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Surfactant-Mediated 
Two-Dimensional Crystallization 

of Colloidal Crystals 
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D. A. Weitzlf 

Colloidal particles can form unexpected two-dimensional ordered colloidal 
crystals when they interact w i t h  surfactants o f  the  opposite charge. Coulomb 
interactions lead t o  self- l imited adsorption o f  t he  particles on  the  surface o f  
vesicles formed by  the surfactants. The adsorbed particles fo rm ordered but  
f lu id rafts on the  vesicle surfaces, and these ul t imately fo rm robust t w o -  
dimensional crystals. This use o f  attractive Coulomb interaction between col- 
loidal particles and surfactant structures offers a potent ia l  new route t o  self- 
assembly o f  ordered colloidal structures. 

The self-assembly of colloidal particles is a 
promising route to materials synthesis that 
combines considerable flexibility 111 the choice 
of materials with the oppoitunity to create 
highly ordered stmctures on length scales 
from nanometers to micrometers. Self-assem- 
bled structures can fonn resilient coatings, 
templates for growth of ordered micro- and 
nanoporous materials ( I ) ,  and even photonic 
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de~ices  (2-4). Self-assembly depends criti- 
call~l on thermal energy; the resultant motion 
allows particles to attain the optimum positions 
to create desired h i g h l ~ ~  ordered structures. 

To exploit thermal motion, great care 
must be taken in controlling the interaction 
energies behveen the particles themselves 
and between the particles and their sui~ound- 
ings. Thermally induced self-assembly typi- 
cally requires repulsive or only very weakly 
attractive interactions. Strong attraction usu- 
ally leads to the formation of highly disor- 
dered aggregates, rather than ordered colloi- 
dal crystal structures. Because of this, attrac- 
tive Coulomb interactions, which are strong 
on thermal scales, are usually not effective in 
producing self-assembled, ordered structures. 
Thus, for example, when charge-stabilized 
colloidal particles are mixed with surfactants 
of the opposite charge, they t~lpically desta- 
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(5 )  because the surfactant binds Coulomb- 
\ ,  

ically to the particles. This process makes 
their surfaces hydrophobic and leads to 
strongly attractive inteiyaiticle interactions. 

Because of this expectation of destabiliza- 
tion, few studies of mixtures of particles and 
oppositely charged surfactants have been re- 
ported. However, surfactants can self-assem- 
ble into a rich array of stmctures, and the 
possibility of the interaction of these struc- 
tures with the oppositely charged colloidal 
particles is ignored in the disordered-aggre- 
gate scenario. Indeed, recent studies of mix- 
tures of positively charged lipids with nega- 
tively charged DNA have shown that highly 
ordered structures can ensue (6  7). 

We report the unexpected formation of 
large colloidal crystals when aqueous charge- 
stabilized polystyrene latex particles are com- 
bined with a mixture of an oppositely charged 
and a neutral surfactant, which self-assemble 
into vesicles. Surprisingly, exclusively two- 
dimensional (2D) colloidal crystals are foiled. 
Coulomb attractions cause the adsorption of 
particles onto the vesicle surfaces, which ine- 
diate the formation of 2D crystals. We propose 
a model that accounts for the observations 
made during several steps in the sequence 
resulting in the 2D crystals. This new route to 
self assembl~l may serve as a template for the 
synthesis of novel ordered stix~ctures. 

We used a mixture of hvo suii'actants: dido- 
decyldimethylammonium bromide (DD.&3), a 
cationic. double-chained amphiphile, and 
polyoxyethylene (9-10) p-ferf-octyl phenol 
(Triton X-100, or TX), a nonionic, single- 
chained amphiphile. These surfactants have 
similar areas per polar head group (0.6 nn12) 
and similar critical micelle concentrations 
(cmc) (8) .  Above the cmc, DDAB alone self- 
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assembles into bilayer vesicles (9), whereas Fig. 2. Images of a 2D colloidal 
TX alone forms micelles (10). We varied the crystal obtained with a laser-flu- 
molar fraction, x, of TX in the mixture; at orescence scanning confocal mi- 

small x, we expected TX to be incorporated croscope. The focal planes of the 
two images are separated by 

into DDAB vesicles; at high x, we expected about half of the particle radius, 
DDAB to be incorporated into TX micelles, and the same particles are imaged 
and at intermediate x, we expected vesicles of in each picture. (A) The edge of 
DDAB mixed with TX, with the excess TX in the particles and (B) their tops. 
micelles. To enhance vesicle formation, we 
often added a cosurfactant, octanol, in a fixed 
ratio of 0.35 by weight to the TX; this in- 
creased the range of x for vesicle formation 
(11). Sonicating for 30 min led to the forma- 
tion of vesicles-that ranged from one-tenth to 
several micrometers in diameter. To such a 
mixture, we added negatively charged poly- 
styrene latex spheres (12) at volume fractions 
of about 0.5%. We observed the resultant 
structures with optical microscopy, using both 
phase and differential interference contrast. 

When the total surfactant concentration 
was less than the cmc, the particles remain 
totally dispersed for all values of x. When the 
surfactant concentration was increased above 
the cmc, the particles still remained com- 
pletely dispersed for x = 1, when only the 
nonionic TX was present. In contrast, at x = 
0 (cationic DDAB the only species present 
above its cmc), large, disordered aggregates 
were observed. Completely unexpected be- 
havior was observed for surfactant concentra- 
tions above the cmc and at intermediate val- 
ues of x (13); large, ordered colloidal crystals 
formed (Fig. 1) that were always 2D and 
consisted of a single layer. Three-dimension- 
al crystals were never observed. The crystals 
typically contained several hundred particles 
and possessed a few defects, such as vacan- 
cies, disclinations, or grain boundaries. 

The crystals were very robust. They were 
not destroyed when the sample was diluted, 
indicating that they were not stabilized by a 
depletion interaction. They also were not de- 
stroyed by subjecting them to strong forces 
induced either with flow, with distortion by 
indenting the microscope slide near the crystals, 

or by pulling on one of the particles with laser 
tweezers. In addition, despite their 2D charac- 
ter, the crystals did not form through interac- 
tions at interfaces. They existed as large objects 
floating freely in the solvent, and they formed 
equally well in different sample containers 
and when no interfaces with air were present. 
Instead, these crystals originated from interac- 
tions between the colloidal particles and self- 
assembled surfactant structures within the fluid. 

Coulomb interactions play a critical role 
in the formation of these crystals. In all of the 
cases investigated, the total charge in the 
surfactant was always greater than the total 
surface charge on the particles when crystals 
were formed. The particles in the crystals 
were completely covered by surfactant. This 
observation was confirmed by adding a fluo- 
rescent tag (14) that allowed us to identify 
the precise location of the surfactant, using a 
laser-fluorescence scanning confocal micro- 
scope. In the absence of particles, the fluo- 
rescent tag allowed us to identify the vesicles 
themselves. We show two slices through a 3D 
image of a crystal (Fig. 2) that were separated 
by a depth corresponding to the radius of the 
particles and were fluorescently imaged. In the 
lower slice (Fig. 2A), the rings are the images 
of the dye around the edge of the particles, and 
in the upper slice (Fig. 2B), the round spots 
are the images of the dye on the top of exactly 
the same particles. These images show that 
the particles are completely covered by the 
surfactant; however, we are unable to deter- 
mine the thickness of this coverage, because 
this is below the resolution of the confocal 
microscope. 

Why do 2D rather than 3D crystals 
form? We investigated the structures ini- 
tially produced when the particles are first 
added to the surfactant mixture. At this 
point, there are many isolated particles and 
small aggregates of two or three particles. 
In addition, some larger vesicles are par- 
tially covered with a single layer of parti- 
cles, as shown in Fig. 3, A and B. Typical- 
ly, less than half the surface area of the 
vesicle is covered with particles. Interest- 
ingly, no additional particles adhered to the 
bare surface, nor were any of the adsorbed 
particles ever observed to leave the surface; 
the adsorption is self-limited. However, 
once adsorbed, the particles still diffused 
on the vesicle surface, indicating that the 
surface was still fluid. Furthermore, the 
adsorbed particles collected together to 
form "rafts," which suggests that a weak 
attractive interaction exists between the 
particles; this behavior could be caused 
by the reduction in the fluctuations of 
the membrane due to the presence of the 
particles (15). There remains a short-range 
repulsive interaction, which, at least initially, 
stabilizes the particles; this is confirmed by 
digitizing images of the rafts and calculat- 
ing the pair correlation function for the 
particles, which is liquid-like, with its first 
peak occurring at the particle diameter 
(Fig. 4). This indicates that the particle size 
sets the interaction range. Video tracking of 
the particle positions shows that their mean- 
square displacement initially increased lin- 
early with time, as expected for diffusion; 
however, their maximum displacement was 

Fig. 1. Shown is a 2D colloidal crystal formed Fig. 3. (A) Disordered and (B) more ordered rafts of particles adsorbed t o  the surface of a tense 
by the interaction of colloidal particles with vesicle, seen as the outlines in the picture. The particles in the rafts undergo Brownian motion, 
vesicles of the opposite charge. restricted by their neighbors. (C) Flaccid vesicle covered with particles. 

2326 17  DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org 



R E P O R T S  

Fig. 4. Pair correlation function, in arbitrary 
units, for particles on the surface of a vesicle. 
The peak occurs at the particle diameter, indi- 
cating that there is only a very short-range 
repulsive interaction between the particles. 

constrained by their neighbors. 
Initially, the rafts of particles remained 

highly disordered (Fig. 3A). At longer times, 
they became increasingly ordered (Fig. 3B). 
Ultimately, the particles would stick perma- 
nently to one another and formed robust 2D 
crystals that could then detach from the ves- 
icles. These observations imply that the se- 
quence of events leading to the formation of 
these unusual 2D crystals is (i) Coulombic 
adhesion of particles onto vesicle surfaces, 
(ii) mutual attraction of the particles on the 
surfaces, and (iii) fusion of the bilayers on 
each particle to form the robust colloidal 
crystals. 

We propose a model that accounts for the 
initial adsorption of the negatively charged 
colloidal particles on the positively charged 
vesicles. These vesicles may initially not be 
completely tense and spherical. The Coulomb 
attraction causes particles to stick to vesicles 
with at least a fraction of their surface in 
close contact with vesicular membranes. The 
positive vesicle charges neutralize negative 
particle charges, which release their associat- 

ed counterions and allow them to escape. 
However, because the interior is enclosed, 
counterions cannot escape from within the 
vesicle; nevertheless, they can migrate lat- 
erally to a portion of the vesicle not in 
contact with particles where they can neu- 
tralize an exterior vesicle charge and allow 
its counterion to escape (16). In addition, 
because the membrane is composed of a 
mixture of neutral and char~ed surfactants. - 
demixing can occur, enriching the charged 
surfactant in regions of the surface covered - 
with particles. The result is the total neu- 
tralization of particle charge in contact with 
membrane. Moreover, the lateral charge 
migration can reverse the charge elsewhere 
on the membrane and prevent further particle 
adsorption (16). Thus, the adsorption is self- 
limited; this accounts for the observation of 
vesicles partially covered by "rafts," with no 
further particle adsorption. Detailed calcula- 
tions (16) support this scenario. 

Although the Coulomb interaction sets 
the membrane area in contact with parti- 
cles, A,, it does not determine the number 
of adsorbed particles, N. There could be a 
small number of particles completely cov- 
ered with membrane or a large number of 
particles only partially covered with mem- 
brane. Instead, once A, is fixed, N is deter- 
mined by constraints -on the total vesicle 
area available for particle contact and by 
the existence of a line tension r for inter- 
faces that separates charge-rich surfactant 
regions in particle contact and charge-de- 
pleted regions not in particle contact. Line 
tension disfavors interfaces and thus favors 
having all of the particles completely cov- 
ered, which could leave zero interfacial 
length (Fig. 5). Therefore, in the absence of 
other effects, there would be N = Al/4.rrr2 
particles of radius r adsorbed on a "esicle 
of area A. This value of N cannot always be 

Fig. 5. (A) A particle of radius r wrapped to angle a by A rsin a 
the vesicle membrane. The area of the particle in 
contact with the membrane (shaded region of figure) - --F- .. 
is a = 27rrZ(1 - COSCY) so that the fractional area 
covered is 4 = (1 - cosa)/2 5 1. The length of the 
interface contact from that separates less-charged charged membrane membrane not in in particle particle - = -  r ' 

contact is C = 27rnina. The total area covered by N 
particles wrapped in this way is 47rr 2N+ and is equal 
to A,. The excess membrane area used by each par- B 
ticle is the difference between a and the area 
7rr 2~in2a of the circular cross section at angle a. Thus, 
the total excess area used by N particles is 4mr ZN+Z, 
which is equal to the total available excess area, A, $1 \\ 
when A 5 A,, that is when 4 5 1. When A >A,, not 6 
all excess membrane area is used to wrap particles, hlA~ : 
and all of the particles are completely engulfed (+ = 
1). (B) Plot of the line tension energy E,,,,(+) = 0.0 0.2 0.4 0.6 0.8 1.0 6 

NTC = (A,Tlr) as a function of 4 for fixed 
A,. This is a monotonic decreasing function of 4. The lowest energy configuration is that with the 
largest value of 4 consistent with constraints. When A 5 A,, then from (a) above + 5 AIA,. When 
A >A,, + = 1. Thus, the minimum energy corresponds to + = min(l,AlA,). When A >A, and 4 = 
1, N = Al/4.rrrz. When A 5 A,, + = AlA,, as indicated by the dotted line in the figure, and N = 
~ : / ( h r ~ A ) .  

reached; for example, it is impossible for 
a tense spherical vesicle, with volume 
V = 4.rrl3R; and area A, = 4.rrR%, to wrap 
more than an infinitesimal area of each 
particle without rupture. Thus, in this limit, 
a large number of particles is needed to 
reach a total adhering area of A,. More 
generally, N is determined by both A ,  and 
the vesicle area excess, A = A - 4.rrRg. If 
A > A,, there will be N = A,/4.rrr2 completely 
wrapped particles, and because not all of the 
excess area has been used, the resultant ves- 
icle will be flaccid. Consistent with this mod- 
el, we observed some flaccid, particle-cov- 
ered vesicles (Fig. 3C). If A < A,, there will 
be N = A:l(4.rrr2A) partially covered parti- 
cles (Fig. 5) adsorbing all excess area, and the 
resultant vesicle will be tense. Consistent with 
this model, we observed some tense, spherical 
vesicles that are partially covered with parti- 
cles (Fig. 3, A and B); it is only these tense 
vesicles that produce 2D colloidal crystals. 

This surface-mediated crystallization on 
vesicles combines surfactant structures with 
Coulombic attraction. A wide variety of other 
self-assembled surfactant structures can be 
formed, and many of these may also lead to 
novel routes to colloidal crystallization. In 
addition, the attractive interactions and the 
dynamics of the particles on the surface of 
vesicles provide a convenient means of 
studying the behavior of particles adsorbed 
on fluid membranes; this may provide a use- 
ful model system for the study of other bio- 
logically important structures such as the 
properties of proteins on cell membranes 
(1 7). Finally, these interactions between col- 
loidal particles and surfactant structures pro- 
vide a novel form of colloidal crystallization 
that may find important applications in the 
use of colloidal particles as templates for new 
structures. 
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Mice lacking estrogen receptors a and P were generated to  clarify the roles of 
each receptor in the physiology of estrogen target tissues. Both sexes of a@ 
estrogen receptor knockout (aPERKO) mutants exhibit normal reproductive 
tract development but are infertile. Ovaries of adult aPERKO females exhibit 
follicle transdifferentiation to  structures resemblingseminiferous tubules of the 
testis, including Sertoli-like cells and expression of Miillerian inhibiting sub- 
stance, sulfated glycoprotein-2, and Sox9. Therefore, loss of both receptors 
leads to  an ovarian phenotype that is distinct from that of the individual ERKO 
mutants, which indicates that both receptors are required for the maintenance 
of germ and somatic cells in the postnatal ovary. 

Reports of estrogen synthesis in the fetal 
ovaries of several species suggest the in- 
volvement of the estrogen signaling system in 
ovarian development (1). Insights into the 
physiological roles of estrogen have been 
gained from the study of mice lacking the 
capability to synthesize either estradiol 
(ArKO mice) (2) or one of the two cognate 
estrogen receptors (ERs) ERa (aERKO) and 
ERP (PERKO) (3). However, conclusions 
drawn from these mutant mice are confound- 
ed by possible compensatory mechanisms 
provided by (i) the opposite ER in each re- 
spective ERKO mutant or (ii) maternal estro- 
gens during gestation or estradiol-indepen- 
dent ER actions in the ArKO mutant, or both. 
Therefore, to further elucidate the role of 
estrogen signaling in reproductive tract de- 
velopment and function, mice homozygous 
for a targeted disruption of both ER genes 
(Estra and Estrb), termed aPERKO mice, 
were generated (4). Adult (2.5 to 7 months) 
aPERKO mice of both sexes survive to 
adulthood and exhibit no marked abnormali- 
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ties as compared to control littermates, there- 
by challenging earlier speculations that the 
ER is essential to survival (5). 

aPERKO males are infertile but possess a 
grossly normal reproductive tract, in agreement 
with past evidence that estradiol is unnecessary 
for the development of male gonads and repro- 
ductive structures. The testes of adult (2.5 to 7 
months) aPERKO males exhibited various 
stages of spermatogenesis, yet the numbers and 

motility of epididymal sperm were reduced by 
approximately 80 and 5%, respectively (Fig. 1). 
This phenotype is similar to that of the aERKO 
male and is therefore characteristic of the loss 
of ERa; it does not occur in PERK0 males, 
which exhibit normal fertility (3) and sperm 
counts (Fig. 1E). The aPERKO testicular phe- 
notype also does not resemble that reported in 
ArKO mice, which exhibit arrested spermato- 
genesis but no aERKO-like tubule dysmorpho- 
genesis (2). This discrepancy between male 
mice lacking estradiol and those lacking both 
ERs suggests the existence of undocumented 
aromatase- or ER-encoding genes or estradiol- 
independent ER actions within the male repro- 
ductive tract (or both). 

In agreement with classical fetal castration 
studies indicating that differentiation of the fe- 
male genital ducts is independent of ovarian 
steroids (6) ,  aPERKO females exhibit proper 
differentiation of the Miillerian-derived struc- 
tures (the uterus, cervix, and upper vagina). The 
functional uterine compartments are present in 
the uteri of aPERKO females, yet the depen- 
dency of each on estradiol for postnatal growth 
is definitively illustrated by their severe hy- 
poplasia in adult (2.5 to 7 months) aPERKO 
females (Fig. 2, A and B). Similar uterine hy- 
poplasia occurs in aERKO but not in PERK0 
females (3), which corresponds to reports of ER 
localization and is characteristic of the loss of 

Fig. 1. Morphological and functional phenotypes of the aPERKO male reproductive tract. Testes were 
fixed overnight in cold Bouin's fixative, passed through several changes of cold water over 2 days, 
transferred to cold 50% ethanol for 24 hours, and then immersed in cold 70% ethanol until paraffin 
embedding. Shown are 5-+m sections stained with hematoxylin and eosin (H&E). Low-power magni- 
fication of a testis from a representative age-matched (A) control male and (B) an aPERKO adult male 
(2.5 to 7 months) illustrates the luminal swelling and loss of germinal epithelium of the seminiferous 
tubules in the aPERKO testis, which is most evident along the region indicated by the arrowed bracket. 
High-power (X66) magnification of the caudal epididymis of a representative (C) wild-type male and 
(D) of an aPERKO adult male illustrates the reduced density of the sperm population in the aPERKO 
male. (E) Epididymal sperm counts carried out as previously described (25) on males 2100 days old 
indicate the significant reduction in sperm number in the aPERKO male that is characteristic of that 
observed in age-matched aERKO males. For control (c), aERKO, and PERKO, mice, n = 4 animals 
analyzed; for aPERKO mice, n = 5 animals analyzed. Scale bar, 100 +m. ***ANOVA, P < 0.001. 

2328 17 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org 



You have printed the following article:

Surfactant-Mediated Two-Dimensional Crystallization of Colloidal Crystals
Laurence Ramos; T. C. Lubensky; Nily Dan; Philip Nelson; D. A. Weitz
Science, New Series, Vol. 286, No. 5448. (Dec. 17, 1999), pp. 2325-2328.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819991217%293%3A286%3A5448%3C2325%3ASTCOCC%3E2.0.CO%3B2-L

This article references the following linked citations:

References and Notes

1 Hierarchically Ordered Oxides
Peidong Yang; Tao Deng; Dongyuan Zhao; Pingyun Feng; David Pine; Bradley F. Chmelka; George
M. Whitesides; Galen D. Stucky
Science, New Series, Vol. 282, No. 5397. (Dec. 18, 1998), pp. 2244-2246.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819981218%293%3A282%3A5397%3C2244%3AHOO%3E2.0.CO%3B2-H

2 Synthesis of Macroporous Minerals with Highly Ordered Three-Dimensional Arrays of
Spheroidal Voids
Brian T. Holland; Christopher F. Blanford; Andreas Stein
Science, New Series, Vol. 281, No. 5376. (Jul. 24, 1998), pp. 538-540.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819980724%293%3A281%3A5376%3C538%3ASOMMWH%3E2.0.CO%3B2-F

3 Preparation of Photonic Crystals Made of Air Spheres in Titania
Judith E. G. J. Wijnhoven; Willem L. Vos
Science, New Series, Vol. 281, No. 5378. (Aug. 7, 1998), pp. 802-804.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819980807%293%3A281%3A5378%3C802%3APOPCMO%3E2.0.CO%3B2-Y

4 Carbon Structures with Three-Dimensional Periodicity at Optical Wavelengths
Anvar A. Zakhidov; Ray H. Baughman; Zafar Iqbal; Changxing Cui; Ilyas Khayrullin; Socrates O.
Dantas; Jordi Marti; Victor G. Ralchenko
Science, New Series, Vol. 282, No. 5390. (Oct. 30, 1998), pp. 897-901.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819981030%293%3A282%3A5390%3C897%3ACSWTPA%3E2.0.CO%3B2-O

http://www.jstor.org

LINKED CITATIONS
- Page 1 of 2 -

NOTE: The reference numbering from the original has been maintained in this citation list.



6 Structure of DNA-Cationic Liposome Complexes: DNA Intercalation in Multilamellar
Membranes in Distinct Interhelical Packing Regimes
Joachim O. Rädler; Ilya Koltover; Tim Salditt; Cyrus R. Safinya
Science, New Series, Vol. 275, No. 5301. (Feb. 7, 1997), pp. 810-814.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819970207%293%3A275%3A5301%3C810%3ASODLCD%3E2.0.CO%3B2-M

7 An Inverted Hexagonal Phase of Cationic Liposome-DNA Complexes Related to DNA
Release and Delivery
Ilya Koltover; Tim Salditt; Joachim O. Rädler; Cyrus R. Safinya
Science, New Series, Vol. 281, No. 5373. (Jul. 3, 1998), pp. 78-81.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819980703%293%3A281%3A5373%3C78%3AAIHPOC%3E2.0.CO%3B2-W

16 Electrostatic Repulsion of Positively Charged Vesicles and Negatively Charged Objects
Helim Aranda-Espinoza; Yi Chen; Nily Dan; T. C. Lubensky; Philip Nelson; Laurence Ramos; D.
A. Weitz
Science, New Series, Vol. 285, No. 5426. (Jul. 16, 1999), pp. 394-397.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819990716%293%3A285%3A5426%3C394%3AEROPCV%3E2.0.CO%3B2-6

http://www.jstor.org

LINKED CITATIONS
- Page 2 of 2 -

NOTE: The reference numbering from the original has been maintained in this citation list.




