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ARTICLE INFO ABSTRACT

Keywords: Despite the important role of membrane proteins in biological function and physiology, studying them remains
SMALPs challenging because of limited biomimetic systems for the protein to remain in its native membrane environ-
Vesicles

ment. Cryo electron microscopy (Cryo-EM) is emerging as a powerful tool for analyzing the structure of mem-
brane proteins. However, Cryo-EM and other membrane protein analyses are better studied in a native lipid
bilayer. Although traditional, mimetic systems have disadvantages that limit their use in the study of membrane
proteins. As an alternative, styrene-maleic acid copolymers are used to form nanoparticles with POPC:POPG
lipids. Traditional characterization of these styrene maleic acid lipid nanoparticles (SMALPs) includes dynamic
light scattering (DLS), electron paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), and trans-
mission electron microscopy (TEM). In this study a new method was developed that utilizes SMALPs using a
styrene-maleic acid copolymer (SMA) thin film on a TEM grid, acting as a substrate. By directly adding POPC:
POPG lipid vesicles to the SMA coated grid SMALPs can be formed, visualized, and characterized by TEM without
the need to make them in solution prior to imaging. We envision these functionalized grids could aid in single
particle specimen preparation, increasing the efficiency of structural biology and biophysical techniques such as

Transmission electron microscopy (TEM)

Cryo-EM.

1. Introduction

Membrane proteins are critical as they are responsible for several
important biological functions, making them attractive drug targets [1,
2]. Membrane proteins are challenging to study as the native lipid
bilayer environment of these proteins is difficult to mimic [3,4].
Commonly used membrane mimetic systems include detergent micelles,
bicelles, liposomes, and membrane scaffold protein nanodics [5-8].
Although these systems traditionally mimic the lipid bilayer and main-
tain the structure and function of the proteins, there are disadvantages
to each system [9].

Micelles, which involve surfactant molecules forming a sphere with
the hydrophobic tails facing the center leaving the hydrophilic heads on
the surface, have an increased chance of protein denaturation, as well as
misfolding due to mismatched hydrophobic membrane thickness [10,
11]. Bicelles, bilayer micelles, are often composed of both long chain
and short chain lipids that form a disk shape that allow for the study of
both the hydrophobic bilayer interior as well as transmembrane proteins
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[12]. The disadvantage of bicelles is the limited combination of lipids
that can be used to form them, limiting the range of membrane proteins
that can be studied in them, as well as the possibility of protein
perturbation caused by the size and shape of the bicelles [11]. Lipo-
somes or vesicles are vesicles and can consist of multiple phospholipid
lamalae [13,14]. They often have problems with solubility that can
cause the protein to misfold [11]. Nanodiscs, specifically those formed
via membrane scaffold proteins (MSP) wrapped around the phospho-
lipids, allow for the stabilization of the protein [15,16]. However, the
formation of these nanodiscs may require conditions that are not ideal
for membrane proteins and may cause denaturation [11], and in some
cases the membrane scaffold protein used to make the disc can interfere
with the signal derived from the membrane protein of interest.

Several studies have used polymers to form effective biomimetic
membrane nanodiscs [9,17-21]. Styrene-maleic acid copolymer lipid
nanoparticles (SMALPs) have the ability to solubilize the membrane
protein, without the use of detergent, while forming a narrow distri-
bution of nanoparticles that act as a mimic of the native environment of
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the protein [9,22,23]. These nanodiscs can be characterized using dy-
namic light scattering (DLS) [24], nuclear magnetic resonance (NMR)
[25], electron paramagnetic resonance (EPR) [22], and transmission
electron microscopy (TEM) [9,24,25].

Previously, TEM has been used to characterize lipid nanodiscs using
a classic method involving a carbon-coated grid, vesicle:SMA complex
suspended in solution, and ammonium molybdate as a negative stain [9,
24,25]. TEM has also been used, in conjunction with SMALPs, to visu-
alize membrane protein structure via Cryo-EM [26-28]. The proteins,
including AcrB [26,27] and alternative complex III (ACIII) [28], were
extracted from membranes by the SMA and the resulting nanodiscs were
used with Cryo-EM to resolve their structure. But again, these studies use
a protein/polymer complex made prior to TEM grid preparation and
imaging. A problem associated with visualizing small and delicate
samples with electron microscopy, such as SMALPs, is there are many
steps throughout the sample preparation process that could introduce
artifacts or defects that are not visible until the sample is analyzed under
the microscope [29]. An effective approach to combat this is to minimize
the number of steps required to prepare the sample for imaging. This
study bypasses the need for the formation of the vesicle:SMA complex
prior to imaging via a SMA coated TEM grid, which acts as the substrate.
A SMA synthesized by RAFT polymerization [9] was used as the polymer
thin film. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine and 1-palmi-
toyl-2-oleyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPC/POPG) vesi-
cles were added to the TEM substrate to generate the SMALPs nanodiscs.
The SMALPs were characterized by TEM and DLS.

2. Materials and methods
2.1. Vesicle preparation

Vesicle samples were composed of a 3:1 ratio of POPC and POPG.
Powdered POPC and POPG lipids were dissolved in chloroform and
evaporated to form a thin film on the side of a heart-shaped flask. The
sample was dried overnight in a vacuum desiccator. The lipid film was
suspended in a buffer containing 100 mM NaCl and 20 mM N-(2-
hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES) at a pH 7.0 to
a final concentration of 100 mM. The solution was vortexed vigorously
to mix completely and vesicles were spontaneously formed, resulting in
a homogeneous milky solution after 3 freeze/sonication cycles. Vesicle
solutions were then frozen with liquid nitrogen and placed in a freezer
overnight (—20 °C). Any extruded vesicles were made using an Avanti
mini extruder through 400 nm and 200 nm pore polycarbonate mem-
branes at 25 °C to create different sized vesicle samples. DLS experi-
ments were used to confirm the size of the vesicles.

2.2. SMA preparation

The synthesis of 3-1 styrene maleic acid was carried out using a
previously described procedure [23]. The polymer was dissolved in a
buffer containing 100 mM NaCl and 20 mM N-(2-hydroxyethyl)piper-
azine-N'-ethanesulfonic acid (HEPES) at a pH 7.0 to a final concentra-
tion of 5% m/v.

2.3. Grid preparation

Copper grids were first cleaned via sonication in acetone followed by
sonication in ethanol. Grids were left to air dry at room temperature on
filter paper inside a covered petri dish. A Formvar support film was then
added to the grids as described previously [30]. Briefly, a clean glass
slide was dipped in a 2% solution of Formvar to create a thin film. The
film was then removed from the slide, floated atop a water bath, and the
grids were placed on top of the film. Removal of the grids from the bath
resulted in thinly coated Formvar supported grids. These grids were then
carbon coated for additional support and added conductivity to the
support film. The carbon coated grids were then dipped in a 5% m/v
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solution of SMA, blotted dry with filter paper to remove excess solution,
and stored on filter paper in a covered petri dish. About 0.3 mg of
polymer was left on the grid, as determined gravimetrically.

2.4. Transmission electron microscopy

All grid samples were examined in a JEOL JEM-1200EX II TEM in-
strument. Sample preparation, TEM imaging, and image analysis were
completed at the Center for Advanced Microscopy and Imaging at Miami
University.

2.5. Dynamic light scattering

DLS measurements were taken on a ZETASIZER NANO Series (Mal-
vern Instruments) at 25 °C in 40 pL cuvettes. Data were collected in 20 s
increments for 10 scans. The size distribution of the radius of the sam-
ples is shown on a log scale using MatLab.

2.6. Gramicidin A preparation

The peptide Gramicidin A was synthesized via optimized Fmoc SPSS
[31]. The mutant A3C was synthesized in order to attach the spin label
MTSL (S-(1-o0xyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)
methyl methanesulfonthioate) to the cysteine. Spin labeling was fol-
lowed by HPLC purification and incorporation into the vesicles via a thin
film method. The peptide was dissolved in DMSO:EtOH 1:1 at 0.2
mg/mL and added to predissolved vesicles in a pear shaped flask. The
solvent was evaporated by N3 gas making a uniform thin film inside the
flask. It was left to dry in a desiccator overnight to remove any
remaining solvent. The film was rehydrated with 10 mM phosphate
buffer at 7.4 pH. Following rehydration, the solution went through 5
freeze-thaw cycles with intermittent vortexing to help maintain a ho-
mogenous mixture.

2.7. CW-EPR measurements

EPR experiments were conducted at the Ohio Advanced EPR Labo-
ratory. CW-EPR spectra were collected at X-band on a Bruker EMX CW-
EPR spectrometer using an ER041xG microwave bridge and ER4119-HS
cavity coupled with a BVT 3000 nitrogen gas temperature controller.
Each spin-labeled CW-EPR spectrum was acquired with a central field of
3433 G and sweep width of 150 G, modulation frequency of 100 kHz,
modulation amplitude of 1 G, and microwave power of 10 mW at room
temperature.

3. Results and discussion

Scheme 1 depicts the formation of the SMALPs via a SMA thin film on
a TEM grid substrate. A formvar support film is first put on the copper
TEM grid, followed by a carbon coating for added support and con-
ductivity. Previously, these grids would be used to visualize SMALPs
that had been formed by mixing the lipid vesicles and the SMA prior to
placement on the grid [9,22-24]. The SMA polymer was synthesized by
RAFT polymerization, giving a narrow molecular weight distribution
[23]. The probability distribution of molecular weight of the SMA
polymer is provided in Fig. S1, with a number averaged molecular
weight of 11,000 and a molar mass dispersity of 1.30. A drop of the
mixture would be put onto the Formvar-carbon coated grid and allowed
to adsorb for several seconds before being blotted dry, stained with
ammonium molybdate, and then imaged in the TEM. It is during these
steps that often times artifacts from the stain will adhere to the grid or
there will be damage caused to the support film itself due to
over-handling of the grid [29]. These artifacts can include mechanical,
chemical, or physical damage caused by a preparation technique and
can be confused for microstructure in the sample [32].

In this study, the Formvar-carbon coated grids were additionally
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Scheme 1. Workflow of preparing the SMALPs for TEM imaging using a grid prepared with a SMA thin film.

coated with the SMA polymer, creating a thin film atop the Formvar and
carbon layers. Once dry, the SMA coated grids were then used to form
and image the SMALPs. A drop of lipid POPC:POPG vesicle solution was
placed on the grid and left for several seconds to allow for both the
formation of the SMALPs, as well as their adsorbance onto the grid. The
droplet of lipid vesicles rehydrates the dried SMA film on the grid and it
is then able to form the nanodiscs. At this point it is ready to be imaged
under the TEM. By using a grid with the SMA thin film, there is a
reduction in the possibility for sample damage and interfering artifacts
to appear in the TEM images as it is a single step sample preparation
process.

Dynamic light scattering is a common way to characterize the size of
both lipid vesicles and SMALPs [9,23,24]. Fig. 1A shows the DLS data for
POPC:POPG vesicles and SMALPs generated from a lipid:SMA ratio of
1:1.5 v/v. The average radius size of the POPC:POPG vesicles was 700
nm, and the average radius size of the vesicle:SMA nanodisc was 16 nm.
This is shown by the unimodal peak with a wide distribution indicating
heterogeneity in the size of the sample. Previous studies have shown
similar results using both POPC vesicles [22,23] and various ratios of
POPC:POPG vesicles [24]. In these studies, the SMALPs were found to
have a homogeneous size distribution despite the various lipid compo-
sitions, also characterized by DLS. Previous work has also shown that the
size of these SMALPs can be varied based on the St:MA ratio of the
polymer [9]. It was found that the size of the nanodisc is independent of
the molecular weight of the polymer but rather is dependent on the St:
MA ratio, confirmed by DLS and TEM. Fig. 1B is a TEM image of the
POPC vesicles on a traditional Formvar-carbon coated TEM grid. The
size, as estimated by the scale bar, is consistent with the DLS data.
Similarly, a droplet of the POPC:POPG vesicles was placed on a TEM grid
layered with the SMA film, the resulting TEM image of the SMALPs is
shown in Fig. 1C. The estimated diameter, via scale bar, is 30 nm which
matches well with the DLS data for the SMALPs generated from the

A)

vesicle:SMA nanodiscs. This agreement in size shows that the use of the
SMA coated TEM grid to form and characterize SMALPs is equally as
effective to the traditional method of forming SMALPs in solution prior
to visualization.

Extruded vesicles were also used to confirm the effectiveness of the
thin film. Fig. 2A/D. shows the DLS data for POPC vesicles extruded
using a 200 nm and a 400 nm pore polycarbonate membrane. The cor-
responding TEM images of these vesicles are shown in Fig. 2B and E.
These extruded vesicles were put on a TEM grid layered with the SMA
film. The corresponding TEM images can be seen in Fig. 2C and F. The
estimated diameter of the SMALPs formed on the grid by using both the
400 nm extruded vesicles, as well as the 200 nm extruded vesicles, is 40
nm which agrees with the DLS data for the SMALPs generated from the
extruded vesicles and SMA in solution.

SMALPs that were formed on the TEM grid were also characterized
using DLS, as shown in Fig. 3. An initial DLS spectra was taken of the
POPC vesicles (black), and then the vesicles were put onto a TEM grid
with the SMA film to form the SMALPs. After formation, the SMALPs
were rinsed off the grid and characterized with DLS (blue). For com-
parison, a solution of SMALPs was also made via a mixture of 1:1.5 v/v
lipid:SMA and then characterized by DLS (red). The characterization of
both the SMALPs formed via the SMA thin film and the mixture of 1:1.5
v/v lipid:SMA by DLS agree.

In order to determine the lifetime of the SMA film on the TEM grids,
the grids were allowed to age between 0 and 60 days. Fig. 4A shows the
TEM images day 0, 7, 28, and 60. Grids were incubated under ambient
laboratory conditions for the specified amount of time and then on the
day of imaging, vesicles were added to the grids. Subsequently, the
resulting SMALPs were analyzed by TEM to examine their shelf life. The
surface morphology of the aging film was also investigated via SEM to
check for cracks or defects that may have form over time. This data can
be seen in Fig. S2.

2
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Fig. 1. A) Size distribution of 3:1 POPC:POPG vesicles (black) and SMALPs generated from a lipid:SMA ratio of 1:5 v/v (red). TEM micrographs of B) 3:1 POPC:POPG
vesicles; scale bar = 500 nm and C) SMALPs generated via SMA thin film; scale bar = 50 nm. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. A) Size distribution of 200 nm extruded vesicles (black) and the SMALPs generated by these vesicles and SMA in a 1:1.5 ratio v/v (red). TEM micrographs of
B) extruded vesicles and C) SMALPs formed with the extruded vesicles via SMA thin film. D) Size distribution of 400 nm extruded vesicles (black) and the SMALPs
generated by these vesicles and SMA in a 1:1.5 ratio v/v (red). TEM micrographs of E) extruded vesicles and F) SMALPs formed with the extruded vesicles via SMA
thin film. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Size distribution of 3:1 POPC:POPG vesicles (black), SMALPs generated
from a lipid:SMA ratio of 1:5 v/v (red), and SMALPs formed on a TEM grid via
the SMA thin film (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

The images taken of the vesicles on the aged SMA TEM film grids
were analyzed using Image J (Java) to determine the average size of the
SMALPs and to determine if that size changed as the film aged [33]. A
histogram of the size distribution of each age is shown in Fig. 4B, n =
100 SMALPs. The distribution of SMALPs size stays relatively consistent
over the 60 days with only minor changes in the size distribution, sug-
gesting that aging does not affect the efficacy of the SMA film. It also
suggests that if these grids are prepared ahead of experimentation the

shelf life would be at least two months.

To test the compatibility of the SMA substrate with membrane pro-
teins, the model membrane protein Gramicidin A was incorporated into
3:1 POPC:POPG vesicles. In order to show the protein remains incor-
porated after the formation of SMALPs, A3C Gramicidin A was spin
labeled and incorporated into 3:1 POPC:POPG vesicles as well as formed
into SMALPs by addition of 1:1.5 v/v SMA. CW-EPR spectra can be seen
for both the vesicles and the nanodiscs in Fig. 5A. The spin-labeled
Gramicidin A in the SMALP system showed line broadening, which is
consistent with previous work with membrane proteins and nanodiscs
[24,34]. Dynamic light scattering was used to characterize the SMALPs
with incorporated Gramicidin A that were formed in solution as well as
formed on the TEM grid substrate. Fig. 5B shows the DLS spectra for
POPC:POPG vesicles with incorporated Gramicidin A (black), SMALPs
formed in solution (red), and the SMALPs formed on the grid (blue). The
average size of the nanodiscs were 20 nm, which is consistent with what
was seen in the TEM micrograph shown in Fig. 5C, as well as what was
observed in vesicles that had no incorporated protein.

4. Conclusion

The use of SMALPs in membrane protein studies is growing and as a
result so is the importance of characterization [22,24,25,35-39]. In this
study, SMALPs were characterized by TEM using a SMA coated TEM grid
substrate. The size of the SMALPs seen on the TEM grid were essentially
the same as the SMALPs formed in solution, as is traditionally done. This
suggests that using the SMA thin film as a new TEM grid support for
forming and imaging SMALPs is comparable to the traditional method of
characterization by way of forming lipid:SMA nanodiscs in solution.
This technique has potential applications in more complex protein bio-
physical and imaging techniques, such as Cryo-EM.
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Fig. 4. A) TEM micrographs of SMALPs formed on aged SMA thin film TEM grids; scale bar = 50 nm. B) Histogram showing the distribution of the size of the SMALPs

as the thin film is aged; n = 100.
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Fig. 5. A) CW-EPR data on A3C spin-labeled Grami-
cidin A in 3:1 POPC:POPG vesicles (black) and
SMALPs formed from 1:1.5 v/v lipid:SMA (blue) B)
Size distribution of 3:1 POPC:POPG vesicles contain-
ing Gramicidin A (black), SMALPs generated from a
lipid:SMA ratio of 1:5 v/v (red), and SMALPs formed
on a TEM grid via the SMA thin film (blue). C) TEM
micrographs of SMALPs formed on aged SMA thin
film TEM grids; scale bar = 50 nm. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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