site
[Fig. 1(a)]. The vertical position could also be adjusted mov-
ing the objective. To achieve optimum trapping at long working
distances (WD), the objective lens (100×, NA = 1, WD = 1)
was chosen. This allowed the trapping of the liposome inside
the capillary and the ability to keep it fixed in the trap during
transportation outside. The release of liposome content was in-
duced by breaking the vesicle membrane with short UV laser
pulses (wavelength 355 nm, energy <1μJ / pulse, pulse dura-
tion <0.5 ns, repetition rate <5 kHz), using a microdissection
system (MMI-CellCut Plus, MMI, Zurich, Switzerland) imple-
mented on the same microscope. After liposome rupture, the
two lasers were switched off and the sample was monitored in
epi-fluorescence mode.

Ca2 + imaging experiments were performed in epi-
fluorescence using a blue excitation filter block (B-2A, Nikon).
The fluorescence images were recorded with a CCD camera
DVC-1412AM (DVC Company, Austin, Texas). Frames
(174 × 130 pixels in 8 × 8 binning mode) were collected at
the rate of 22 Hz at 12-bits. Stock solution of the calcium dye
Oregon Green 488 BAPTA-1-AM (OGB-1-AM, Molecular
Probes O-6807) was prepared in dimethyl sulfoxide. Cell
cultures were then incubated for 30 min with 1.5 μM of the
Ca2 + dye. After incubation, neuronal cultures were washed and
transferred on the stage of the microscope. Measurements were
performed at 37 ◦C. Data were analyzed with software ImageJ
and Matlab (Mathworks, Natick, Massachusetts). Increases of
Ca2 + are expressed in relative fluorescence changes (DF/F) as
described in Ref. 15.

Liposomes with dimension ranging from 1 to 10 μm were
produced as previously described. The efficiency of encapsula-
tion and subsequent release induced by the UV pulse, was first
qualitatively evaluated [Figs. 1(b) and 1(c)].

Liposomes were encapsulated with 1 mM fluorescein
and collected in a reservoir consisting of a rectangular glass
capillary. The reservoir was introduced in the recording
chamber and a single liposome was optically trapped, posi-
tioned, and visualized both in bright field and epi-fluorescence
[Fig. 1(b)]. The fluorescence signal originated from the lipo-
some allowed us to check the correct encapsulation [Fig. 1(b),
left]. After UV-pulse delivery, fluorescence disappeared from
the liposome demonstrating complete depletion of fluorescein
and a shape rearrangement of the vesicle induced by the
microdissection occurred [Fig. 1(b), right]. The fluorescence
signal from a large vesicle in close vicinity was not influenced
by the UV pulse [Fig. 1(b)], demonstrating single vesicle
photolysis.

For mono/oligo-lamellar vesicles of 1 to 10 μm, i.e., the range
used in our experiments, the efficiency of triggering release was
100%, while multi-lamellar vesicles often required separated
and repeated UV trains.
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Fig. 1 Optical manipulation and dissection of a single liposome and
characterization of the efficiency of encapsulation and release. (a) A
selected liposome inside the capillary is first fixed in the optical trap
(top) and then placed to the specific site near the cells by moving the
stage and microscope objective (black arrows). A short train of UV
pulses breaks the liposome to deliver the content to the surrounding
environment (bottom). (b) Simultaneous bright field and fluorescence
images before (left) and after (right) UV-pulse release from a liposome
containing 1 mM fluorescein. (c) A fluorescent liposome was optically
trapped and brought in the vicinity of cultured neuronal cells treated
with OGB-1-AM. Fluorescence was measured before and after the UV-
induced release, allowing to test the efficiency of encapsulation and
subsequent release.

Liposome content could be released in the proximity of neu-
rons without damage. As shown in Fig. 1(c), the fluorescent con-
tent of a single liposome positioned close to a group of neuronal
cells stained with OGB-1-AM, was released. The fluorescence
signal from the vesicle disappeared, revealing complete release
of the liposome content, while the baseline fluorescence signal
from the Ca2 + dye stained neurons was still present.

Subsequently, the effect of release from liposomes was
tested on neuronal cells in culture [Fig. 2(a)], by releasing
encapsulated KCl. Neuronal responses were monitored with a
Ca2 + imaging technique, by loading the cells with OGB-1-AM.
From the baseline fluorescence (not shown) it was possible to
identify the contribution of single neurons and associate them

Fig. 2 Optical delivery of high KCl to neurons and simultaneous
measurements of Ca2 + elevation responses by fluorescence imaging.
(a) Bright field images of cultured hippocampal neurons before (left)
and after (right) the positioning of a single liposome (black arrow) en-
capsulated with KCl 100 mM. (b) Time dependence of DF/F, calculated
from cells 1 and 2 as indicated in (a). Left traces report spontaneous
fluctuations of Ca2 + fluorescence in absence of external stimuli (con-
trol), while right traces were recorded after UV-pulse induced KCl re-
lease (KCl). The presence of an artifact (arrow) indicates the time of
release. (c) Three images reporting the values of DF/F expressed in
pseudo-colors, over the area indicated in the box of panel (a) for the
time points t1, t2, and t3 as indicated in (b).

to different regions of interest. The activity was monitored
by calculating the value of DF/F over time. Cells were first
monitored for a few minutes before the stimulation in order
to obtain a control on the spontaneous activity [Fig. 2(b), left
traces, numbers 1 and 2 refers to the cells indicated in Fig. 2(a),
left]. After this period, a single liposome with a suitable volume
was selected in the reservoir by visual inspection. The liposome
could be trapped with the optical tweezers, and by moving
the microscope stage it could be positioned at the location of
interest as indicated by the arrow in Fig. 2(a). The liposome was
then cut by UV dissection while monitoring fluorescence signals
from the neuronal culture. In order to avoid any disturbance on
the measurements of fluorescence emission from the Ca2 + dye,
fluorescein was not included in these experiments. Following
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Fig. 3 Photolysis of control liposomes containing PBS. (a) Bright field
(left) and fluorescence image (right) of a neuronal culture treated with a
control liposome containing PBS. (b) Time dependence of DF/F, calcu-
lated from cells 1, 2, and 3 as indicated in (a). Left traces report sponta-
neous fluctuations of Ca2 + fluorescence in absence of external stimuli,
while right traces were recorded after UV-laser photolysis of a control
liposome [(a), arrow]. The artifacts indicate the time of release (arrow).

the dissection of the liposome the time dependence of DF/F me-
diated over the different cells showed a large increase, followed
by a return on the baseline level [Fig. 2(b), right] denoting a
depolarization induced Ca2 + influx originated by the release of
KCl. DF/F images [Fig. 2(c)] were also calculated at different
time points [t1, t2, t3, indicated in Fig. 2(b), right]. These data
show the distribution of activation within the area corresponding
to the neuronal cells. Differences in cell responses [Figs. 2(b)
and 2(c)] can be ascribed to the heterogeneity of the intrinsic
electrical properties of the neurons present in the cultures
and to the presence of both inhibitory and excitatory synaptic
connections that influence the electrical activity. Altogether,
these results confirm the possibility of focal delivering chemical
stimuli to neuronal cells through release from liposomes. In
order to exclude artifacts from the UV treatment of the lipo-
somes, control experiments were done by delivering PBS from
liposomes. No response was observed after the PBS release,
induced by UV pulse (Fig. 3). This control also excluded the
possibility of any effect of the specific lipid composition of the
liposomes on the neurons, as membrane-distorting effects.

Intracellular drug delivery through liposomes is a widely dif-
fuse technique that exploits the fusion of liposomes in the cel-
lular membrane.13, 16–19 Here, alternatively, using micrometric
vesicles as vectors, we extended a technique previously intro-
duced by Sun et al.9 to deliver extracellular chemical stimuli
to morphologically complex cells as neurons are. We demon-
strate the possibility of local stimulation of hippocampal primary
neuronal cultures, a model system composed of cells of com-
plex morphology, synaptically connected in a network. We also

show that neuronal electrical activity can be evoked with this
technique, which opens new opportunities for the electrophysi-
ological investigation of neuronal receptors and ion channels.

A main advantage of the method is the possibility to accu-
rately measure the volume of the liposome, that ranges from
femtoliters to picoliters for liposomes ranging from 1 to 10 μm,
and consequently, to estimate the amount of molecules released,
given the concentration. The time precision of delivery is sub-
ms, although, the distance from the delivery point must be taken
into account to provide a correction of both the actual concen-
tration and precise occurrence of the stimulus.8

Another advantage consists in the procedure of liposome
production and encapsulation that is very simple and does not
require expensive equipment. Moreover, the amount of drug
solution that is necessary for the encapsulation procedure can
be kept very modest, allowing to perform experiments on a
large number of neurons with reduced cost for pharmacological
agents. Finally, since the procedure allows only local chemical
stimulation, several experiments can be performed on the same
chamber, allowing performance of experiments with reduced
sample to sample variations and limited animal sacrifice.
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