Monitoring intracellular trafficking of liposomes by live cell confocal microscopy
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Short Abstract: 
Live cell confocal imaging is a useful tool for visualizing endocytosis and  intracellular trafficking of liposomes.

Long Abstract: 


Liposomes are artificial vesicles consisting of a phospholipid bilayer with an aqueous core.  Since liposomes are biologically inert, biocompatible, and demonstrate low toxicity profiles they are promising drug delivery vesicles.1  pH sensitive liposomes exploit the increase in acidity as they progress through the cell from the plasma membrane via early and late endosomes to lysosomes where at pH 4-5 the lipid bilayer is destabilized and cargo is released2-3.  Association of drugs with liposomes changes the pharmacokinetic profile of the drug resulting in delayed drug absorption, delayed drug clearance, and slowed drug metabolism.4 pH sensitive liposomes have shown to allow a 100,000 fold enhancement of N-butyldeoxynojirimycin (NB-DNJ) antiviral activity against HIV when compared to treatment with free NB-DNJ.5  Recently we have shown that liposomes consisting of 1.5:1.5:1:1 DOPE:DOPC:PI:PS traffic specifically to the endoplasmic reticulum (ER), avoiding the lysosome.  These liposomes are known as ER targeting liposomes.6 In this experiment we compare the intracellular trafficking of pH sensitive liposomes pHSLs) and monounsaturated ER targeting liposomes (MERLs) by live cell confocal microscopy.  We incorporated NBD-PE (λEx 445 nm, λEm 507 nm) into pHSLs and Rh-PE (λEx 557 nm, λEm 571 nm) into MERLs.  Dynamic light scattering (DLS) analysis is used to determine the particle size of the liposomes.  The liposomes are added to Huh7.5 cells stained with blue/white ER tracker to monitor the different intracellular trafficking routes used by pHSLs and MERLs by live cell confocal imaging.
Protocol Text: 

1) Liposome preparation
1.1) Allow all phospholipids to reach room temperature prior to opening stocks and exposing to air.

1.2) Prepare 25 mg/mL cholesterol hemisuccinate (CHEMS) in chloroform and 1x PBS.  
1.3) Add appropriate combinations of phospholipids in chloroform and CHEMS into a glass vial with an organic resistant cap and septum.  See Table 1 for example calculations and Supplementary Figure 2 for the chemical structures.

1.4) Dry phospholipids under a steady stream of inert gas (i.e. nitrogen or argon gas) while rotating the glass vial until all chloroform appears removed and there is only a phospholipid film remaining.

1.5) Add the appropriate volume of PBS to achieve the desired final lipid concentration (i.e. 5 µmoles lipid resuspended in 1 mL PBS will give a 5 mM final solution). Secure cap firmly and cover with parafilm.

1.6) Vortex the liposome formulations above the phase transition temperatue of the lipid bilayer for at least one hour.  For pH-sensitive liposomes this is 60 °C, whilst mono- or poly-unsaturated ER-targeting liposomes may be vortexed in ambient room temperature (RT) conditions.

1.7) Clean mini-extruder apparatus parts individually with deionized water followed by ethanol.  Allow parts to dry thoroughly.  See Figure 2 for an illustration of the mini extruder apparatus.
1.8) Soak filter support disks and 0.1 µm membrane filter in PBS for at least five minutes prior to assembly of the extrusion apparatus.  Place one filter support disk on each barrel in the O-ring.  Place the membrane filter on top of one barrel, O-ring, filter support disk stack ensuring no air bubbles are present.  
1.9) Screw the two halves of the extruder apparatus together tightly.  Ensure syringe fittings are tightly sealed and insert both syringe needles into each side of the extruder apparatus with one syringe containing the liposome formulation.
1.10) Pass the liposome formulation through the membrane filter at least eleven times ensuring the number of passes through the membrane is an odd number of times.  
Note: The membrane filter forces the multilamellar liposomes to become unilamellar and it is important to remove the liposomes an odd number of times to ensure that the unilamellar liposome side of the membrane filter is collected.
1.11) Check size distribution of unilamellar liposomes by dynamic light scattering (DLS).

1.12) Filter sterilize the liposome formulations through polyethersulfone (PES) 0.22 µm syringe filters.
2) Dynamic light scattering analysis to determine liposome particle size
Note: In this example we are using a Viscotek DLS machine and OnmiSIZE 3.0 software for data analysis. The cuvette used for measurements is a quartz ultra-micro fluorescence cell with a light path of 1.5 x 1.5mm.
2.1) Make a 1:50 dilution on liposomes in 1x PBS.
2.2) Add 50 µL to the cuvette and place into the DLS.  
2.3) Ensure data filter is selected and the laser is attenuated within range of the sample and acquire analysis.  If intensity is too high, dilute sample 1:100 with PBS.  
Note: Liposomes should be within the diameter range of 100-120 nm when using a 100 nm filter size for liposome extrusion.
Representative Results:  An example of DLS of different types of liposomes is shown in Figure 3.  The data may be overlaid to compare the particle size characteristics. 
3) Cell culture

3.1) Maintain Huh7.5 cells in complete DMEM (100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine, and 1x MEM NEAA) with 10% FBS, without phenol red at 5% CO2 / 37 °C.  
3.2) Seed 2 mLs of 2-5 x 105 cells/well at low confluence into a 13 mm petri dish designed for live cell confocal imaging where the bottom of the dish is actually a cover slip (number 1 in size). 
3.3) Allow cells to adhere overnight at 37°C/5% CO2.  

4) Live-cell confocal microscopy
Note: A Carl Zeiss laser LSM 510 inverted microscope located inside a chamber set to 37°C/5% CO2 is used for this experiment.  The Axiovert 200M inverted confocal microscope is equipped with a 63X/ 1.4 plan apochromat oil immersion objective, red and green filter set 23, solid state lasers with excitation lines at 405, 559, and 635 nm, and argon laser with excitation lines at 458, 488 515 nm. The microscope is controlled by and image analysis is done using LSM 5.10 software. 
Note:  Pre warm DMEM + MEM NEAA without phenol red (no FBS) to 37°C.

4.1) Prepare 1 µM blue-white ER-tracker in pre-warmed Hank’s balanced salt solution with calcium and magnesium (HBSS++).  Prepare 50 µM liposome formulation using pre-warmed DMEM + MEM NEAA without phenol red (no FBS).
4.2) Remove media from cells and wash cells with HBSS++ by carefully adding then removing 2 x 1 mL HBSS++ to the side of the petri dish with a micropipette.  Add 1 mL 1 µM blue-white ER-tracker and incubate 15-30 minutes at 5% CO2 / 37 °C.
4.3) During the blue-white ER-tracker incubation with the cells, set up the confocal microscope for live cell imaging.  Ensure the background is subtracted and the settings are optional for 405, 488, and 543 nm lasers.

4.4) Remove the 1 µM blue-white ER-tracker from the cells with a micropipette and wash the cells with HBSS++ twice as described in step 4.2. Allow cells to cool by placing on ice for 5 min to stop endocytosis in the cells.
4.5) Add 1 mL 50 µM liposome formulation to the cells and place on ice for 2-5 min.  
4.6) Remove 1 mL 50 µM liposome formulation and wash twice with HBSS+++.

4.7) Incubate cells in pre-warmed DMEM +MEM NEAA at 5% CO2 / 37 °C prior and during imaging in the microscope chamber.  
4.7) Focus lens on cell(s) and collect live cell images until 30 minutes after the liposome formulation was added to the cells. 
Confocal images are taken over the first thirty minutes after the liposome formulations are added to the live cells.  Images may be collected by focusing on the same focal point and taking images over a time course which may be viewed as a video or one may focus on different focal points in live cells over a time course as shown in Figure 4.  An example of live cell confocal microscopy analysis to monitor the cellular trafficking of liposomes with a blue/white ER-tracking marker is shown in Figure 4.  
Tables and Figures:  

Figure 1: Flow chart of the method to monitor intracellular trafficking of liposomes using live cell confocal microscopy

Table 1:  Example calculations required for liposome formulations

Figure 2: Diagram of the Avanti mini-extruder apparatus from www.avantilipids.com

Figure 3: Representative Dynamic Light Scattering data for mono- and poly- unsaturated ER targeting liposomes and pH sensitive liposomes

Figure 4: Time course of NBD labeled pH-sensitive liposomes (NBD-PHSLs) and rhodamine labeled monounsaturated ER-targeting liposomes (rh-MERLs) in Huh7.5 cells stained with blue/white ER-tracker using live cell confocal microscopy. Top left panel: blue/white ER-tracker, Top right panel: initial image at 2 minutes, no colocalization, Bottom left panel: 6 minutes, colocalization at early endosomes, Bottom right panel: 30 minutes, Rh-MERLS colocalize with ER-tracker.. 

Supplementary Figure 1: Chemical structures

Discussion: 

The live cell confocal imaging technique described is useful for monitoring the intracellular trafficking of liposomes.  The data presented illustrate that pH sensitive liposomes (3:2 DOPE:CHEMS) and monounsaturated ER targeting liposomes (1.5:1.5:1:1 DOPE:DOPC:PI:PS) travel to different final locations within the cell, the lysosome and the endoplasmic reticulum, respectively. 7  To support these results, one could repeat the live cell imaging with these liposomes with a lysotracker8 or other live-cell markers of interest.  One could use fixed cell confocal microscopy with markers specific for the plasma membrane, early endosomes, endoplasmic reticulum, nucleus, golgi apparatus and lipid droplets.  Live cell confocal microscopy could be a useful technique to illustrate ER targeting liposomes using retrograde transport mechanisms.  Spinning disc confocal microscopy and wide field microscopy are alternative microscopy techniques that could be complementary techniques to confocal microscopy.9
One of the main difficulties of live cell imaging is keeping the cells in focus throughout the imaging time course.10  Ideally, results would be obtained from the same focal point throughout the experiment; however, an alternative is to focus on new groups of cells throughout the time points of the experiment.  Another common issue in live cell confocal imaging, and imaging in general, is photobleaching.11  The proposed alternative method of taking images of new groups of cells throughout the experiment also prevents photobleaching since the same cells are not being analyzed repeatedly.  The most critical step in live cell confocal imaging is setting up the microscope properly at the initial time point.  This may be difficult since one must ensure that each of the lasers’ settings is optimal for the current experiment and the cells must be in focus.  One way to aid this difficult step is to keep the cells on ice when adding the liposomes to them and then add warm media.  This halts endocytosis and delays the uptake of liposomes into the cell, allowing a couple of minutes to reset the laser settings if necessary and correctly focus on the cells.

One must be careful to prevent the oxidation of the phospholipids when formulating the liposomes, particularly if using unsaturated phospholipids.  Keeping and mixing the phospholipids under inert gas is essential for preventing oxidation.  Liposome formulations should be stored at 4°C (never frozen) whereas phospholipid stocks should be stored at -20°C.  Liposome formulations should be mixed/vortexed above their melting temperature (Tm).12 If the liposomes do not form a stable lipid bilayer vesicle, this will be evident in the DLS analysis.  When processing the DLS data, check to make sure that the liposome peak is a narrow Gaussian peak around 50-120 nm.12
There are some critical steps in order to execute this technique successfully, but they are manageable and this technique is very informative.  This methodology could be applied to many diverse applications for monitoring cellular trafficking of liposomes, elucidating drug delivery mechanisms, the effect on lipid metabolism, and many more.
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Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue #
	Comments (optional)

	18:1 NBD-PE
	Avanti
	810145C
	1 mg

	18:1 Liss Rhod PE
	Avanti
	810150C
	1 mg

	DOPE
	Avanti
	850725C
	25 mg

	DOPC
	Avanti
	850375C
	25 mg

	PI
	Avanti
	840042C
	25 mg

	PS
	Avanti
	840032C
	25 mg

	CHEMS
	Sigma
	C-6512
	

	1.8 mL HPLC vials
	Waters
	186000273
	12 x 32 screw top

	1.8 mL HPLC vial caps
	Waters
	1521503130
	PTFE silicone septa

	Mini extruder
	Avanti
	610023
	1mL syringes

	Filter supports
	Avanti
	610014
	

	0.1 µM filter membrane
	Whatman
	800309
	PCMB

	Syringe filter
	Nalgene
	180-1320
	0..22 µM, PES

	Vortex
	Genie-2
	
	

	Fetal bovine serum
	Gibco
	10270-106
	

	DMEM w/o phenol red
	Invitrogen
	31053-028
	

	Trypsin-EDTA
	Sigma
	T3924
	

	Penicillin-Streptomycin
	Sigma
	P0781
	

	L-glutamine
	Sigma
	G7513
	

	1x DPBS
	PAA
	HIS-002
	No Ca2+ or Mg2+

	MEM-NEAA
	Gibco
	11140
	

	Hank’s balanced salt solution
	Gibco
	14025-050
	No phenol red, + Ca2+ or Mg2+

	Blue/ white ER-tracker
	Invitrogen
	E12353
	

	Glass bottom petri dish
	Mat Tek
	P35G-1.0-14-C
	

	Quartz ultra-micro fluorescence cell
	Helma
	105-252-85-40
	1.5 x 1.5mm
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