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Abstract

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is an important technique for
studying chemical composition of micrometer scale objects due to its high spatial resolution
imaging capabilities and chemical specificity. In this work we focus on the application of ToF-
SIMS to gain insight into the chemistry of micrometer size liposomes as a potential model for
neurotransmitter vesicles. Two models of giant liposomes were analyzed: histamine and aqueous
two phase system (ATPS)-containing liposomes. Characterization of the internal structure of
single fixed liposomes was done both with the Bis* and Cgo* ion sources. The depth profiling
capability of ToF-SIMS was used to investigate the liposome interior.
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Introduction

Liposomes are phospholipid bilayer vesicles, which resemble cellular organelles. Due to
their biodegradable and biocompatible nature, they have found applications in a wide range
of fields such as drug delivery, gene therapy, cosmetics and food technology.[1-3]

ToF-SIMS is a prominent analytical technique to study the chemistry in a vast spectrum of
biological samples such as tissues, =61 cells,[7:8] sub-cellular compartments,[¥] as well as
organisms,[10.11] pharmacological systems,[12] drug delivery,[13] and metabolite
pathways.[14] The capability for three-dimensional imaging of organics is achieved by
employing cluster ion sources such as Cg[15] and gas cluster ion beams.[16-18]

In this paper, we have investigated the interior of liposomes as a model system for carriers
of variety of chemicals.[*~3: 191 Two separate systems have been employed: (1) histamine
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encapsulating liposomes[19:20] representing one compartment and (2) liposomes containing
an aqueous two phase system (ATPS) composed of dextran and poly (ethylene glycol)[21] as
a two compartment liposome model. Mass spectrometric imaging and depth profiling was
done with single beam Cgo* on a J105 — 3D Chemical Imager[’] and in dual beam mode
using Cgo®* for etching and Bis™ for analysis on a TOF.SIMS V instrument. The former
instrument allowed us to analyze the histamine peak relative to silicon, whereas the latter
one allowed us to acquire high spatial resolution images of lipid membrane and poly
(ethylene glycol) in the liposome model.

Experimental

Materials

1.2-dipalmytoil-sn-glycero-3-phosphocholine (DPPC), cholesterol (ovine wool), L-a-
phosphatidylcholine (Soy PC), 1.2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(sodium salt) (DPPG) and Avanti Mini-Extruder were purchased from Avanti Polar Lipids,
Alabama. Histamine dihydrochloride, poly (ethylene glycol) (PEG, MW 8000), dextran
(from Leuconostoc spp. MW 450000-600000) were obtained from Sigma-Aldrich, Sweden.
Whatman nucleopore track-etched polycarbonate membranes, pore size 5 um and Thermo
Scientific Slide-A-Lyzer Dialysis Cassettes (10K MWCOQO) were purchased from Fisher
Scientific, Sweden.

Sample preparation

1. One compartment liposome model (histamine-containing giant liposomes)[19] A
chloroform solution of lipids containing a 9:1 molar ratio of DPPC to cholesterol,
total lipid at 12.3 mg/mL, was vacuum desiccated for 2 h. The lipid cake was
rehydrated with 5 mL 0.5 M histamine dihydrochloride solution for 30 min at room
temperature. Liposomes were then exposed to five freeze-thaw cycles in a freezer
(-80 °C) and warm water bath. The liposomal suspension was extruded over the
polycarbonate membrane 21 times at 70°C. Excess histamine dihydrochloride was
excluded by dialysis with MQ water for 2 h. The liposome suspension was then
diluted 2-fold with MQ water, placed onto a clean silicon wafer and dried under
atmospheric pressure at room temperature. The liposomes were visualized under
transmitted light using differential interference contrast (DIC) microscopy with an
Olympus 1X-71 microscope showing they had diameters between 3 and 5um.

2. Two-compartment liposome model (ATPS-containing giant |iposomes)[21] were
prepared by mixing Soy PC and DPPG at molar ratio 9:1 (5 mg/mL; total lipids).
The lipid mixture was evaporated for 3 h under vacuum before hydration for 12 h at
40°C with 2 mL 4 % PEG/4 % dextran. The liposome suspension was phase
separated at 4 °C and liposomes were collected through the PEG-enriched phase
from the interface of two phase separated polymers (Fig. 3(b)). Liposome size was
determined visually (10-30 pm in diameter). Sample freezing and freeze-fracturing
was done as previously described.[?2]
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TOF-SIMS analysis

ToF-SIMS analysis was performed on a TOF.SIMS V instrument (ION-TOF GmbH,
Germany) and a J105 - 3D Chemical Imager (lonoptika Ltd, UK).

TOF.SIMS V analysis—A Bi,* LMIG was employed for imaging and a Cgp* ion source
for sample sputtering. Data were recorded in positive ion mode with extraction voltage 2000
V and charge compensation was performed by flooding with low energy electrons. Spectra
were acquired using Big* primary ions (25 keV) in burst alignment imaging mode[23] with a
100 ns primary ion beam pulse width. Depth profile analysis was done in burst alignment
model23] with Bis* primary ions (pulsed current measurement with current value of 0.25
pA) for imaging and Cgo3*i n d.c. mode (30 keV, current 0.2 nA) for sputtering.

J105 - 3D Chemical Imager analysis—A 40 keV Cgg* primary ion beam in the
positive ion mode was used. The instrument employs a quasi-continuous primary ion beam
to produce a stream of secondary ions. The secondary ions are compressed using a linear
buncher to produce a tight packet of ions at the entrance to a quadratic field reflectron. The
mass resolution is dependent on the tuning of the buncher and not the ion formation process.
An extraction voltage of 1000 V, over an extraction gap of approximately 7 mm, was used.
Electron flooding was not employed.

Results and discussion

In order to establish the most suitable methodology for mass spectrometric imaging of the
liposomal interior, two different samples were prepared and analyzed by ToF-SIMS.

Histamine-encapsulated giant liposomes were designed as our first liposome model to allow
imaging of the chemical messenger, histamine, inside an individual liposome with the J105.
For experimental simplicity, we have studied dry liposomes at room temperature. Figures
1(a—d) represent molecular chemical maps of dry liposomes acquired by analyzing whole
liposomes. A series of images (layers) were acquired with the spectral dose density of 2.42 x
1012 jons-cm~2/layer. The total dose density to completely remove the liposome was 1.21 x
101 jons-cm2 (5 layers). The lipid head group, phosphatidylcholine (PC) with m/z 184, is
observed showing the lipid membrane and the histamine fragment with m/z 112.1 inside the
liposome which is shown clearly as a color overlay (Fig. 1(a)). This evidence suggests that it
is possible to image liposomal content. A typical mass spectrum for the dry histamine-filled
liposomes is reported in Fig. 1(e). At the nominal mass m/z 112 there are two different peaks
which, when imaged, localize at two different locations (Fig. 1(c,d)). From the calculation of
exact masses, the inorganic peak m/z111.9 is assigned to the silicon (Fig. 1(c)), which is
present as the substrate around the liposomes, whereas the peak at n/z112.1 is localized in
the liposomes and represents the histamine fragment (Fig. 1(d)). Thus, the mass spectrum
with two well-resolved masses 0.2 amu apart, allows us to state that we are able to image
this type of sample with good mass and spatial resolution.

We next introduced a more complex two compartment liposomal sample containing an
internal morphology. For this purpose, liposomes containing an ATPS made of PEG and
dextran polymers have been used. Figure 2(a) shows the DIC image of such a liposome
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where polymer phases are distinguishable. The dextran-rich phase located in the center of
the liposome appears to project out of the image plane due to higher concentration of
optically active dextran. Further, the sample was freeze-fractured to provide a frozen-
hydrated state in order to avoid redistribution of the lipid membrane and other
components.[?4] The mass spectrometric images were acquired with the TOF.SIMS V with
accumulated dose density of 3.21 x 1013 Biz*/cmZ. Based on ToF-SIMS analysis of polymer
standards, it was determined that the most abundant fragments for PEG were fragments with
Mz 45 and my/z 87 while the most intense dextran fragment was myz 127. The assigned
fragments for PC were nvVz 86 and 184. The ion images of the PC and PEG fragments are
shown in figures 2(d—f) and a color overlay of m/z 86 and 87 fragments in figure 2(b). A
morphological pattern similar to that shown in a DIC microscopic image of a similar ATPS
containing liposome (Fig. 2(a)) is also observed in the ion images (Fig. 2(b—f)). Both PC ion
fragments (m/z 86 and 184) originate from the lipid membrane. In biological systems, only
fragment m/z 224.1 is specific for PC and is distinguishable from sphingomyelin.[4] In our
model system the assigned fragments for PC, nVz 86 and nvz 184, were used to determine
lipid membrane, as in the liposome preparation we do not employ sphingomyelin, and we
are interested in the liposomal content. To apply SIMS imaging to probe the membranes of
neurotransmitter vesicles, only fragment nvVz 224.1 is truly specific for PC. Signal
originating from PEG with nvVz 87 is more intense in the central part of the imaged feature
(Fig. 2 (f) and SI1 (supporting information)) suggesting that PEG was localized in a specific
portion of the liposome interior. Comparison to the total ion signal indicates that this
localization is due to chemical changes and not the morphology of the vesicle. Furthermore,
the freeze-fractured frozen-hydrated ATPS liposome was depth profiled using the
TOF.SIMS V where analysis was performed using Bis* and for etching were used Cgp3*
ions. Several characteristic fragments were monitored while sputtering through the sample
(dextran m/z127, PEG m/z 45 and PC m/z 184). Figure 3 shows the depth profiling data
across the entire liposome and a few features are noteworthy. Considering the accumulated
etch dose density of 1.87 x1014 jons-cm™2, sample nature, and Cgo3* organic depth profiling
data obtained by Shard et al.,[2%] it is estimated that the erosion depth was approximately
350 nm. According to the previously reported studies, the lipid bilayer thickness is
approximated to be 5 nm.[26.:271 Qur depth profiling data (Fig. 3(a)) shows that PEG signal
has the highest intensity in the beginning of profile acquisition showing that liposomes were
embedded in the PEG-enriched environment. Further, a sharp rise in the signal for the PC
fragment at m/z 184 showed the location of the lipid membrane and a rise in the m/z 45 peak
was related to the PEG phase within liposome, continued etching then revealed the dextran
core. These data suggest that the etching occurred in the fraction of liposomal volume where
the dextran core is close to the lipid membrane (Fig. 2(a) and 3(b)). Thus, depth profiling
allowed us to probe into a liposome and to determine the lateral morphology of the liposome
interior with chemical specificity.

Conclusion

We have shown that the ToF-SIMS technique is capable of generating 2D images and depth
profiles of the inner morphology of micrometer-sized liposomes allowing us to determine
the microcompartmentation. Acquisition of 2D images of one compartment liposome model
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demonstrate that we can laterally probe the interior composition of the liposome, whereas
the experiments to depth profile the more complex two compartment liposomes show that
we can distinguish internal morphology. Therefore we suggest the application of ToF-SIMS
for imaging the compartments inside liposomal models and our future work will focus on
imaging the distribution patterns of neurotransmitters in and laterally across cellular vesicles
with ToF-SIMS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
One compartment liposome model (histamine-containing giant liposomes) imaged with a

J105 -3D Chemical Imager. Data shown are from the second layer of analysis after the first
image acquisition removed the surface of the sample exposing the liposome interior.
Acquisition time: 22 min/layer; pixel resolution of 500 nm/pixel, analysis area: 130 x 130
um?2; 256 x 256 pixel images were acquired with a primary ion dose density of 2.42 x 1013
ions-cm~%/layer. a) An overlay of PC (nmVz 184.1, red), silicon (m/z 111.9, blue) and
histamine (m/z 112.1, green). b) lon image of PC at m/z184.1. c) lon image of silicon at m/z
111.9. d) lon image of histamine at m/z112.1. e) Mass spectrum from image showing the
two peaks at m/z112.

Surf Interface Anal. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lovri¢ et al.

Figure 2.
Two compartment liposome model (ATPS-containing giant liposome) imaged with a) DIC,

and b)—f) the TOF.SIMS V. Acquisition time: 360.45 s; FoV: 42 x 42 um?, pixel resolution:
195 nm/pixel. Detail: b) An overlay of PC (nV/z 86, red) and PEG (m/z 87, green). c) Total
ion image. d) lon image of PC at m/z 184. ¢€) lon image of PC at m/z 86. f) lon image of PEG
at m/z87. All images are binned (4 pixels).
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Figure 3.

Depth profile of two-compartment liposome model across the ATPS containing giant
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liposome. a) ToF-SIMS sputter depth profile acquired with the TOF.SIMS V. Acquisition
time: 97.16 s; fluence: 3.33 x 1013 Biz*/cm?; FoV (Bis*): 105 x 105 pm?2; FoV (Cgp3*): 200
x 200 pm2. b) Schematic of liposome embedded in frozen PEG-enriched phase. c) Depth
profile was reconstructed from the specific region of interest.
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