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Polymer vesicles, or polymersomes, are being widely explored as synthetic analogs of lipid vesicles based on their stability, robustness, barrier
properties, chemical versatility and tunable physical characteristics. Typical methods used to prepare giant-sized (> 4 ym) vesicles, however,
are both time and labor intensive, yielding low numbers of intact polymersomes. Here, we present for the first time the use of gel-assisted
rehydration for the rapid and high-yielding formation of giant (>4 pm) polymer vesicles (polymersomes). Using this method, polymersomes can
be formed from a wide array of rehydration solutions including several different physiologically-compatible buffers and full cell culture media,
making them readily useful for biomimicry studies. This technique is also capable of reliably producing polymersomes from different polymer
compositions with far better yields and much less difficulty than traditional methods. Polymersome size is readily tunable by altering temperature
during rehydration or adding membrane fluidizers to the polymer membrane, generating giant-sized polymersomes (>100 ym).

Video Link

The video component of this article can be found at http://www.jove.com/video/54051/

Introduction

Creation of synthetic cell-sized, giant unilamellar vesicles (GUVSs) is of increasing interest in the in vitro reconstruction of different cellular
processes to build a framework for the generation of an artificial cell-like system 2 \While GUVs composed of lipid membranes are excellent
mimics of natural, biological membranes, they are unstable against environmental fluctuations and have a fairly short shelf life. Due to these
limitations, amphiphilic block copolymers have been used as lipid mimics to form polymer vesicles, or polymersomes. Within this context,
polymersomes are advantageous in the development of biomimetic cell systems due to their increased stability3, chemical ver‘satility"”5 and
modifiable physical traits®®.

Current methods to form giant-sized polymersomes include electroformation® and templated rehydrationm, both of which are time-consuming,

labor-intensive, require specialized equipment and produce low yields of intact giant polymersomes. A simple gel-assisted rehydration method
was recently developed for the production of lipid Guvs'. Here, we describe an adaptation of the gel-assisted rehydration technique to create
giant polymersomes with varying polymer compositions, controlled size, and in various buffer compositions.

Briefly, 1% w/v standard DNA gel electrophoresis agarose films are dehydrated onto a glass coverslip. Polymer solutions prepared in chloroform
are then spread across the dehydrated agarose film and allowed to evaporate. Following complete solvent removal, polymer films are rehydrated
in the buffer of choice with moderate heating (40-70 °C) and giant (>4 um) sized polymersomes are formed within 30 min. This method rapidly
produces hundreds of fully intact, well-formed polymersomes using standard laboratory equipment and reagents at minimal costs.
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Figure 1. Schematic depicting the gel-assisted rehydration method. Giant polymersomes composed of a diblock copolymer are formed after
~30 min of rehydration. The hydrophilic block is denoted in magenta and the hydrophobic block is denoted in green. Please click here to view a
larger version of this figure.

Protocol

1. Polymer and Agarose Preparation

Note: Gloves and a lab coat should be worn at all times throughout this protocol. Safety goggles are likewise required during work with any organic
solvent or any step with possible splashing.

1.

2.

Prepare a 5 mg/ml solution of polymer in chloroform. Add 1 ml of chloroform to 5 mg of solid poly(ethylene oxide)-b-poly(butadiene) (PEO-
PBD, EO,,-BD37) diblock copolymer in a glass vial and swirl to fully dissolve. Perform all steps using chloroform in a chemical fume hood.
Mix in a fluorescently labeled lipid (purchased already dissolved in chloroform) at a 0.5 mol % final concentration in 99.5 mol % unlabeled
polymer.

1. For example, pipette ~12 pl of a 1 mg/ml fluorescently labeled lipid in chloroform into 997.58 ul PEO-PBD, EO,,-BD37 polymer in
chloroform (with a molecular weight of 2,950 Daltons) for a final concentration of 0.5 mol % labeled lipid mixed and 99.5 mol %
polymer.

2. Store solution in an airtight vial with a chloroform-resistant lid at -20 °C. Wrap plumbers tape on vial edge where the lid screws onto
the vial and secure the lid on the vial. Wrap another piece of plumbers tape on the outside of the lid and finally wrap Parafilm on the
outside of the tape to ensure minimal evaporation.

Make a 1% w/v agarose solution by mixing 0.5 mg standard agarose in 50 ml water (or 50 ml 100 mM sucrose) in a 250 ml Erlenmeyer flask.
Boil the agarose solution in a standard microwave for ~1 min (or until fully dissolved as noted by the clearing of the solution).
Note: The agarose solution can be used after a few minutes of cooling or allowed to solidify, stored and re-melted using the same procedure.

2. Agarose Film Preparation

Cut the end off of a 1,000 pl pipette tip to prevent clogging. Using the cut tip, pipette 300 pl of melted agarose solution onto a 25 mm square
glass coverslip directly from the manufacturer.

2. Allow the agarose to cool to ~65-75 °C prior to deposition. If the agarose is too cool, it will begin to clump on the surface during the spreading
process. Conversely, if the agarose is too hot, it will require more spreading to adhere the agarose to the surface.

3. Hold just the edge of the coverslip with gloved fingers and use the long edge of another 1,000 pl pipette tip to spread the agarose evenly
across the surface of the coverslip. Move the pipette tip back and forth across the coverslip until the agarose completely adheres to and
covers the coverslip.

4. Place the agarose-coated coverslip onto a piece of Parafilm with the agarose facing up. Once the desired number of coverslips are coated,
place the Parafilm with the coverslips into a 37 °C incubator to dehydrate the agarose onto the surface for at least 1 hr.
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Note: Dehydration is determined by the disappearance of the visible layer of agarose; the coverslip should look flat and clear. Once the films
are fully dehydrated, store coverslips with the agarose surface facing up in a disposable plastic Petri dish.

3. Polymer Film Formation

Pipette 30 pl prepared polymer solution onto the agarose film.

Hold just the edge of the coverslip with gloved fingers and use the long edge of an 18 G needle to spread the solution across the agarose
films using a circular spreading motion. Continue spreading until the solution is evaporated.

Note: Be careful of the sharp end of the needle.

Place the polymer films in a plastic Petri dish polymer side facing up and put the Petri dish into a standard house vacuum desiccator covered
in aluminum foil (to prevent photobleaching of the labeled lipid) for at least 1 hr to fully remove any residual solvent.

4. Formation of Polymersomes

Adhere a coverwell, either a home-made polydimethylsiloxane (PDMS) well (an ~0.5 cm thick block of cured PDMS with ~1 cm diameter of
the middle punched out) or a commercially available well to the coverslip coated with the polymer film. Press the coverwell gently onto the
polymer-coated coverslip with the polymer facing up until a tight seal is formed between the coverwell and the coverslip. Be careful not to
press too hard and break the coverslip.

Add 200-500 pl rehydration solution (water is fine, but an array of buffers or medias also works) to the chamber (rehydration volume depends
on the size of the coverwell adhered).

Create a humidity chamber to decrease evaporation of the rehydration solution. Place a rolled, wet Kimwipe along the edges of a glass Petri
dish. Place the polymer film with the adhered coverwell into the humidity chamber and cover with a lid. Cover the Petri dish with aluminum foil
to minimize photobleaching. Place the Petri dish onto a hot plate set to 40 °C for at least 30 min.

Adjust the temperature of the hot plate during rehydration from 24-70 °C to tune the size of the vesicles formed (Figure 5). 70 °C is near the
T, of the agarose so caution should be used when proceeding beyond this temperature.

5. Characterization of Polymersomes by Fluorescence Recovery after Photobleaching

(FRAP)
1. Move the coverslip with the adhered coverwell directly to an inverted microscope for imaging.
2. Choose the appropriate filter set based upon the fluorescent lipid included in the polymer solution. For Rhodamine-labeled lipids doped into

the polymer solutions, use a 560/25 nm excitation filter and a 607/36 nm emission filter, or comparable filter sets.
Use a 100X oil objective to focus on the top surface of the coverslip where the polymersomes will be adhered. If the polymersomes are
especially large (>20 ym) or if the polymer film is too thick, a lower power objective (e.g., 40X) should be used to better visualize the
polymersomes.
Identify the polymersomes using fluorescence microscopy. Identify polymersomes by the characteristic hollow, spherical vesicle with a
diameter >5 pm.
Characterize membrane fluidity using fluorescence recovery after photobleaching (FRAP) on a fluorescence microscope containing an
adjustable condenser. Due to the adherent nature and tight packing of polymersomes on the substrates, natural motion of the polymersomes
is limited, increasing FRAP imaging quality.
1. Focus the microscope on the polymersome of interest. Close the condenser to a small region and ensure that the edge of a
polymersome is within the imaging region of interest.
2. Increase the camera exposure and ensure all neutral density filters are removed to effectively photobleach the region of interest. Allow
the membrane fluorescence intensity to photobleach for 30-60 sec or until the fluorescence intensity is significantly decreased.
3. Turn off the lamp and fully open the condenser. Decrease the exposure back to the starting settings and begin immediately capturing
images every 30 sec for 3 min.
4. Calculate membrane diffusion coefficients using standard methods'?. If the bleached region regains fluorescence intensity within the
3-5 min, this indicates that the membrane is fluid.
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6. Characterization of Polymersome Size

1. Open image in Fiji 2. Set the image scale

3. Fill in the: calibration units 4. Click on the line tool box and draw a ling across
the diamater of the polymersome

=3
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5. Measure the length of the line by pressing "Ctrl &, Press enter and the results are displayed and
+M" or finding it on the dropdown menu can be saved as a s fils

Figure 6. Process for the size analysis of polymersomes using imaging software. Step-by-step instructions on how to measure the
diameter of the vesicles formed. User must know the calibration units in pixels/um of the microscope used. Please click here to view a larger
version of this figure.

1. Open the acquired images of polymersomes in image analysis software®.
Set the scale for the image by clicking on the analyze drop down box and the clicking "set scale".
1. Calibrate the scale for the microscope using standard methods (i.e., a micrometer).
2. Fillin the calibration units and click "ok".

Click on the line tool box and draw a line spanning the diameter of a vesicle.

Collect the length measurements by clicking on the analyze drop down box and clicking "measure".

Continue measuring individual vesicles following the above procedure and each new measurement will be added to the measurements data
window.

6. Press "Ctrl + D" after drawing each line and measuring the length to imprint the line drawn onto the image making it easier to track which
vesicles have been analyzed.

Representative Results

Polymersomes were formed using the procedure outlined above (Figure 1) and the common laboratory equipment shown in Figure 2.
Polymersomes were rehydrated with deionized water (Figure 3) and imaged on an inverted microscope in epifluorescence using a 100X oil
objective. Note that if polymersomes are not visible, they might have formed at sizes too large to capture with a 100X oil objective; a lower power
objective may need to be used instead. One of the advantages of using gel-assisted rehydration is the versatility of forming polymersomes in

a variety of rehydration solutions. Polymersomes were successfully formed in deionized water, a full mammalian cell culture medium, sucrose
solutions and two physiologically relevant buffer solutions (phosphate-buffered saline (PBS) or Tris-buffered saline (TBS)), as shown in Fi%ure

4. Under standard conditions (rehydration with water at 40 °C for 1 hr), greater than ~70 polymersomes are typically found per 40 x 40 ym

field of view. While the surface production of polymersomes is not homogenous, there are dozens of fields of view with this representative yield.
Furthermore, polymersomes were stable in solution for at least 24 hr.

ok w
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Polymersomes size was easily tuned by rehydrating polymer films at varying temperatures. Polymersomes formed in deionized water at RT had
an average diameter of 2.9 + 0.7 uym. As the temperature increases during rehydration, the average size of the polymersomes also increases
(Table 1). At high temperatures (> 60 °C), polymersomes formed with sizes even greater than 100 um (Figure 5).

All image processing was completed using open-source imaging software (Figure 6). Images collected were opened in the software program.
The calibrated pixel size was entered into set scale box. Using the line tool, lines were drawn across the diameters. After each individual line was
drawn, the calibrated length was measured and added to the results box. Data can then be plotted in the mathematical software of choice (e.g.,
Excel, Prism, Origin, efc.)

Figure 2. Picture of the common and inexpensive lab materials required for the formation of polymersomes. The items required are:
Parafilm, an 18.5 G needle, polymer in chloroform or other appropriate solvent, a 1,000 pl pipette tip, an Erlenmeyer flask, tweezers, agarose, 25
mm square coverslips, PDMS imaging wells and a glass Petri dish. Please click here to view a larger version of this figure.

1. Spread dissolved 2. Spread polymer 3. Adhere an imaging 3. Rehydrate with
agarose on coverslip solution in circular coverwell solution of choice
with a pipette tip and motion on dehydrated

dehydrate agarose film

Figure 3. Pictures of the gel-assisted rehydration method. Dissolved agarose is spread on a 25 mm square coverslip until an even film coats
the entire coverslip. Coverslips are then put into a 37 °C incubator and film is dehydrated. A polymer solution is deposited onto the dehydrated
agarose film and spread using a needle in a circular motion. The coverslip is then place in a desiccator O/N to fully evaporate any solvent
residues. Finally, and imaging chamber is adhered to the substrate and polymers are rehydrated with solution of choice and placed into a Petri
dish at 40 °C for least 25 min to allow for the formation of polymersomes. Please click here to view a larger version of this figure.

Media Sucrose TBS PBS

H,0

Figure 4. Polymersomes can form in a variety of different buffers. PEO-PBD polymer films were rehydrated with the indicated buffer at 40
°C for 1 hr. Scale bar = 10 ym. Please click here to view a larger version of this figure.
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Figure 5. Increasing the temperature during rehydration increases the size of the polymersomes. Representative epifluorescence images
of polymersomes formed in water at the indicated rehydration temperatures. Increasing temperature results in larger polymersomes. Scale bar =

10 pm. Please click here to view a larger version of this figure.

Temperature (°C)

Average Size (um)

24 293+0.7
40 576+2.5
50 6.65+24
60 11.46 £5.8
70 14.04+7.0

Table 1. Increasing the temperature during rehydration results in increased polymersome size. Average diameters for greater than 100
polymersomes in water per different temperature condition were calculated and are depicted here. Error is standard deviation.

Polymersomes are becoming widely explored as biological membrane mimics. The robust and versatile properties of polymers make them widely
attractive for studies requiring membrane functionalization, longevity and tuned responsiveness. Traditional methods for forming giant-sized
polymersomesg’10 (>4 um) are labor-intensive and require expensive and specialized equipment. Here, we present for the first time, a rapid,
versatile and robust method for forming giant sized polymersomes using standard inexpensive laboratory reagents and equipment.

Using gel-assisted rehydration, unilamellar polymersomes can be formed rapidly (<30 min), in a variety of rehydration solutions (including

cell culture media) and with a variety of different polymers (data not shown). The formation of multilamellar or asymmetric vesicles was not
observed using this technique. Throughout this work, we used poly(ethylene oxide)-b-poly(butadiene) (PEO-PBD, EO,,-BD37) neutral diblock
copolymer. Many different polymer compositions (including charged diblock copolymers) work well using this method (not shown). However,
some commercially available triblock copolymers and higher molecular weight diblock copolymers (~ >5,000 Daltons) do not form distinct
polymersomes. For all of the experiments in this manuscript, a low concentration of labeled lipid was doped into the polymer solutions for
visualization purposes only. Other methods for visualization, including polymers directly functionalized with a fluorescent dye can also be used.
Polymersomes can likewise be imaged with bright field microscopy, though fluorescence microscopy provides greater resolution.

Most minor modifications to the protocol typically do not alter results. For instance, small differences in concentration of the polymer solution
spread onto the coverslips do not alter the formation of the polymer film formed. While the complete concentration range was not determined,
polymersome formation will successfully occur with a large range of polymer film concentrations (e.g., 1-10 mg/ml). However, there are some
protocol alterations that do negatively affect polymersome formation. The most notable is that round glass coverslips (instead of square) result in
very poor formation of polymersomes. We attribute this to the extremely even coat of agarose on the glass which actually hinders the formation
of polymersomes.

One of the most notable challenges of this technique is the ability to recover the polymersomes from the surface with a high yield. There are
certain instances in which removing the polymersomes from the original surface can be advantageous. Due to the high background fluorescence
from the dehydrated polymer film, removing individual polymersomes and adhering them to clean coverslips will increase imaging quality and
characterization (particularly during FRAP analysis). To do this, gentle pipetting with a pipette tip in which the end has been cut off will desorb
the polymersomes from the surface (though the number of vesicles recovered is significantly lower than those originally formed). Polymersomes
can then be placed on modified coverslip surfaces, allowing the polymersome to interact with the new coverslip. Typically, for neutral PEO-

PBD polymersomes, coverslips treated with ozone for 15 min allow the polymersomes to fall down to the surface for imaging. Different surface
modification is required for different polymersome compositions (e.g., negatively or positively charged polymers).

Most materials used in this protocol are successfully stored and used for days to weeks. The solidified agarose can be reboiled and reused until
the agarose begins to have aggregates even after boiling, or the solidified agarose begins to dry. Coverslips with dried agarose films can be
stored and used indefinitely (e.g., months). The polymer dissolved in chloroform can be stored at -20 °C for several months. Once the polymer
film is dried on the agarose films, however, the films need to be stored under house vacuum and used within two weeks (longer term storage was
not directly determined, but there are noticeable differences in polymersomes formed from polymer films older than two weeks).

Using the gel-assisted rehydration protocol presented here, hundreds of uniformly-shaped polymersomes are formed rapidly with just a few
hours of labor using standard equipment and inexpensive laboratory reagents. Furthermore, polymersomes can be formed in a variety of
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physiological buffer solutions and from different polymer compositions (not shown). Minor alterations to the method do not negatively alter the
formation of polymersomes, rendering gel-assisted rehydration a versatile and accessible technique to scientists with varying technical expertise.

The ability to easily create giant polymersomes on the size scale of cells is essential for building artificial cell-like systems. The ease of use and
versatility of gel-assisted rehydration to make these polymersomes offers a huge advancement in the biomimetic field for the creation of robust
cell-membrane mimics. For example, using this technique, strategies for encapsulation of different intracellular components, functionalization
of the polymer with cell-membrane proteins and incorporation of membrane transport proteins, just to name a few, can be designed to build
polymersome-based artificial cells.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary
of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-
ACO04-94AL85000.
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