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Abstract

Liposomal nanocarriers are intensively investigated as delivery vehicles for photoactivatable agents used in
photodynamic therapy (PDT). The uptake, intracellular distribution, and processing of the nanocarriers are
of paramount importance for the effectiveness of the therapy; visualization and analysis of these processes
can, therefore, stimulate the development of improved PDT modalities. Here we describe a simple
protocol, based on super-resolution imaging, that can be used for detailed quantification of concentration,
distribution, and size of individual lipid nanocarriers in adherent mammalian cells.
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1 Introduction

During the last decade, photodynamic therapy (PDT) has received
considerable amount of interest as a selective anticancer approach.
However, several drawbacks prevent PDT from being routinely
applied. Most of these drawbacks relate to the poor intra-tumoral
delivery of photosensitizer molecules [1]. To overcome this prob-
lem, intensive efforts are directed towards the development of
photosensitizer nanocarriers serving as drug delivery agents
[1, 2]. The incorporation of photosensitizers into liposomes has
been shown to be a promising approach, but a deeper understand-
ing of how these carriers perform their role is required for optimal
utilization in PDT.

All liposomes share the common trait that their cellular uptake
depends on their interaction with membranes of target cells. There-
fore, the ability to visualize and study the behavior of nanocarrier-
originating lipids in tumor cells can provide a deeper understanding
of nanocarrier performance. By incorporation of a compatible
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fluorophore in the liposome of interest, the behavior of the nano-
carrier with respect to lipid dynamics can be observed with the use
of various microscopic imaging techniques, including super-
resolution by ground-state depletion followed by individual mole-
cule return (GSDIM) microscopy [3, 4]. Earlier studies have
indeed demonstrated the benefits of visualizing lipid nanocarriers
[5, 6], including fluorescence microscopy and super-resolution
microscopy techniques [7–10].

Here, we provide a simple protocol for visualizing and analyz-
ing the subcellular localization and morphology of nanocarrier-
originating lipids at nanometer resolution with the use of GSDIM
super-resolution microscopy. GSDIM is mostly realized on cells
attached to glass coverslips. Other setups are possible, such as
imaging tissue samples, but require adapted protocols. For these
reasons, only the protocols for cells plated on coverslips are
described here. This method, based on a previously reported tech-
nique and protocol [11], can yield information on membrane-
nanocarrier interactions, supporting the development of lipid
nanocarriers for PDT.

2 Materials

Store all materials at room temperature unless stated otherwise.

2.1 UltraClean

Coverslips

1. Coverslips, 24-mm diameter, thickness #1.5 (0.16–0.19 mm).

2. 2 M HCl.

3. 0.1 M Na2B4O7, pH = 8.5.

4. 2 M NaOH.

5. 20% H3PO4; Warning: This reagent is highly toxic, so use
appropriate protection.

6. 70% High-grade ethanol.

2.2 Fluorescently

Labeled Liposomes

The versatility of this protocol was validated by using different
formulations of endothelium-targeting liposomes (ETLs), in
which phosphatidylcholine (PC) conjugated to the fluorophore
nitrobenzoxadiazole (NBD) was added at the expense of dipalmi-
toylphosphatidylcholine (DPPC) as described elsewhere [12, 13].

2.3 Paraformal-

dehyde Fixation

1. Phosphate-buffered saline (PBS), pH = 7.4, CaCl2/MgCl2-
free.

2. 4% Paraformaldehyde (PFA), methanol-free.

3. 0.5% Triton X-100 in PBS.

4. 5% Bovine serum albumin (BSA) in PBS.
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2.4 Immunolabeling 1. 5% BSA.

2. Primary and secondary antibodies, prepared as specified by the
manufacturer.

3. 0.1% Tween-20.

4. Parafilm.

2.5 OxeA Imaging

Buffer

1. Sodium DL-lactate, 60% solution: Store 100 μL aliquots at
4 �C.

2. 0.5 M Monoethanolamine (MEA), pH = 8: Store 110 μL
aliquots at �20 �C.

3. 5 M NaOH.

4. OxyFluor (Sigma-Aldrich): Store 40 μL aliquots at �20 �C.

5. PBS.

2.6 Sample

Mounting

1. Chamlide CM-B25-1 magnetic chamber (Live Cell Instru-
ment, Seoul, Korea).

2. Heavy mineral oil.

3 Methods

Carry out all procedures at room temperature unless specified
otherwise. Prepare and store all reagents at room temperature
unless indicated otherwise. Prepare all solutions using ultrapure
water. The fixation, labeling, and imaging solutions should always
be freshly prepared from stock solutions.

3.1 Preparation of

Ultraclean Coverslips

1. See Note 1 for the rationale of preparing ultraclean coverslips.

2. Place coverslips in a clean glass petri dish.

3. Immerse in 2 M HCl overnight.

4. Wash with ddH2O.

5. Immerse in 0.1 M Na2B4O7 (pH = 8.5) for at least 2 h.

6. Wash with ddH2O.

7. Immerse in 2 M NaOH for at least 2 h.

8. Wash with ddH2O.

9. Immerse in 20% H3PO4.

10. Wash with ddH2O.

11. Store in 70% ethanol (high grade).

12. Each of the reagents can be reused for up to 10 procedures.
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3.2 Plating Cells and

Incubation with

Liposomes

1. Place ultraclean coverslips in the wells.

2. Wash with 2 mL PBS per well to remove residual ethanol.

3. Seed a number of cells that are required to reach about 60%
confluence on the day of the experiment.

4. Incubate cells for 24 h.

5. Expose cells to liposomes by replacing culture medium with a
pre-dilution of liposomes in culture medium.

3.3

Paraformaldehyde

Fixation

1. Wash the cells with 2 mL PBS.

2. Fix with 2 mL 4% PFA for 10 min.

3. Wash twice with 2 mL PBS for 5 min.

4. Incubate with 2 mL 0.5% Triton X-100 in PBS for 10 min.

5. Wash twice with 2 mL PBS for 5 min.

6. Incubate for at least 1 hour in 2 mL 5% BSA in PBS.

7. Proceed to the labeling steps.

3.4 Immunostaining

(Optional)

1. See Note 2 for general consideration regarding immunostain-
ing in super-resolution light microscopy.

2. Incubate with primary antibody in 5% BSA in PBS.

3. Wash twice with 2 mL 0.1% Tween-20 in PBS for 5 min.

4. Incubate with secondary antibody in 5% BSA in PBS as stated
in step 1.

5. Wash twice with 2 mL 0.1% Tween-20 in PBS for 5 min.

6. Store the sample in 2 mL PBS. Protect from light.

3.5 Preparation of

OxeA Imaging Buffers

1. See Note 3 for the rationale and practical considerations
regarding the imaging buffers.

2. Add 50 μL of MEA to a 1.5 mL tube containing 100 μL of
sodium DL-lactate.

3. Add 3 μL of NaOH.

4. Add 15 μL of OxeA.

5. Add 350 μL of PBS.

6. Mix well.

3.6 Imaging Setup 1. Mount a coverslip on the magnetic ring holder.

2. Wash the sample with 500 μL of imaging buffer and subse-
quently cover the sample with 500 μL of imaging buffer to
prevent dilution of the buffer.

3. Cover the imaging buffer with 500 μL of heavy mineral oil (see
Note 4).

4. Place the ring on the stage of the microscope.
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5. Allow the sample to settle for about 15 min to minimize drift
during image acquisition.

6. Proceed to image acquisition as recommended by the micro-
scope manufacturer.

7. See Note 5 for an example image and its interpretation.

4 Notes

1. Coverslips are coated during the manufacturing process to
prevent sticking during storage. Removing this layer by wash-
ing the coverslips with several reagents reduces background
noise and improves image quality.

2. Aspecific labeling appears more pronounced in super-
resolution light microscopy compared to other light micros-
copy methods. We therefore advise to optimize antibody con-
centration and incubation time for optimal results. In general,
we obtained satisfying results by limiting incubation times for
the first and secondary antibodies to 45 and 30 min, respec-
tively. To perform the antibody staining, place a 60 μL droplet
of antibody solution on a Parafilm layer. Use a bent injection
needle to wedge the coverslip off the bottom of the 6-well plate
and use forceps to gently place it on the droplet. The cells
should be in contact with the labeling solution. Do not press
on the coverslip. Cover the coverslip with an opaque lid. After
incubation, use the forceps and needle to place the coverslip
back into the 6-well plate.

3. GSDIM requires the use of imaging buffers that reduce photo-
bleaching of fluorophores by oxygen scavenging [11]. The
OxeA buffer is effective for 2–4 h and can be used for multi-
color imaging. However, other imaging buffers can be taken
into consideration depending on the sample [11].

4. To extend the oxygen-scavenging capacity of the imaging
buffer, the sample is sealed with gas-impermeable oil to prevent
the entrance of environmental oxygen in the sample.

5. An example is provided in Fig. 1. Super-resolution imaging
allowed us to accurately determine the localization of
NBD-conjugated PC originating from ETLs. Incubation of
bone osteosarcoma (U2-OS) cells with NBD-ETLs resulted
in the accumulation of vesicle-like structures on the cell
(Fig. 1a). We visualized and quantified the diameter of these
structures to demonstrate the gain in resolution (Fig. 1b, c).
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