pH-Sensitive Tubular Polymersomes:
Formation and Applications in Cellular

Delivery

James D. Robertson,'*5'~- Guy Yealland,"*5*® Milagros Avila-Olias,"**$ Luca Chierico,"*

Oliver Bandmann,~*® Stephen A Renshaw,

'L and Giuseppe Battaglia™**

*Department of Chemistry, “The MRC/UCL Centre for Molecular and Medical Virology, University College London, London, United Kingdom and
§Department of Biomedical Science, "Department of Infection and Immunity, MRC Centre for Developmental and Biomedical Genetics,
#Department of Neuroscience, and ®Sheffield Institute of Translational Neuroscience, University of Sheffield, Sheffield, United Kingdom

ABSTRACT Optimizing the shape of a nanovector influences its interaction
with a cell and determines the internalization kinetics. Block copolymer
amphiphiles self-assemble into monodisperse structures in aqueous solutions
and have been explored extensively as drug delivery vectors. However, the
structure of self-assembled block copolymers has mainly been limited to spherical
vesicles or spherical and worm-like micelles. Here we show the controlled forma-
tion and purification of tubular polymersomes, long cylindrical vesicles. Tubular
polymersomes are purified from other structures, and their formation is

manipulated by incorporating the biocompatible membrane components choles-

2@

terol and phospholipids. Finally we show that these tubular polymersomes have different cellular internalization kinetics compared with spherical

polymersomes and can successfully encapsulate and deliver fluorescent bovine serum albumin protein intracellularly.
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hen designing nanoscopic vec-

tors, the ability to facilitate cellular

delivery is a particularly desirable
quality. The creation of nanoparticles able
to bypass cellular barriers and deliver cargo
within the cell has enabled new therapeutic
and diagnostic approaches.' > The most
typical approach is to target the cell endo-
cytosis machinery, an energy-dependent
intake mechanism in eukaryotic cells. Dur-
ing endocytosis material is internalized into
intracellular vesicles, which are then trans-
ported into a network of endocytic orga-
nelles where the materials are sorted and
metabolized.* The mechanism of endocyto-
sis is dependent on the nature of receptor(s)
targeted, the cell type, and the cargo size.* It
has been shown that by controlling nano-
particle parameters such as the size, shape,
surface chemistry, and surface topology it is
possible to manipulate the endocytosis ma-
chinery to initiate and influence the rate of
internalization. For rod-shaped nanovec-
tors, high aspect ratios have reduced inter-
nalization in certain cell types, and long
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cylindrical nanovectors have shown im-
proved circulation times and cell targeting
capability.>—°

The ability of block copolymer amphi-
philes to self-assemble into nanoparticles
upon hydration has attracted interest in the
field of drug delivery. Block copolymer mi-
celles and vesicles, also known as polymer-
somes, offer several advantages over other
nanovectors. When designing a block co-
polymer, it is possible to control the shape
and surface chemistry of the self-assembled
nanoparticle.' Polymersomes can encapsu-
late hydrophobic molecules within their
membrane, but unlike solid nanoparticles,
polymersomes are also capable of encapsu-
lating a range of hydrophilic drugs, biomo-
lecules, and even smaller nanoparticles
within their lumen.'®

In recent years we have reported the use
of pH-sensitive polymersomes from the co-
polymer poly(2-(methacryloyloxy)ethylphos-
phorylcholine)-co-poly(2-(diisopropylamino)-
ethyl methacrylate) (PMPC—PDPA) that as-
semble and dissemble around the endocytic
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pH (pH = 6.2). Once internalized, the polymersomes are
trafficked to an early endosome, where the pH is
lowered through a controlled ion flux across the
endosomal membrane. The lowered pH initiates the
disassembly of the polymersome and release of its
cargo. A sudden increase in cationic polymer chains
within the endosome causes a rise in osmotic pressure,
which temporarily destabilizes the endosomal mem-
brane, allowing passage of the cargo into the rest of the
cell. We have demonstrated that this approach can be
used for the cellular delivery of DNA,'"'2 proteins,'>
anticancer drugs,'® and antibiotics,' as well as several
probes.’®'® We have also shown that the polymersome
size and surface topology affect the rate of internal-
ization.'” Here we expand our studies, reporting the
formation of pH-sensitive tubular polymersomes from
polymer film hydration and their isolation by sequen-
tial centrifugation. We incorporate the biological mem-
brane components cholesterol and phospholipids to
explore their effect on tubular polymersome formation
and stabilization. Finally we show that these tubular
polymersomes can encapsulate proteins and deliver
their cargo into clinically relevant cells with the kinetics
of endocytosis strongly influenced by their shape.

RESULTS AND DISCUSSION

Formation of Tubular Polymersomes. Amphiphilic copo-
lymers with dimensionless packing parameters larger
than 0.5 form membranes, which are most stable
wrapped as vesicles.'® The final polymersome shape,
as for any other vesicle, is the result of the combination
of forces that control the membrane wrapping and the
distribution of the molecules between the inner and
outer monolayers. This distribution is fixed at the time
of membrane closure and generally varies widely from
vesicle to vesicle. This means that vesicles can close
into a great variety of morphologies, with the spherical
shape being the most stable and thus most common.
In polymersomes, the high viscosity of the membrane
gives it a limited lateral mobility,'® which can hinder
molecular rearrangements necessary to stabilize sphe-
rical vesicles. This often drives the formation of meta-
stable structures whose lifetimes are considerably
longer than small amphiphile vesicles.?® Without any
further energy contribution to homogenize the disper-
sion, often spherical vesicles and nonspherical vesicles
coexist.2'?2 This means the way that polymersomes
are formed inherently affects their final shape. Several
groups have reported the formation of tubular poly-
mersomes using a number of approaches, but are
often unstable, require complex manipulation, are
formed in a nonbiocompatible solvent, or have not
been isolated from contaminating spherical poly-
mersomes.”>~> More recently it was shown that poly-
mersomes could be elongated by the addition of a
cross-linker. It is believed the cross-linker alters the
differential area between the two monolayers that
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form the membrane, which leads to an elongation of
the vesicle.?® However, such an approach induces
chemical cross-linking and hence strips the polymer-
somes of their supramolecular nature.

To explore the morphology of PMPC,5—PDPAgs
assemblies using different methods of formation, poly-
mersomes were made using pH switch or film rehydra-
tion. In the former the PMPC—PDPA copolymers are
initially solubilized in low-pH phosphate-buffered sal-
ine (PBS), and their self-assembly is then controlled by
raising to physiological pH (7.4). In film rehydration, the
polymersome formation is achieved by solvent casting
a thin copolymer film and placing the film in contact
with a PBS solution under vigorous stirring for several
weeks. Polymersomes gradually bud from the interface
between the water and the solid film. Figure 1a shows
the structure of self-assembled PMPC—PDPA aggre-
gates formed using pH switch (left image) or film
rehydration methods (right image). Self-assembly
through the pH switch method resulted in the produc-
tion of mostly spherical polymersomes,?” whereas film
rehydration formed a mixture of spherical and tubular
polymersomes. Both dispersions have a clear vesicular
nature, as evident from the size and typical deflated
ball morphology shown by the TEM. This was further
confirmed by small-angle X-ray scattering (SAXS),
where both patterns for the pH switch and film rehy-
dration show the typical form-factor expected of ves-
icles (supplementary Figure 1a).

To further understand the difference in polymer-
some formation using these two approaches, the
PMPC—PDPA film rehydration was monitored in situ
by confocal imaging of a rhodamine 6G-conjugated
PMPC—PDPA film placed on a glass coverslip at a 90°
angle to the lens. At time 0 h, aqueous PBS was added
to the film and left agitating with a magnetic stirrer
(Figure 1b). Like other spinodal processes, the surface
of the smooth film becomes unstable, and perturba-
tions from thermal and mechanical fluctuations induce
pressure gradients across the film.?® Oscillations in the
film produce regions of increased thickness, which
heightens local disjoining pressure, leading to perfora-
tions and initiating the process of dewetting. As the
film begins to hydrate and swell, the membrane
wrinkles and the simultaneous diffusion of the solvent
toward the film and the film toward the solvent leads
to fingering instabilities (Figure 1b, 2 h).?° As the holes
grow, the accumulation of polymer from these holes
leads to characteristic rims developing at the periphery
(Figure 1b, 20 h).3° After 40 h these rims expand and
coalesce, forming a bicontinuous network. In other
studies of block copolymer dewetting, bicontinuous
structures will then break up into droplets or bud off
the film as vesicles.3"? We show that the mechanical
shear stress from magnetic stirring can break off parts
of the bicontinuous network before it dewets further
into droplets (Figure 1b 40 h). The size of the breakages
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Figure 1. Formation of tubular polymersomes from a thin film. (a) TEM microscopy showing the morphology of the self-
assembled block copolymer PMPC—PDPA by two methods: pH switch, as shown in the leftimage, and thin film rehydration on
the right. (b) Dewetting of a thin film of polymer conjugated to rhodamine 6G and imaged using scanning confocal
microscopy. At time 0 h PBS was added and the film was left with a magnetic stirrer. The film swells, develops holes that
expand, and finally forms a bicontinuous network that breaks off into the solution. Zoomed-in inset scale bar is 2 um. (c)
Released pieces of film swell into a continuous tubular network; this then breaks into single tubes and small entangled
structures. These break further into smaller tubes that finally pearl and bud into spherical polymersomes; the scale bar

represents 200 nm.

released from the film varied from less than a micro-
meter to tens of micrometers in length (supplementary
Figure 1b).

We have shown previously that as the water dif-
fuses into the polymer film lyotropic phases begin to
form with an architecture controlled by the copolymer/
water ratio.?’* Once detached from the film, the local
polymer concentration drops, favoring the formation
of separated isotropic structures. Lyotropic crystals are
predominantly maintained through a combination of
van der Waals forces and the hydrophobic interac-
tion, which depend on the local concentration.* The
strong repulsive forces from hydration overcome
van der Waals forces, and the edges and membrane
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fluctuations promote bending of the membrane into
hollow enclosed structures.3®> This process was ob-
served through transmission electron microscopy
(TEM) (Figure 1¢). In a similar manner to the bulk film,
small breakages begin to swell and develop holes,
leading to a connected tubular network. The combina-
tion of energy provided by the stirring and the repul-
sive hydration forces promotes the detachment of
smaller branched tubular structures and diverse high-
genus assemblies (supplementary Figure 1c). These
particles then break up into tubular polymersomes.
Finally, through processes of pearling and budding,
these tubes break further into smaller tubes and finally
spherical polymersomes (Figure 1c).
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Figure 2. Separation of self-assembled structures by centrifugation. (a) The sample was spun at 2000 RCF, and the pellet was
resuspended; this fraction contained the lyotropic structure shown in the image on the left. The leftover supernatant was then
centrifuged at 15 000 RCF, and the pellet resuspended; this contained the tubular fraction shown in the central micrograph.
The leftover supernatant contained the predominately spherical fraction, as shown in the micrograph on the right. (b)
Percentage of structures over time as measured using HPLC with UV detection. (c) Correlation coefficient of the three
separated fractions as measured by DLS. Error bars represent the standard deviation of three vials.

Sections of the swollen film are continuously re-
leased until the film has been discharged into the
solution. This means at any one time multiple phases
in the transition will coexist. In order to purify the
tubular polymersomes from the other structures, the
samples were centrifuged at two speeds, separating the
particles based on their size and density (Figure 2a). First,
the sample was centrifuged at 2000 RCF (rotational
centrifugal force), and the pellet was removed and
resuspended. This fraction contained the large particles
from the lyotropic phases. The supernatant was then
recentrifuged at 15 000 RCF, and the pellet was removed
and resuspended. This fraction contained the tubular
polymersomes. Those particles that remained in the
supernatant were the third fraction, containing pre-
dominantly smaller, spherical particles. By separating
the solution into these three fractions it was possible to
quantify the relative mass of each fraction using HPLC
with UV detection (Figure 2b). In keeping with the
model of formation, the lyotropic structures initially
form a high percentage of detached particles. Over
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time, these begin to disassemble, and the number of
tubular and spherical polymersomes increases. At week 4
the number of tubular polymersomes reaches its max-
imum and then decreases, while the amount of spherical
polymersomes continues to increase. This maximum
signifies the point at which the transition of tubular
polymersomes into spherical polymersomes overtakes
the number of tubular polymersomes formed from the
lyotropic structures, as the lyotropic fraction is depleted.
The correlation function for the three separated fractions
as measured by dynamic light scattering (DLS) is shown
in Figure 2¢, and a histogram of the size distribution can
be found in supplementary Figure 1d.

Phospholipids and Cholesterol Alter the Transition Pathway.
The effect of altering the composition of plasma mem-
brane phospholipids, proteins, and cholesterol has been
studied in great detail.>**” Mixing these molecules in
different combinations can be used to control the
membrane curvature and fluidity. To explore this in our
synthetic membrane, known concentrations of phospho-
lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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Figure 3. A phospholipid and cholesterol alter the transition of structures over time. The effect of a phosphocholine-based
lipid (PC) and cholesterol (Chol) on the number of spherical, tubular, and lyotropic structures was assessed by quantifying the
relative mass of each centrifugally separated fraction over time, using HPLC with UV detection. Line graphs are plotted
showing the percent of spherical polymersomes (a, ), tubular polymersomes (b, f), and lyotropic structures (c, g) with the
addition of 0.05%, 0.5%, or 5% PC (left) or Chol (right). (d and h) Relative proportions of the spherical polymersomes (white
bars), tubular polymersomes (gray bars), or lyotropic structures (black bars) after 8 weeks of stirring with the addition of PC or
Chol, respectively. Error bars represent the standard deviation of three repeats.

(PC) were added to introduce local defects in the
polymersome membrane favoring curved structures.
Similarly, this was repeated with the addition of cho-
lesterol to explore the effect of membrane fluidity on
the transition from tubes to spheres. Polymer films
were formed with the addition of 0.05%, 0.5%, and 5%
(w/w) cholesterol or PC and hydrated following the
same thin film rehydration protocol. Samples of each
were taken at defined intervals, fractioned, and quan-
tified as described above (Figure 3 and supplementary
Figure 2). The addition of PC or cholesterol resulted in a
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faster transition from larger lyotropic structures to
isotropic structures in a manner proportional to load
(Figure 3c,qg). Interestingly, while addition of PC favored
an increased formation of spherical polymersomes, the
addition of cholesterol increased the proportion of
tubular polymersomes over time compared with the
control (Figure 3a,b,e,f). As described above, the transi-
tion from tubular polymersomes to spherical polymer-
somes requires the membrane to undergo pearl-
ing, a process where parts of the membrane pinch
toward one another (Figure 1c). While the membrane

\
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curvature of PMPC,5—PDPAgs favors the formation of
spherical polymersomes, pearling demands the mem-
brane to bend close together, for which there is a high-
energy demand. It has been observed that lipids mixed
with block copolymers form lipid-rich domains on the
membrane.*¥3° These domains will provide regions in
the tubular polymersome with high fluidity, promoting
local pearling and budding into smaller tubes or
spherical polymersomes.

In contrast, cholesterol-loaded particles demon-
strate a marked increase in the percentage of tubular
polymersomes (Figure 3h), and the percentage of
spherical polymersomes compared with the control is
considerably lower (Figure 3a,d). This suggests choles-
terol is stabilizing the tubular polymersomes and pre-
venting their transition into spherical polymersomes.
These results are in agreement with a recent study by
Winzen and colleagues, who investigated the effect of
additional cholesterol or a phosphocholine-based lipid
on the mechanical properties of polymersomes formed
from the block copolymer poly(dimethylsiloxane)-block-
poly(2-methyloxazoline) (PDMS-b-PMOXA).*° They found
the addition of the lipid produced vesicles with similar
packing densities to the control polymersomes, whereas
cholesterol interacted strongly with the polymer, result-
ing in a considerably higher packing density. This meant
that the Young's modulus and bending modulus were
significantly greater; hence the membrane had an
increased bending stiffness and improved mechanical
stability.*® When interpreted in this context, our data
suggest that the improved mechanical stability of the
cholesterol membrane results in a stabilization of the
tubular polymersomes and a slower progression to
spherical structures. The fact that cholesterol also eases
the transition from lyotropic to isotropic structures
might also result from an increased packing density,
where membranes are more readily stabilized.

Following 8 weeks' formation the morphology of
tubular polymersomes was further studied through
analysis of electron micrographs. Representative mi-
crographs of each group can be seen in Figure 4a. The
persistent length and total length of at least 500
tubular polymersomes in each group were measured
and plotted on a histogram as a percentage of the
number of particles or as a percentage of the number
of polymer chains (N(agqg)) (Figure 4b). Particles en-
capsulating 5% PC were on average shorter than those
of the other two groups. This is consistent with the
notion that the PC speeds up the pearling process. The
persistent length and total length of the cholesterol
and control group were similar. In Figure 4c tubular
polymersomes are organized by branch number
(Figure 4c). The mean number of branches was lower
than the control for the PC group and higher for
the cholesterol group. These results are in keeping
with the additives' roles in fluidizing and stabilizing the
membrane.

ROBERTSON ET AL.

Investigating the Potential of Tubular Polymersomes as
Intracellular Delivery Vectors. The uptake kinetics of tubu-
lar polymersomes was investigated in primary human
neutrophils and FaDu cells. FaDu cells are an adherent
epithelial cell line established from the pharynx of a
patient with squamous cell carcinoma, while neutro-
phils are a nonadherent blood leukocyte. Cancer cells
and immune cells are among the most well studied in
drug delivery. Nanovectors are often sought to im-
prove the selectivity and efficiency of chemotherapeu-
tics in cancer therapy, and immune cells are highly
relevant as both an obstacle and a target in drug
delivery#'42

Neutrophils are the most numerous leukocyte in
the blood and play a key role in the elimination of
foreign bodies through phagocytosis. In addition, neu-
trophils are major effector cells in acute inflammation
and have been subjected to much research for the
treatment of crippling disorders such as rheumatoid
arthritis and chronic obstructive pulmonary disease.
Yet these cells have been largely ignored in nanotech-
nology, as they have proven difficult to work with due
to their short lifespans and susceptibility to immune
activation.

To compare the internalization kinetics of tubular
polymersomes with spherical polymersomes, flow cy-
tometry was used to quantify the uptake of these
particles into neutrophils and FaDu cells over time.
To ensure that any difference between the spherical
and tubular particles is a result of shape rather than
size, the mean diameters of the spherical polymer-
somes were designed to mimic the diameter and the
length of the tubular polymersomes: 60 and 240 nm,
respectively (supplementary Figure 3). The fluores-
cence intensity in each group was normalized by the
mass of polymer per particle so that the final value was
proportional to the number of particles internalized as
opposed to the amount of polymer. A biphasic uptake
profile was observed for the tubes in both cell types
(Figure 5a). The uptake profile is different from that
observed for the spherical polymersomes, which show
a rapid internalization followed by a single plateau.”’
The two-phase increase in fluorescence for cells incu-
bated with tubular particles can be explained by an
initial quick binding step, followed by a slow interna-
lization. Confocal microscopy reveals a predominant
cell membrane localization after a 5 h incubation,
whereas after 9 h the rhodamine signal can be seen
within the cells, signifying successful internalization
(Figure 5b, supplementary Figures 4, 5). In contrast
fluorescence can be clearly observed within neutro-
phils after just 5 h of incubation with rhodamine-
labeled spherical polymersomes (Figure 5d).

In order to explore tubular polymersomes as a drug
delivery vector, we encapsulated fluorescent BSA using
electroporation (see Figure 5c left image).** Follow-
ing purification the encapsulation efficiency was
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Figure 4. TEM analysis of tubular polymersomes formed after 8 weeks. (a) Representative TEM micrographs of particles
formed after 8 weeks of film rehydration with mechanical stirring. (b) Image analysis of TEM micrographs showing the
distribution of the persistent length and total length of tubular polymersomes, showing the control (Ctrl) or tubular
polymersomes formed with the addition of 5% cholesterol (Chol) or the phosphocholine lipid (PC). The data are normalized as
a percentage of the total number of tubular particles or as a percentage of the number of polymer chains (N(agg)) in all the
tubular polymersomes. (c) Examples of increasingly branched tubular polymersomes with the branch number highlighted
below each image. (d) Analysis of the number of branches formed from tubular polymersomes in the three groups. The data
are normalized by the percentage of particles (left) or the percentage of the total N(agg) (right).

determined to be 29% by fluorescence spectroscopy, a
value higher than previously observed with spherical
polymersomes.** These tubular polymersomes were
then incubated with neutrophils (Figure 5c central) or
FaDu cells (Figure 5¢, right) for 9 h before imaging with
a confocal microscope. Single z-plane images demon-
strate the successful intracellular delivery of BSA
(Figure 5¢).

3D analysis of confocal z slices was conducted for
single neutrophils treated with the rhodamine-labeled

ROBERTSON ET AL.

tubular polymersomes (Figure 6a) for 5 h (Figure 6¢) or
9 h (Figure 6d). The neutrophil is displayed from two
angles: facing the neutrophil (Figure 6¢,d leftimage) or
looking at the neutrophil from the side (Figure 6¢,d
central image). The image on the right shows a single x
slice through the center. At both time points tubular
polymersomes can be seen on the membrane of the
cell; however, after 9 h tubular structures can also be
seen within the cell. Interestingly, fully mature endo-
somes reach no greater than 500 nm in diameter. If

VOL.8 = NO.5 = 4650-4661 = 2014 @%{Q}

WWW.acsnano.org

4656



80
* 60 nm Spherical Polymersomes:
4 Tubular Polymersomes 5 h
5 = 240 nm Spherical Polymersomes s
T, s0q
2
©
£
a
o o]
a
@
g
£ 9 hrs
T 2
=
R
P
200 400 500
Time (min)

600
- 60 nm Spherical Polymersomes
g 4 Tubular Polymersomes 5 hl‘ S
% = 240 nm Spherical Polymersomes.
T
3 ood
@
@
]
E
T 209
= 9 hrs

500 1000 1500

Time (min)

Neutrophils FaDu cells d

Figure 5. Internalization of tubular polymersomes into primary human neutrophils and FaDu cells. (a) Using flow cytometry,
the rate of uptake of rhodamine-conjugated tubular polymersomes was measured in primary human neutrophils (top image)
and FaDu cells (lower image). The internalization displays a two-phase kinetics profile. The initial increase in fluorescence
corresponds to the binding of the tubular polymersomes; the second stage corresponds to the delayed internalization event.
In contrast spherical polymersomes are internalized rapidly (green graphs). The data are given for the median fluorescence
intensity (MFI) normalized by the mass per particle (dg). (b) Binding and internalization events visualized using confocal
microscopy. At 5 h the tubular polymersomes are predominantly found on the membrane of the neutrophils (top image) and
FaDu cells (lower image). After 9 h a large proportion of the fluorescent polymer can be visualized within the cells. Scale bar
represents 5 um for neutrophils and 40 um for FaDu cells. (c) Fluorescent BSA encapsulated within tubular polymersomes
using electroporation. A micrograph of the tubular polymersomes is shown on the left. The tubular polymersomes were then
incubated with neutrophils (central image) or FaDu cells (right image) for 9 h before confocal microscopy. Micrographs are
shown for a single z slice of representative cell populations. Scale bar is 8 um. (d) Neutrophils treated for 5 h with rhodamine-
labeled spherical polymersomes; scale bar is 8 um.

tubular polymersomes with a length greater than of contact between the particle and cell has been shown

500 nm are internalized, they may be sorted through
a different pathway. This would explain why some of
the tubular polymersomes maintain their structure
once internalized by avoiding acidification in the en-
dolysosomal pathway.

A number of studies have demonstrated the ability
to form nonspherical nanoparticles.?>**** In particular
rod-like nanoparticles and worm-like micelles, other-
wise known as filomicelles, have shown promise in
drug delivery for their unique targeting abilities and
high circulation times.>®4> |t is now well known that
nonspherical nanoparticles have different internaliza-
tion kinetics when compared to their spherical coun-
terparts, which may be in part due to the large energy
requirement for endocytosis of particles with high
aspect ratios. In particular, the tangent angle at the point

ROBERTSON ET AL.

to play an important role in whether internalization takes
place and upon the rate of internalization.*’ ~*° Undoubt-
edly, the impact of shape on internalization will also
depend on the size, surface chemistry, and viscoelastic
properties of the particle.*”~°

The average diameter of the tubular polymersomes
studied here is around 60 nm (supplementary
Figure 3), which is within the optimal diameter range that
has been determined theoretically and experimentally
to induce nanoparticle endocytosis (reviewed in ref 4).
The curvature of the system is therefore ideal for
inducing deformation of the plasma membrane
around the diameter of the tube. In contrast, the length
of the tube is unfavorable for endocytosis. We hy-
pothesize that this interaction, coupled with the high
avidity of the PMPC polymer for its receptors, promotes
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Figure 6. 3D analysis of neutrophils and proposed mechanism of tubular polymersome uptake. (a) TEM micrograph of
rhodamine-labeled tubular polymersomes. (b) lllustration demonstrating the proposed internalization mechanism of tubular
polymersomes. 3D analysis of confocal z stacks of a single neutrophil after 5 h (c) or 9 h (d) treatment with rhodamine-labeled
tubular polymersomes. The neutrophils are shown in a three-dimensional view at two angles: straight on (left image) and at
90 deg (central image). The right image shows a single x slice through the center of the neutrophil. The lowerimagesincand d
display a montage of the confocal micrographs at the different z-planes. Scale bar is 2 um.

the embedding of the tubular polymersome within the
membrane. This strong interaction will cause a local
destabilization and deformation of the plasma mem-
brane. This may progress to full endocytosis if compo-
nents of the cytoskeleton and other molecular
endocytic players are recruited to the binding site to
assist in the invagination and scission of an endocytic
vesicle (Figure 6b). Alternatively, the attached tubes
may be slowly internalized from the natural turnover of
the plasma membrane. A similar type of delayed or
“frustrated” endocytosis has been observed for other
highly anisotropic particles.*’4>'

Although shape is known to be an important factor
in the design of a nanovector, the vast majority of
engineered nanovectors are spherical.”> While worm-
like micelles can be formed from amphiphilic block
copolymers by controlling the polymer packing
parameter,®® these solid micellular structures do
not contain an aqueous core that enables the

ROBERTSON ET AL.

encapsulation of water-soluble molecules.>® Carbon
nanotubes have received a lot of attention as drug
delivery carriers, and although visually carbon nano-
tubes appear similar in structure to tubular polymer-
somes, they have very different properties.* In contrast
to the “soft” polymer membrane, carbon nanotubes
are held together by strong covalent bonds, making
them stiff and inflexible, and their entry into cells
occurs through a “needle-like” penetration of the
membrane.>>>%

The striking effects of polymersome shape on
internalization kinetics that were seen in this study
immediately highlight opportunities for tubular poly-
mersomes in drug delivery. Despite the large volume of
the tubular polymersomes, the internalization rate was
surprisingly quick. In particular, the amount of tubular
polymersomes internalized into neutrophils after 10 h
was similar to the amount of spherical polymersomes
of a similar diameter. The larger membrane and
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lumenal volumes of tubular polymersomes may allow
encapsulation of higher drug loads and give higher
delivery efficiencies.

Another intriguing feature of the tubular polymer-
somes is their long dwelling time at the cell surface
before internalization. Particles with high aspect ratios
such as tubular polymersomes form more receptor—
ligand interactions on the cell surface, leading to an
increased binding avidity. However, the increased
volume of tubular polymersomes compared with sphe-
rical polymersomes results in higher dislodging forces
from shear stress.>”® This means the ability of a
tubular polymersome to bind to a cell in the blood-
stream will depend strongly on the affinity of the
receptor ligand interaction and the density of recep-
tors on the target cell. Recently the Mitragotri group
showed that rod-shaped particles with attached tar-
geting ligands had higher specificity than spherical
particles when injected into mice.® This is because
weak receptor ligand interactions were more easily
influenced by shear-induced unbinding.® One could
speculate that the high membrane dwelling of tubular
polymersomes observed in this study may result in an
even greater probability of shear-induced detachment.

METHODS

PMPC,5—PDPAgs was synthesized by reversible addition—
fragmentation chain-transfer polymerization (RAFT), and rho-
damine 6G-labeled PMPC,5—PDPA;, by atom-transfer radical
polymerization (ATRP) as previously described.>*%° PMPC—
PDPA and the desired encapsulate were dissolved in chloroform/
methanol (2:1) (10 mg/mL), and the solvent was subsequently
evaporated with a desiccator. The resulting polymer film was
rehydrated (10 mg/mL in PBS) and exposed to shear stress
(magnetic stirring at 200 rpm) for up to 8 weeks. The sample
was sonicated for 20 min before analysis (Sonicator Sonicor
Instrument Corporation). The formation of particles by the pH
switch method was performed as previously described."®
Cholesterol was purchased from Sigma, and lipid PC was
purchased from Avanti Polar lipids.

To visualize thin film dewetting, a film of 10% rhodamine
6G-labeled polymersomes was formed on a coverslip by the
same process as above. This coverslip was then placed at a 90°
angle to an imaging dish and imaged using a confocal laser
scanning microscope (Zeiss LSM Meta) with a 63x oil immer-
sion lens. At time 0 PBS was added to the imaging dish, and the
film was left stirring with a magnetic stirrer until imaging at the
time points highlighted. For TEM studies polymersomes were
adsorbed onto glow discharged copper grids (Agar Scientific)
and stained with 0.75 wt % phosphotungstic acid (PTA) aqueous
solution [pH 7.4] followed by imaging with a FEI Tecnai G2 Spirit
electron microscope.

Polymersomes were centrifuged at 2000 RCF for 20 min, the
supernatant was removed, and the resulting pellet was resus-
pended in a volume of PBS equal to the original volume. The
procedure was then repeated at 15 000 RCF. HPLC analysis was
performed on a Dionex Ultimate 3000 system, using a Cig
analytical column (Phenomenex Jupiter; 300A, 150 x 4.6 mm,
5 um). For quantification of the cholesterol-loaded polymer-
somes a multistep gradient of methanol (MeOH) (0.1% trifluor-
oacetic acid (TFA)) in Milli-Q filtered H,O (MQ) (0.1% TFA) was
used: 0 min 30%, 5 min 30%, 12 min 100%, 20 min 100%,
21 min 30%, 23 min 30%; for PC the multistep gradient was as
follows: 0 min 5%, 7 min 5%, 9 min 100%, 13 min 100%, 15 min

ROBERTSON ET AL.

Another possibility is that the shape of the tubular
polymersome will influence its intracellular fate, parti-
cularly if their length exceeds 500 nm, the typical
diameter of a mature endosome; but further work is
required to elucidate these features of tubular poly-
mersomes in more detail.

CONCLUSIONS

In conclusion we have demonstrated the formation
and purification of tubular polymersomes by film
rehydration. The addition of cholesterol or phospholi-
pid was shown to influence the speed and yield of
tubular polymersome formation. Finally we showed
that the tubular polymersomes have delayed interna-
lization kinetics and are able to encapsulate and deliver
fluorescent BSA.

The great potential of filomicelles has been demon-
strated through their long circulation times and ex-
cellent tumor targeting ability.” In this study, we have
demonstrated the formation and purification of stable
filamentous or tubular polymersomes. The combined
shape, versatility, pH sensitivity, and biocompatibility
of this nanocarrier will offer novel applications in drug
delivery.

5%, 20 min 5%. DLS measurements were performed on a
Zetasizer Nano ZS (Malvern Ltd.) at a copolymer concentration
of 0.25 mg/mL as previously described.>

To analyze the morphology of tubular polymersomes, multi-
ple TEM micrographs with at least 500 tubular polymersomes
from each group were analyzed from multiple TEM grids.
Persistent length (i.e., the longest single tubular length) and
total length (the length of all branches combined) were mea-
sured manually. In addition the number of branches for each
particle was noted, and the cross sectional area was measured.
Using the total length and the cross sectional area of the tube
the average diameter was calculated by assuming that a tube
cross section consisted of a rectangle of length L and width D
and two half -circle end-caps of diameter D. Using the diameter
and total length of the tube the number of chains (N(agg)) was
calculated based on a membrane thickness of 7 nm and a
density calculated previously.'” Each tubular polymersome was
assumed to consist of a hollow cylinder of measured diameter D
and measured length L with two end-cap half-spherical vesicles
of diameter D. The N(agg) was calculated for each tubular
polymersome by dividing the total calculated membrane vol-
ume by the volume of PDPA.

Neutrophils were isolated from fresh venous blood taken
from healthy donors using density separation with a Percoll
gradient as described previously.5' FaDu cells were purchased
from American Type Culture Collection (Manassas, VA, USA) and
cultured in standard cell culture medium. For flow cytometry
experiments FaDu cells were seeded in 24-well plates and
allowed to grow for 1 day before incubating with polymer-
somes. After incubation with 10% rhodamine-labeled tubular
or spherical polymersomes for the specified time periods,
neutrophils were centrifuged at 3000 rpm for 3 min and washed
with PBS, then left on ice until analysis. FaDu cells were washed
with PBS, trypsinized, centrifuged at 2000 rpm, and then
resuspended in cold PBS before analysis. Flow cytometry was
done on a BD LSR Il flow cytometer with the 488 nm laser. The
MFI was calculated by normalizing the median fluorescence
intensity of polymersome-treated cells by cells treated only with
PBS (negative control). This value was then divided by the mass

VOL.8 = NO.5 = 4650-4661 = 2014 K@N&NJK)\

WWW.acsnano.org

WL

4659



per particle. The mass per particle was calculated by dividing
the mass of polymer added to the cells by the number of
particles calculated from the sum of the molar mass of
each particle multiplied by Avogadro's number, divided by
the N(agg) of the particle.

Polymersomes of 60 and 240 nm were purified from spherical
polymersomes made by the pH switch method. Small particles
were first removed using the KrosFlo Research Ili tangential flow
filtration system with a 50 nm hollow fiber. Centrifuging the
polymersomes at 5000 RCF and discarding the pellet removed
large particles. The 240 nm polymersomes were then extracted by
centrifuging the polymersomes at 10000 RCF and rehydrating the
pellet in PBS. The supernatant was then recentrifuged at 20 000 RCF
for 20 min, and the resulting supernatant was extracted. This fraction
contained the polymersomes with an average diameter of 60 nm.
Size measurements were assessed by DLS.

For imaging experiments FaDu cells were seeded in 35 mm
u-dishes for microscopy, purchased from Ibidi 24 h prior to
incubation. Neutrophils or FaDu cells were incubated with 70%
PMPC—PDPA, 30% rhodamine 6G-labeled PMPC—PDPA for 5 or
9 h.The cells were then washed as above, neutrophils were then
left to settle on the u-dish for 30 min, and the cells were imaged
live using a PerkinElmer UltraVIEW VoX spinning disk confocal
microscope with a 60x oil immersion lens and a z thickness
of 1 um. In a parallel experiment neutrophils and FaDu cells
were seeded as before and treated for 9 h with tubular poly-
mersomes encapsulating AlexaFluor647-BSA (conjugated using
the commercially available antibody labeling kit (Invitrogen)) at
a final concentration of 0.5 mg/mL of polymer. The BSA was
encapsulated by electroporation as described previously.** The
cells were imaged live using a PerkinElmer UltraVIEW VoX
spinning disk confocal microscope with a 60x oil immersion
lens and a z thickness of 1 um.
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