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I. INTRODUCTION

Membranes are versatile materials due to their
ability to easily change shape to form flat sheets
or closed vesicles [1]. Plasma membranes, which
exist in cells as lipid bilayers, are crucial to activ-
ities such as endocytosis and exocytosis which de-
liver nutrients into the cells and carry waste out of
the cells [2-4]. To accomplish this, the cell mem-
branes need to wrap around particles and bud off
into a new vesicle, which protects substances from
extracellular matrices and helps transport them to
neighboring cells [3]. In particular, viruses like AdV
2, a kind of non-oncogenic adenovirus, enter the cell
by first being enveloped by the membrane [5]. Artifi-
cial membranes are commonly used for drug delivery,
carrying cargo like chemotherapeutic agents for cys-
tic fibrosis [4, 6]. Producing these synthetic vesicles
also requires closing a flat surface around cargo [2, 7—
9]. A common production procedure is to assemble
a monolayer emulsion droplet with enclosed drugs
and force the droplet through a lipid-stabilized inter-
face. Then the interface bends around the droplet,
generating a bilayer vesicle [8-12]. Researchers may
change membrane architectures according to their
needs, and send them to target positions in human
bodies.

Modeling these shape transformations relies on
the Helfrich Hamiltonian, a well-established theo-
retical model for membrane physics [13-15]. The
Helfrich Hamiltonian has been shown to agree with
membrane systems which are both of biological and
synthetic origin [3, 6, 16-18]. A simplified version
of this Hamiltonian contains only bending and edge
tension terms:
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where K is the mean curvature, K¢ is the Gaussian
curvature, and ~ is the line tension. It can be used

* Kindly funded by Worster Family
T Undergraduate Researcher

¥ Graduate Mentor

§ Principal Investigator

to predict curvature penalties during shape changes
like endocytosis [3, 16]. However, lipid bilayers are
nanometer-scale in thickness, and shape transforma-
tions occur too quickly and on a too small scale
to be captured by optical microscopes. We cannot
take high temporal and spatial resolution pictures
to record the changes, let alone extract curvatures
over time from the images [5, 19]. Thus, experi-
mental resolution in conventional lipid bilayers dur-
ing events like wrapping is insufficient to see if they
match theoretical predictions.

To remedy this, we use colloidal rods, consisting of
the bacteriophage M13, to form a monolayer mem-
brane. These membranes are about 1 pwm in thick-
ness, and their dynamics occur on minutes- to hours-
long timescales, where optical microscopes can eas-
ily record their shape change, visualizing the entire
process, and measuring relevant physics parameters,
such as curvature, bending constants, diffusion rates,
etc [20-22].

II. COLLOIDAL PHAGE MEMBRANE

As the name of the colloidal phage monolayer sug-
gests, its building blocks are filamentous bacterio-
phages. Phages are rod-like viruses consisting of cir-
cular single-stranded DNA enveloped by major and
minor coat proteins [23]. Five minor proteins, called
the P3 coat protein, protrude out and can serve as
binding sites for end-labeling the phages.
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FIG. 1: A schematic diagram of M13 (not drawn
to scale). It has a length of about 880 nm and a

diameter of about 6.6 nm. M13 comprises a sequence
of DNA with major coat proteins enveloped around
it and with minor proteins sticking out at the ends
[24].

Phages are highly monodisperse, meaning that ev-
ery phage has the same length, which is set by the



length of the DNA packaged inside of it [25]. M13,
a naturally existing phage, is one of the most com-
mon filamentous phages in display studies [24, 26].
A schematic diagram of M13 is illustrated in figure 1.
Phages can spontaneously form membranes by a
self-assembly process [26-28]. To prepare a mem-
brane sample, free-floating phage particles are sus-
pended in solutions with salt and the depleting
polymer Dextran (concentrations: 40mg/ml Dex-
tran and 100mM salt in figure 2 case). Under these
conditions, phages will assemble into the membrane
phase over the course of several hours [22, 26]. Salt
acts to screen the negatively charged phages, reduc-
ing the electrostatic force that repels phages away
from each other. The depleting polymers exert an
entropic interaction that provides an attractive force
to balance the repulsive electrostatic force [22, 28].
This causes phages to come together at a distance
associated with an energy minimum, forming mem-
branes that look like disks shown in figure 2.

FIG. 2: A top view of the M13C7C membrane under
differential interference contrast microscopy (DIC).
The flat disks are M13C7C membranes with diame-
ters of about 50 pm.

Many kinds of phages can make membranes like
the ones in figure 2. With the goal to study shape
change, we must find phages with versatile end tags.
The minor proteins of wild-type phages do not have
an end tag, but mutants can be made which have la-
beled ends [26, 29]. By genetically engineering their
DNA sequence we can acquire phages with different
lengths and end proteins [29, 30]. Therefore, we can
deliberately tune the DNA of wild-type phages to
realize specific end tags.
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M13C7C, as shown in figure 2, is one of such ge-
netically engineered mutants of M13. It has the
same diameter, stiffness, and charge as M13, but
has different minor proteins [29, 30]. M13C7C has
two cysteines at the terminus of the P3 coat pro-
tein, separated by seven random amino acids [30].
The thiols in the cysteines are functional groups that
can conveniently react with many chemicals, so di-
verse molecules can be attached to M13C7C’s ends,
to allow for end labeling [31-33].

III. END LABELING
A. Materials and Methods

Maleimide is a chemical compound that reacts
with the thiol groups, like those found on M13C7C’s
ends with high efficiency. Thiol-maleimide reaction
is a well-known click chemistry [31, 32], meaning
that this conjugation is fast, convenient, highly spe-
cific, and the yield is satisfactory [33]. However, we
must still ensure that this chemistry works in our
system. When the two cysteines on M13C7C are ex-
posed to oxygen, a disulfide bridge will form. Conse-
quently, after M13C7C is grown and purified using
standard preparation protocol [29, 34], any subse-
quent reactions should take place in degassed solu-
tions to avoid oxygen [29].
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FIG. 3: A simplified schematic diagram of how

TCEP opens the loop on M13C7C ends, creating
two free thiol groups [29, 35]. C stands for cysteine,
X7 stands for the 7 random amino acids between
two cysteines.

To attain free thiols, we introduce a reducing
agent tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, Thermo Scientific) around 2mM to break
the disulfide bond [29, 36, 37]. As figure 3 suggests,
thiol groups should be available after hitting with
TCEP for 48 hours [29].

However, maleimide cannot be added directly
afterward. As the chemistry in figure 4 shows,
TCEP reacts with maleimide. Thus, before we add
maleimide, an extra step of dialyzing out excessive
TCEP is necessary. This is done by five rounds of



dialysis for 10 minutes each, under an inert nitrogen
environment.
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FIG. 4: A simplified schematic diagram of how
TCEP reacts with maleimide, and forms remarkably
stable ylenes [35].

After we ensure that no free TCEP is in the so-
lution, the thiol-maleimide reaction can occur. We
allow the chemical reaction in figure 5 to last for
two hours, a time which we have found to be crit-
ical for successful conjugation. After several hours,
most free thiols will be occupied, but excess unre-
acted maleimides are still in solution, and now be-
gin to bind with the free amine groups in the other
coat proteins surrounding the phages. At pH 6.5,
the amine-maleimide reaction is about 1000 times
slower than the thiol-maleimide reaction, but if all
thiol sites are occupied, maleimides will still stick on
phages indiscriminately [32, 38, 39]. Therefore, it is
necessary to allow the reaction to proceed and then
quench as soon as possible.
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FIG. 5: A simplified schematic diagram of thiol-

maleimide reaction. Each of the free thiol groups on
M13C7C binds at the maleimide C=C bond [31, 32].

For example, figure 6 illustrates the lateral views
of phages. In (a), the reaction proceeds for two days,
so the maleimide-dye complex binds all along the
phages, covering both the major and minor protein
coats with dye. It means molecules that are meant
to be labeled only at the ends are attached every-
where. Since the maleimide-dye molecule is small,
membranes can still assemble as usual. However, we
will not have specific end labeling.

Limiting the reaction time to two hours resolves
the problem. Figure 6 (b) gives two noticeable bright
bands in lateral perspective. Since the orientations
of phages are random, the end proteins may dis-
tribute on either side of the membranes, so there
are two bands instead of one.

FIG. 6: Lateral views of clusters of M13C7C mem-
branes under DIC microscopy. (a) Membranes made
of phages that react with maleimide-dye for two
days. Maleimide-dye is a chemical compound with
maleimide on one end and fluorescent dye on the
other end. The dye sticks on the sides of phages,
making the membranes bright everywhere; (b) Mem-
branes made of phages that react with maleimide-
dye for two hours. There are two apparent bright
bands.

B. Bead Experiment

Bead with
complemetary DNA

M13C7C with
Maleimide-DNA

FIG. 7: A simplified schematic diagram of bead ex-
periment. M13C7C phages labeled with maleimide-
DNA form a membrane, and a bead coated with
complementary strands of DNA is dropping onto the
membrane. Black rods are phages; on their ends, the
blue sphere represents the maleimide group. Black
brushes are the DNA in maleimide-DNA, while
green brushes are their complementary strands.

We have demonstrated that the thiol-maleimide
reaction works well as expected, and maleimide-X
particles can be successfully labeled on M13C7C
ends. The next step is to switch maleimide-dye
into maleimide-DNA to study shape changes dur-
ing wrapping [40]. Just like what is described in
the maleimide-dye demonstration, maleimide-DNA



brushes are randomly labeled on either side of the
membranes. To produce a model system for mem-
brane endocytosis, we flow in polystyrene beads
coated with complementary strands of DNA. As the
bead drops on the membrane, the complementary
single-stranded DNA hybridizes, causing the mem-
branes to wrap around the beads like the illustration
in figure 7.

When the membrane wraps around the bead,
there is an energy cost for curvature according to
Helfrich Hamiltonian:

1
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k is about 10,000 kT for colloidal membranes,
mean curvature K is ﬁ (radius of normal beads

is around 10 um), dA is the surface area of the beads,
so to completely cover a bead, the curvature penalty
is around 500,000 k7. This energy penalty is com-
pensated for by the energy of hydrogen bonds be-
tween DNA strands, which is about 1 k, T per base
pair. The DNA we selected has 30 base pairs, so we
need less than 17,000 DNA per bead to match the
cost of bending energy to envelop the bead. This
means that for a 10 pm bead, we require a graft
density of 14 DNA per um?. Our collaborator Ben-
jamin Rogers in Brandeis can achieve a graft density
of more than 6000 DNA per um?, which is beyond
sufficient for our purpose [22, 41].

We are labeling maleimide-DNA and awaiting our
collaborators to make DNA-coated beads at the
same time. When both the labeled phages and beads
are available, we can image the dynamic transitions
of how two-dimensional membranes wrap into a 3D
vesicle and analyze the collected data.

This bead experiment will serve as an analogy for
the wrapping and budding-off events among biolog-
ical membranes. For example, after AdV 2 aden-
oviruses enter the cell, cell membranes enclose the
virus and split off a vesicle [5]. Researchers have
used TEM images to analyze the correlation between
shape changes and exocytosis, but again, there is
no data on time evolution [5, 8, 42]. The bead ex-
periment can serve as a model for the entire pro-
cess. Lipid bilayers are 10 nm in thickness and wrap
around viruses which are 100 nm in diameter [43].
By comparison, phage membranes are about 1 um in
thickness, so 10 ym beads match the relative scale
of membrane thickness to particle size. Since our
membranes are 100 times thicker, we can easily vi-
sualize the changes and get high-resolution videos in
both space and time.
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IV. CONCLUSION AND FUTURE WORK

In conclusion, phage monolayers are a functional
model system to study membrane shape changes.
It provides insights into biological membrane defor-
mations like exocytosis as well. Other than wrap-
ping, spontaneous curvature is also a common phe-
nomenon among lipid bilayers in living cells [1, 14].
Some proteins and lipids, like cholesterol, occasion-
ally land on membranes or are embedded into mem-
branes, creating asymmetries concerning two sides
of the membranes [44, 45]. The difference in molec-
ular structures drags the system away from equilib-
rium [3], so to achieve the highest entropy and lowest
energy, membranes transform into curved configura-
tions. As we have mentioned, any shape change is
challenging to investigate in a time series for con-
ventional biological membranes. Spontaneous cur-
vature, which relates to curving, is not an excep-
tion. Phage monolayers can again solve this prob-
lem. After assembling the colloidal membrane with
single-stranded DNA like figure 7 shows, we can
flow in large molecules with a complementary strand
of DNA. As two strands of DNA hybridize, mem-
branes will curve correspondingly to maximize en-
tropy. This process is an analogy to the landing of
particles on a biological membrane.

The main concern is that the orientation of phages
is difficult to control. If target particles flow into the
sample, they may bind to the DNA on either side of
the membranes at any location. It is better to have
molecules sitting on only one side of the membranes,
so bead envelopment is easier to be measured and an-
alyzed. Substituting 2D membranes with 3D vesicles
can achieve this goal. Then the floating molecules
can then only contact the exterior surfaces. How-
ever, the usual sizes of M13C7C membranes are too
small to bend into a sphere, so it is necessary to look
for other types of phages. Litmus, a 380 nm phage,
makes decent vesicles in previous experiments. How-
ever, their end proteins have less than 10% labeling
efficiency. Such low efficiency is usually hard to de-
tect under optical microscopes. One possible ap-
proach is to transform the DNA sequence that con-
trols the end proteins of M13C7C into litmus which
is a work that is currently in progress [46, 47]. End
proteins are too small to affect the general proper-
ties of phages [30], so the new litmus-C7C, the litmus
phage with the end proteins of M13C7C, should be
an approximately 380 nm phage with seven random
amino acids flanked by cysteines at the end. The
litmus-C7C will then make vesicles with efficient end
binding sites, which we will use to perform experi-
ments and collect data from.
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