
Curvature Dependence of Viral Protein
Structures on Encapsidated
Nanoemulsion Droplets
Connie B. Chang,† Charles M. Knobler,† William M. Gelbart,†,‡ and Thomas G. Mason†,‡,§,*
†Department of Chemistry and Biochemistry, ‡California NanoSystems Institute, and §Department of Physics and Astronomy, University of California�Los Angeles,
Los Angeles, California 90095

P
ure viral capsid protein can be self-
assembled around nanoscale
objects,1–3 enclosing them in pro-

tein shells through a process known as
“encapsidation”.4–7 By displaying viral pro-
tein, encapsidated nanomaterials can po-
tentially be endowed with a desirable viral
functionality: preferential localization in
specific tissues that could be useful for cell
targeting.8 In a classic demonstration of en-
capsidation, an infectious virus has been as-
sembled in vitro by combining pure capsid
protein with pure RNA and dialyzing to
change pH and ionic strength.1 Likewise,
synthetic polymers,9 parapolyoxometalate
particles,5 solid gold nanocrystals,7,10,11 and
quantum dots12 have been encapsidated
to create virus-like particles (VLPs)11 similar
in size to the native virus. For such small
VLPs, electron microscopy indicates that the
protein shell assembles from individual
subunitsOin a manner reminiscent of mi-
celle formation13Ointo ordered struc-
tures11 characteristic of icosahedral vi-
ruses,14 including protruding ring-like mul-
timers, or “capsomers”, that have five-fold
and six-fold symmetry.15 Many water-
soluble anionic polymers, including single-
stranded (ss) RNA, the most prevalent viral
genome, have short persistence lengths of a
few nanometers, so they are compressible.
Compressibility of the core permits capsid
proteins to adopt specific conformations
and curvatures necessary for forming highly
symmetric icosahedral shells that com-
pletely envelop the polyanions.

Here, we report the encapsidation of in-
compressible spherical nanodroplets, or
“nanoemulsions”,16 that have a continuous
range of sizes extending significantly be-
yond the wild-type core and are stabilized
by adsorbed anionic surfactant molecules.
We show that it is possible to induce the

capsid protein to self-assemble into spheri-
cal shells without the perfect symmetry and
discrete sizes of ideal icosahedra dictated
by the Caspar�Klug hierarchy,14 which re-
quires special integral multiples (e.g., 1, 3, 4,
7, ...) of 60 proteins. Silicone oil [poly(dime-
thylsiloxane), PDMS]-in-water nanoemul-
sions stabilized by sodium dodecyl sulfate
(SDS) are made by high-pressure homog-
enization,17 mixed with pure cowpea chlo-
rotic mottle virus (CCMV) capsid protein,18

and dialyzed to reduce the divalent cation
concentration, causing the protein to self-
assemble.19 Over a wide range of pH and
ionic strength, the reassembly creates virus-
like droplets (VLDs) coated by a single pro-
tein shell. We also explore a broad range of
pH and ionic strength to control the num-
ber of concentric shells formed by the
capsid protein around the nanodroplets. In
the limit of low pH and ionic strength,
where empty multishell structures have
been formed,20 droplets can be encapsi-
dated inside two or more protein shells.

For VLDs coated by single shells, trans-
mission electron microscopy (TEM) reveals
that the protein has self-assembled on the
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ABSTRACT Virus-like particles are biomimetic delivery vehicles that cloak nanoscale cores inside coatings of

viral capsid proteins, offering the potential for protecting their contents and targeting them to particular tissues

and cells. To date, encapsidation has been demonstrated only for a relatively limited variety of core materials, such

as compressible polymers and facetted nanocrystals, over a narrow range of cores sizes and of pH and ionic

strength. Here, we encapsidate spherical nanodroplets of incompressible oil stabilized by adsorbed anionic

surfactant using cationic capsid protein purified from cowpea chlorotic mottle virus. By imaging with transmission

electron microscopy we show that, as the droplets become larger than the wild-type RNA core, the protein is

forced to self-assemble into spherical shells that are not perfect icosahedra having special triangulation numbers

characteristic of the Caspar�Klug hierarchy. Consequently, the distribution of protein conformations on larger

droplets is significantly different than in the wild-type shell.
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curved surfaces not only into ordered capsomers but
also into a variety of other structures. As the droplet sur-
face curvature is reduced, ordered capsomer structures
become less prevalent, and other protein structures ap-
pear: defected capsomers, hexagonal webs, and
trough-like scars. Some of these structures appear to
be due to jamming21 of the protein on the curved sur-
face and are reminiscent of defects found on macro-
scopic droplets stabilized by solid microscopic
particles.22–24 However, other structures, such as the

hexagonal web, arise from special
rules associated with attractive pro-
tein–protein and protein�surface in-
teractions. The overall reduction in the
population of ordered capsomers on
larger droplets implies that the three
different conformations of the pro-
tein25 in the capsid of CCMV are not
present in the same proportions when
the protein assembles on incompress-
ible surfaces that have lower curva-
ture. Thus, surface curvature plays an
essential role in setting protein confor-
mation and profoundly influences the
structure of assembled proteins that
encapsidate incompressible objects.

RESULTS AND DISCUSSION
Anionically stabilized nanodroplets provide incom-

pressible, charged templates that offer a wide range of
curvatures upon which capsid protein can be as-
sembled. Through extreme emulsification,16 we make
oil-in-water nanoemulsions comprised of spherical
droplets that can be as small as CCMV (inner diameter
of 21 nm and outer diameter of 28 nm). Relying upon
differences in creaming rates, ultracentrifugal size-
fractionation provides uniform model nanoemulsions
having droplet radii between 10 nm � a � 100 nm.17

In addition, the droplet volume fraction � and surfac-
tant concentration CSDS can be set independently. The
Laplace pressure, corresponding to the stress necessary
to overcome surface tension and deform a droplet, is
typically above 10 atm, so droplets are spherical at di-
lute �. To inhibit Ostwald ripening,26 which can lead to
unwanted growth of the droplets through molecular
diffusion, the dispersed liquid is chosen to be very in-
soluble in the continuous liquid phase.

We create VLDs by mixing pure, disassembled CCMV
capsid protein with an oil-in-water nanoemulsion and
changing the pH and NaCl ionic strength, I, of the buffer
through dialysis, causing the protein to assemble on
the droplet surfaces (see Figure 1). TEM of negatively
stained VLDs reveals the presence of ordered protein
structures, including ring-like capsomers, on the sur-
faces of individual droplets. To probe a diversity of
structures, we have encapsidated SDS-coated nano-
droplets at five different buffer conditions, correspond-
ing to the known phase behavior of the protein:2,20,27

RNA-reassembly (pH � 7.2, I � 0.1 M), hexagonal sheet
(pH � 6.2, I � 0.1 M), dimer (pH � 6.2, I � 1.0 M), multi-
shell (pH � 4.8, I � 0.1 M), and empty shell (pH � 4.8,
I � 1.0 M). We show TEM images of negatively stained
VLDs for these buffers in Figure 2a. Protein-coated
nanodroplets can be distinguished from empty capsid
shells because the uranyl acetate staining does not pen-
etrate into the core of the coated droplets, so they ap-
pear noticeably brighter in the center. A darker ring

Figure 1. Schematic showing the encapsidation of an oil droplet stabilized by anionic sodium
dodecyl sulfate (SDS) surfactant in water by purified capsid protein from cowpea chlorotic
mottle virus (CCMV). By adjusting the pH and ionic strength I using dialysis, the capsid pro-
tein in bulk solution can be induced to condense and assemble around the negatively charged
surfaces of the nanoemulsion droplets.

Figure 2. Capsid protein structures observed by negatively stained TEM.
(a) Individual nanoscale droplets as a function of pH and ionic strength I
of NaCl after mixing and dialyzing SDS-stabilized nanoemulsions with pu-
rified CCMV protein. Buffers are defined as follows: RNA-reassembly, R
(pH � 7.2, I � 0.1 M); hexagonal sheet, H (pH � 6.2, I � 0.1 M); dimer, D
(pH � 6.2, I � 1.0 M); multi-shell, M (pH � 4.8, I � 0.1 M); and empty shell,
E (pH � 4.8, I � 1.0 M). Inset (upper right): Fluorescence optical micro-
graph of FITC-labeled CCMV protein (green) covering the surfaces of mi-
croscale silicone oil droplets stabilized by SDS after dialysis with R buffer.
(b) Nanodroplets encapsidated by one, two, and three concentric pro-
tein shells are observed after dialysis with M buffer. Scale bar � 20 nm
(all images).
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around the edges of the droplets exists due to the trap-

ping of the stain as the water contact line recedes dur-

ing the evaporation process. This staining and drying

process yields TEM images that provide excellent views

of only one half of the surface of each droplet. Be-

cause the images do not contain a significant signal

from the protein on the other half, it is possible to iden-

tify and interpret the protein surface structure on indi-

vidual droplets, rather than having to rely on recon-

struction methods that presume an ordered structure.

For all five buffers, CCMV protein encapsidates nano-

droplets, regardless of their size (Figure 2a). Dimer

buffer and RNA-reassembly buffer create VLDs effi-

ciently without any loss of protein into empty shells.

For the multi-shell buffer, we observe nanodroplets

coated with single, double (dominant), and triple shells

(Figure 2b). For the empty-shell and multi-shell buffer

conditions, due to the slight excess of protein beyond

that required to coat the droplets, we observe encapsi-

dated droplets and also empty shells.

To confirm that the protein is not simply deposited

on the droplet surfaces during drying but actually as-

sembles around the droplets while in solution, we have

examined fluorescein isothiocyanate (FITC)-labeled

CCMV protein on microscale silicone oil droplets after

dialyzing with RNA-assembly buffer. Strong fluores-

cence emanates from the surfaces of the droplets (Fig-

ure 2a inset), indicating that they are coated with the la-

beled protein. By contrast, when droplets coated with

cationic cetyl trimethylammonium bromide (CTAB) sur-

factant are mixed with FITC-labeled CCMV proteins

and dialyzed in the same manner, no surface fluores-

cence is observed.

We have also examined the structures and relative

degree of order and disorder of protein on nanodrop-

lets having different curvatures for RNA-reassembly

conditions (Figure 3). To enhance the images of the

structures on the surfaces of individual VLDs, we re-

move the background and then reduce high-frequency

noise using Fourier filtering. We identify complete cap-

somers as white rings that have an internal dark central

spot and also a dark external trough surrounding the

bright ring. The brighter regions indicate a higher den-

sity of proteins that project outward from the surfaces,

and the darker regions generally indicate a lower den-

sity of protein where stain becomes more highly con-

centrated in the local depressions. As the droplets be-

come progressively larger than CCMV, complete

capsomers become less prevalent, and several other

protein structures are observed on the less curved in-

compressible surfaces. In particular, imperfect capsom-

ers, linear scar-like defects, and hexagonal web-like

structures are seen, in sharp contrast to perfect icosahe-

dral order on wild-type CCMV. Based on energy minimi-

zation, a greater relative coverage of the droplets by or-

dered capsomers might be expected when droplet sizes

correspond to allowed integral triangulation numbers

T 14,28 (see Figure 3, lower scale), yet this assumes that

the structure and size of the capsomers will not be in-

fluenced by the underlying curvature and degree of

compressibility of the core. Although our experiments

at all buffer conditions do not reveal a higher degree of

capsomer order on droplets that correspond to al-

lowed T, this might occur at different pH and I than we

have yet explored.

For smaller droplets closer to the size of the native

virus, we have identified local hexagonal packing of

capsomers (Figure 4a, left), as can be seen on the na-

tive virus. Although we find numerous examples of six

capsomers surrounding a central capsomer, five-fold-

coordinated capsomers without defects have not been

observed on droplets significantly larger than CCMV.

The distribution of center-to-center distances between

neighboring six-fold capsomers is shown in Figure 4b,

and the average distance of 9.5 nm is in excellent agree-

ment with that known from native CCMV.25

Figure 3. Representative examples of CCMV protein structures observed as a function of the droplet diameter, d (italic numbers), on a
single side of individual encapsidated oil nanodroplets after dialysis using RNA-reassembly buffer. TEM images have been background
subtracted and Fourier filtered to enhance the protein structures on the droplet surfaces. Complete protein “capsomers” (white rings) are
found more often on the surfaces of smaller nanodroplets that have sizes closer to that of the native virus. Ring-like capsomers can or-
der into six-fold arrangements locally (blue circle). Extended dark trough-like “scars” (red circle), defected capsomers, and hexagonal web-
like networks of capsid protein (green circle) are more frequently seen on larger droplets. Allowed triangulation numbers T and pre-
dicted outer diameters of nanodroplets that could be encapsidated by perfect icosahedra of ordered capsomers are shown in the lower
scale. The outer diameters (in nm) are estimated using32 d(T) � 28(T/3)1/2, consistent with d � 28 nm for CCMV, a T � 3 virus.
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On a number of larger droplets, we observe a hex-

agonal web-like structure of protein: regions of dark

dots surrounded by interconnected white boundaries,

or “web” (Figure 4a, right). Dark outer troughs charac-

teristic of capsomers are absent. Although this protein

web usually has local six-fold hexagonal order, in gen-

eral, it can be disordered due to defects. The average

distance between nearest-neighbor dots in the web is

only 4.7 nm, about half the distance between the cen-

ters of capsomers (Figure 4b). This is consistent with

capsid protein self-assembling in a different manner on

flatter, incompressible surfaces than on more highly

curved, compressible surfaces.2

We propose that the mechanism of the formation
of the hexagonal web structure of protein can be un-
derstood by considering the underlying symmetry and
dense packing of self-assembled protein subunits on in-
compressible surfaces of lower curvature. CCMV capsid
protein is known to self-assemble into hexagonal cap-
somers of hand-in-glove dimers20,29 that have been
identified by X-ray cystallography. These dimers are en-
ergetically favored over monomers in many buffer con-
ditions; a protruding arm of one protein is inserted
into the folded region of its partner and is held by an at-
traction, and vice versa.30 Six hand-in-glove dimers can
join together to form a capsomer that has six protrud-
ing arms in a structure resembling a gear (Figure 4c,
lower left). Such capsomer structures are also energeti-
cally favored over a random assembly of dimers. When
these gear-like hexagonal capsomers of dimers self-
assemble and then densely pack to cover a flat sur-
face, they can create hexagonal arrays of capsomers
that have regions that are depleted of protein at half
of the center-to-center distance between neighboring
capsomers. This packed-gear structure would give the
appearance of the web that we observe: a hexagonal ar-
ray of dark spots where the protein density is lower,
and an interconnected hexagonal network of bright
web where the protein density is higher. For self-
assembly of protein on a flat surface, it is reasonable
to assume that the folded capsid protein and dimers ex-
ist in only a single conformation and do not distort
into the three known conformations that are required
for assembling five-fold-coordinated capsomers on core
structures that have higher curvature comparable to
that of the wild-type virus.

In addition to the ordered web, we also observe
elongated protein scars that are dark troughs sur-
rounded by white rims (Figure 4a, middle). These
protein scars bear some resemblance to scar defects
found in the packing of monodisperse solid spheres
on the surfaces of curved liquid droplets,22,23 a con-
trolled variety of “Pickering emulsions”,24,30,31 yet
capsid protein scars are distinctly different. Protein
scars do not consist simply of line defects between
fully formed hexagonal ring-like capsomers on in-
commensurately sized droplets; instead they indi-
cate disorder of the protein at a smaller scale than
even the capsomer unit itself. Several mechanisms
combine to produce the scar defects: incommensu-
rate sizes of the droplets relative to those corre-
sponding to allowed T numbers for icosahedral
structures, and surface jamming of the protein that
strongly inhibits protein reorientation and rear-
rangement once the surface is completely covered.

CONCLUSIONS
A variety of protein structures, including dimers, par-

tial capsomers, and complete capsomers, may become
jammed into locally disordered states21 on incompress-

Figure 4. Local protein structures observed on the surfaces of nano-
droplets (enlarged from colored circles in Figure 3) have different de-
grees of order and disorder. (a) Left: six-fold-coordinated capsomers
(blue dots at center) represent a high degree of order seen mostly on
smaller droplets. Middle: an example of a trough-like scar that consists
of an elongated dark region (red arrow) surrounded by a protruding
white region. Right: hexagonal web structure, typically seen on larger
droplets, consisting of dark spots (green dots) surrounded by an inter-
connected white network of protein protruding from the interface.
(b) Probabilities pc and pw versus distance, r, between centers of dark
regions for hexagonal capsomers and web, respectively. The average
spacing between the dark spots of the web (4.7 nm) is roughly half of
the distance between the centers of capsomers (9.5 nm). (c) A web-
like structure (right) can be made by packing hexagonal capsomers
(lower left) of hand-in-glove protein dimers25 (upper left) on a flat sur-
face. Regions of low protein density are marked in one hexagonal
cell with black dots.
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ible spherical surfaces that have reduced curvature in
a manner reminiscent of out-of-equilibrium glasses and
gels. Additional defects may arise because protein ad-
sorbed at high densities may not be able to change
conformation and reorganize into lowest-energy or-
dered states, as when forming around RNA. Control-
ling the relative protein coverage and examining the ki-
netics of the process of encapsidation will provide
greater insight into how ordered and disordered pro-
tein structures arise on the surfaces of VLDs. By adjust-
ing the pH and ionic strength, it may be possible to en-
capsidate droplets, nanoparticles, and synthetic
polymers with a controlled number of capsid shells.

By interpreting TEM images of individual encapsi-
dated nanodroplets, we have revealed a range of novel
structures, including defected capsomers, hexagonal
web, and scars, on the surfaces of the droplets. The dis-
covery of these structures provides significant new in-
sight into the nature of protein conformations on
curved surfaces. Moreover, our observations show that
non-equilibrium protein structures can exist on encapsi-
dated nanoscale objects due to surface jamming on an
incompressible charged template. Thus, the picture of
thermodynamic self-assembly of perfect icosahedral
shells around artificial nanostructures may be correct
only in certain limiting cases.

METHODS
Protein Purification. Following Choi and Rao’s procedure,18 we

isolate and purify capsid protein from CCMV. Purified CCMV is
dialyzed for 24 h in 1.0 L of disassembly buffer (0.5 M CaCl2, 50
mM Tris-HCl at pH 7.5, 1.0 mM EDTA, 1.0 mM DTT, 0.5 mM PMSF).
The dissociated virus is centrifuged for 30 min at 14 000 rpm to
precipitate the RNA. The protein supernatant is extracted and
dialyzed for 24 h in 1.0 L of RNA-reassembly buffer (50 mM NaCl,
50 mM Tris-HCl, pH 7.2, 10 mM KCl, 5.0 mM MgCl2, 1.0 mM DTT).
The solution is then centrifuged for 100 min at 100 000 rpm,
and the protein supernatant is extracted. The concentration and
purity of the protein are measured using UV–visible spectros-
copy. All work is performed at 4 °C.

Nanoemulsion Preparation and Fractionation. Nanoemulsions are
created using extreme flow with a high-pressure microfluidic de-
vice.17 Polydisperse emulsions are size-fractionated using ultra-
centrifugation to achieve better droplet uniformity and to set the
SDS concentration CSDS. Prior to mixing with protein and dialyz-
ing, the nanoemulsions have CSDS � 1 mM SDS, well below the
critical micelle concentration, and � � 0.05. The PDMS oil (10 cSt
viscosity, supplied by Gelest) has a low vapor pressure, so it
does not evaporate over the time scale of our microscopy mea-
surements, even when capsid protein is not present.

Dialysis Buffers. The composition of each buffer is as follows.
RNA-reassembly buffer:27 Tris-HCl buffer at pH � 7.2, I � 0.10 M
NaCl, 10 mM KCl, 5.0 mM MgCl2, and 1.0 mM DTT. Empty shell
buffer: 50 mM sodium acetate buffer at pH � 4.8 and I � 1.0 M
NaCl. Dimer buffer: 50 mM sodium phosphate buffer at pH � 6.2
and I � 1.0 M NaCl. Multishell buffer: 50 mM sodium acetate
buffer at pH � 4.8 and I � 0.1 M NaCl. Hexagonal sheet buffer:
50 mM sodium phosphate buffer at pH � 6.2 and I � 0.1 M NaCl.
The last four buffers also contain 1.0 mM EDTA and 1.0 mM
DTT.

Encapsidation Procedure. A 10 �L aliquot of stock nanoemul-
sion at 1.0 mM SDS and � � 0.05 is added to purified CCMV pro-
tein at 0.15 �g/mL to give a total reaction volume of 200 �L.
The mixture is dialyzed in 1.0 L of the appropriate buffer for 24 h
at 4 °C. The SDS concentration after dilution and dialysis is
roughly 10�5 M, so SDS�protein binding interaction in the
bulk solution is minimized while still maintaining droplet stabil-
ity. The sulfate head group of SDS remains negatively charged
over the entire range of pH we access. After dilution, the charge
density of SDS on the oil–water interfaces is roughly �0.1 e/nm2.

Transmission Electron Microscopy: Staining and Analysis. Pelco cop-
per grids of 400 mesh size and 3.0 mm outer diameter (Ted
Pella, Inc.) are coated with a thin film of parlodion and carbon.
The grids are glow-discharged using high-voltage, alternating
current immediately before sample deposition. We place 5 �L
of the sample directly onto the grid for 1 min and then wick with
Whatman 4 filter paper and immediately stain with a 1% solu-
tion of uranyl acetate in water for 1 min. The samples are air-
dried and viewed under a Hitachi H-7000 electron microscope
at an accelerating voltage of 75 kV. Negatives were developed
and scanned using a Minolta Dimage Scan MultiPro scanner for

image analysis. Adobe Photoshop is used to flatten the image
background by subtracting a strongly blurred image. Cross-
correlation Fourier-transform image analysis is applied using a
correlation kernel that has a dark center, corresponding to the
size of the capsomer’s dark dimple and a white outer ring.

Fluorescence Microscopy. We make a stock solution of FITC in
DMSO at 1.0 mg/mL. An aliquot of the FITC stock solution is
added to dissociated CCMV protein and equilibrated in 50 mM
phosphate buffer at pH � 8.2. The protein and dye are mixed,
and, after 8 h, the FITC-labeled protein is dialyzed into RNA-
reassembly buffer, lowering the pH. Next, the FITC-labeled pro-
tein solution is mixed with 10 �L of microscale emulsions at 1.0
mM concentrations of either SDS or CTAB to � � 0.05 in a total
reaction volume of 200 �L and dialyzed using RNA-reassembly
buffer. Fluorescence micrographs reveal the presence of labeled
protein at the droplet surfaces through strong fluorescence at
the edges of the droplets. Microscale emulsions in the absence
of labeled protein do not show this fluorescence. Therefore,
droplets that are much larger than the native virus can be coated
by a dual layer of anionic surfactant and virus protein. Irrevers-
ible protein adsorption likely inhibits the equilibrium exchange
of surfactant to and from the droplet interfaces.
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