homoepitaxial growth of diamond on dia-
mond substrates where it is imperative to
suppress secondary nucleation events. The
observation of growth without new nucle-
ation suggests that deposition on a single-
crystal diamond substrate may produce fur-
ther single-crystal material.

We have demonstrated that diamond
can be grown from ‘CH; and H- with an
arrangement by which the reactive species
are segregated until they impact the growth
substrate. Growth occurs at the lower end
of temperatures seen in filament-assisted
diamond CVD and requires the presence of
diamond seed crystals.

REFERENCES AND NOTES

1. R. C. DeVries, Annu. Rev. Mater. Sci. 17, 161
(1987); A. R. Badzian and R. C. DeVries, Mater.
Res. Bull. 23, 385 (1988); J. C. Angus and C. C.
Hayman, Science 241, 913 (1988); J. C. Angus et
al., Mater. Res. Soc. Bull. (1989), p. 38; W. A.
Yarbrough and R. Messier, Science 247, 688
(1990); L. R. Martin, Am. Ceram. Soc. Bull. 71,
1419 (1992).

2. F. G. Celii and J. E. Butler, Annu. Rev. Phys.
Chem. 42, 643 (1991).

3. B. V. Derjaguin et al., J. Cryst. Growth 2, 380
(1968).

4. W. G. Eversole, U.S. Patent 3,030,188 (1961).

5. J. C. Angus, H. A. Will, W. S. Stanko, J. Appl.
Phys. 39, 2915 (1968); J. C. Angus, U.S. Patent
3,630,677 (1971).

6. For an example, see C. J. Chu, R. H. Hauge, J. L.
Margrave, M. P. D'Evelyn, Appl. Phys. Lett. 61,
1393 (1992).

7. R. Mania, L. Stobierski, R. Pampuch, Cryst. Res.

Tech. 16, 785 (1981); F. G. Celii, P. E. Pehrsson,
H. T. Wang, J. E. Butler, Appl. Phys. Lett. 52,2043
(1988); S. J. Harris, A. M. Weiner, T. A. Perry, ibid.
53, 1605 (1988).

8. D. Huang, M. Frenklach, M. Maroncelli, J. Phys.
Chem. 92, 6379 (1988); M. Frenklach and K. E.
Spear, J. Mater. Res. 3, 133 (1988).

9. L. R. Martin and M. W. Hill, Appl. Phys. Lett. 55,
2248 (1989).

10. L. R. Martin, J. Mater. Sci. Lett. 12, 246 (1993).

11. P. Chen, S. D. Colson, W. A. Chupka, J. A
Berson, J. Phys. Chem. 90, 2319 (1986).

12. H. Clauberg, D. W. Minsek, P. Chen, J. Am.
Chem. Soc. 114, 99 (1992); D. W. Kohn, H.
Clauberg, P. Chen, Rev. Sci. Instrum. 63, 4003
(1992). )

13..J. W. Hudgens, T. G. DiGiuseppe, M. C. Lin, J.
Chem. Phys. 79, 571 (1983).

14. P. Chen, Curr. Top. lon. Phys. Chem., in press.
15. M. N. R. Ashfold, B. Tutcher, B. Yang, Z. K. Jin, S.
L. Anderson, J. Chem. Phys. 87, 5105 (1987).
16. C. E. Moore, Atomic Energy Levels (U.S. National
Bureau of Standards, Circ. No. 467, Government

Printing Office, Washington, DC, 1949), vol. 1.

17. J. B. Anderson, R. P. Andres, J. B. Fenn, Aadv.
Chem. Phys. 10, 275 (1966).

18. C. J. Chu, B. J. Bai, M. P. D’Evelyn, R. H. Hauge,
J. L. Margrave, Mater. Res. Soc. Symp. Proc.
162, 85 (1990); C. J. Chu, M. P. D'Evelyn, R. H.
Hauge, J. L. Margrave, J. Mater. Res. 5, 2405
(1990).

19.-J. E. Butler and R. L. Woodin, Philos. Trans. R.
Soc. London Ser. A 342, 209 (1993).

20. We wish to thank J. E. Butler and S. J. Harris for
useful discussions and for their comments on this
manuscript. P.C. is an NSF Presidential Young
Investigator, David and Lucile Packard Fellow,
Camille and Henry Dreyfus Teacher-Scholar, and
Alfred P. Sloan Research Fellow. Supported by
the Office of Naval Research under grant NO0OO14-
91-J-1012.

26 October 1993; accepted 18 January 1994

An in Vitro System for Adhesion and
Fusion of Maize Gametes

J.-E. Faure, C. Digonnet, C. Dumas*

The development of in vitro fertilization systems in flowering plants is important for
understanding and controlling the mechanisms of fertilization. Here a method is de-
scribed in which isolated maize gametes fuse. In a medium containing 5 mM calcium
chloride, sperm and egg cells adhere for several minutes and then fuse within 10
seconds. The method is specific to male-female gamete pairs and results in 80 percent
fusion, whereas fusions with other combinations of gametic and mesophyllic cells are
less frequent. Eggs fertilized in vitro do not fuse with additional male gametes, which

suggests that a block to polyspermy exists.

Studies using in vitro fertilization systems in
animals and lower plants have led to a better
understanding of the critical first steps of
fertilization, including species-specific recog-
nition (1), binding and fusion of gametes
(2), intracellular signaling (3), and blocking
of polyspermy (4, 5). In contrast, little is
known about the process of double fertiliza-
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tion that is characteristic of flowering plants
(6). During double fertilization, two sperm
cells, each without a cell wall, are released
from the pollen tube into a cell of the female
gametophyte, the synergid. The two sperm
cells move through .the degenerated syn-
ergid, enter the intercellular space between
the two adjacent female gametes—the egg
cell and the central cell—and fuse with
them to form the embryo and a nutritive
tissue, the endosperm (7). All of these steps
occur within the embryo sac embedded in
the ovule, which is itself enclosed in the
flower ovary. Thus the main barrier to study-
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ing fertilization has been the inaccessibility
of the female gametes and the zygotes. This
has restricted our knowledge of double fer-
tilization largely to microscopic observa-
tions. For better understanding of the mo-
lecular and cellular events of fertilization,
methods that allow the in vitro fusion of
gametes are important. Over the past few
years, techniques to.isolate gametes from the
paternal and maternal structures have been
described (8), and more recently, in vitro
fusion of gametes has been achieved in maize
by use of electrofusion (9). This approach
leads to karyogamy (10) and fertile plant
regeneration (I11). However, electrofusion
does not allow studies of gametic recognition
and fusion (12), because mesophyll proto-
plasts as well as sperm cells can be induced to
fuse with the eggs (13). We have therefore
developed a gametic fusion system that more
closely resembles the in vivo situation.

We isolated gametes from the inbred
maize line A188 (14). Male gametes were
released from freshly collected pollen grains
(9, 15) after a pH shock in 0.5 M mannitol.
Egg cell and central cell protoplasts were
isolated from the ovules by enzymatic treat-
ment followed by manual microdissection
(9, 16, 17). Pairs of male and female
gametes isolated under sterile conditions
were then combined in a simple fusion
medium composed of 0.5 M mannitol con-
taining 1 mM, 5 mM, or 10 mM calcium
chloride (CaCl,) (18, 19). The fusion me-
dium was delivered in droplets of 3 to 4 pl
under mineral oil on a glass cover slip with
siliconized edges (9, 20). The isolated ga-
mete protoplasts were transferred into the
droplets with a manual tube clamp (Micro-
pipex, Assistent 558/E) connected to glass
microcapillaries with Teflon tubing (21).
The male and female gametes were -then
moved into contact by use of glass micro-
needles (21).

At each of the three CaCl, concentra-
tions studied, we observed adhesion (22) of
the sperm cell with the egg cell protoplast,
followed by fusion (Fig. 1) (23). In 1 mM
CaCl,, 15.4% of sperm-egg pairs fused; in 5
mM CaCl,, 79.7% fused; and in 10 mM
CaCl,, 66.7% fused. When fusion did not
occur, a new sperm cell was introduced in
each droplet and placed in contact with the
egg. After two new attetnpts-at fusion,
15.4% of the egg cell protoplasts fused with
sperm cells in 1 mM CaCl,, 96.9% in 5 mM
CaCl,, and 79.2% in 10 mM CaCl,. The
lower percentage of fusions in 1 mM CaCl,
suggests that there is a calcium requirement
for gamete fusion, as is the case in mammals
2, 24).

The fusion of gametes occurred rapidly.
In 5 mM CaCl,, adhesion (22) generally
lasted 3 min 50 s (x1 min 50 s), after
which time most of the fusions occurred in
less than 10 s. Within the first 15 min after
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Fig. 1. Phase contrast mi-
crographs of in vitro ga-
metic adhesion and fusion
in maize. Isolated sperm
cells (SC) and egg cell
protoplasts (EC) were
placed in contact in a fu-
sion medium containing 5
mM CaCl,. After 1 min 50 s
for adhesion (A), the ga-
metes fused (B to I). The
fusion sequence was re-
corded as described (23).
Pictures were taken at
varying time intervals over
a period of up to 9 s, as
indicated in lower right cor-
ners. After fusion (), the
sperm nucleus (SN) is still
visible within the egg cell -
protoplast. Bar, 15 um.

the fusion event, the fusion products under-
went a transient roughening and contrac-
tion. Fusion of central cell protoplasts with
sperm cells in 5 mM CaCl, occurred in less
than 1 s—more rapidly than did fusion of
sperm-egg pairs (25).

Gametes fused in 5 mM CaCl, were
stained with the fluorochrome DAPI (Fig. 2)
(26). The male nucleus was incorporated in
the female gamete and migrated toward the
egg nucleus, as observed after electrofusion (9,
10). About 20 min after gamete fusion, the
male nucleus became difficult to see in the egg
cell cytoplasm. Using phase-contrast micro-
scopy, we observed the nucleus of a fusion
product with two nucleoli after approximate-
ly 20 hours at 24°C in the fusion medium
(Fig. 3). This is also observed in vivo after
the fusion of the male and female nuclei (27)
and thus strongly suggests that karyogamy
occurs in the in vitro fusion system.

In order to determine whether fusion of a
male gamete with a female gamete is specif-

ic, we performed the fusion trials with iso-
lated sperm cells, egg cell protoplasts, and
mesophyll protoplasts (28) in all combina-
tions (Table 1). These experiments were
performed in 5 mM CaCl,, the concentra-
tion at which the highest percentage of
sperm-egg fusions was obtained. Under these
conditions, we observed adhesion in each
situation. Fusion, however, only occurred in
sperm-sperm pairs (16.7%) and once in a
sperm-mesophyll protoplast trial after 1 hour
adhesion (Table 1). Thus, fusion was mainly
restricted to sperm-egg pairs. In order to
determine whether polyspermy is possible,
additional male gametes were moved into
contact with fertilized eggs in 5 mM CaCl,.
Although sperm cells and fertilized eggs ad-
hered, no fusion occurred in 20 trials over
periods ranging from 10 to 45 min after the
initial fusions. These results suggest that a
block to polyspermy exists at the gamete
level in flowering plants, as is the case in
mammals (5).

Flg. 2. Fluorescence micrographs of in vitro gametic adhesion and fusion in maize. The protoplasts
were stained with the fluorochrome DAPI (26) during adhesion of gametes in 5 mM CaCl, (A), 3 min
after fusion (B), and 12 min after fusion (C). The sperm nucleus (SN and unlabeled arrowheads) is
integrated into the egg cell protoplast (EC). It migrates toward the cluster of egg cell organelles that

includes the egg cell nucleus (EN). Bar, 15 pm.
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Fig. 3. Phase contrast micrograph of a fusion
product kept at room temperature (22° to 24°C)
for approximately 20 hours in 5 mM CaCl,. Two
nucleoli (unlabeled arrowheads) are visible
within the nucleus (N). Bar, 10 pm.

The medium we used for gamete fusion
has a calcium concentration between 1 and
10 mM, and the question arises whether
these concentrations are close to those of
the in vivo conditions. Although uncer-
tain, it is considered that the concentration
of extracellular free calcium ranges from 10
pM to 10 mM for plant cells (29). In
addition, millimolar calcium concentra-
tions are beneficial for plant protoplast cul-
ture (30), but the effects of calcium on the
survival of isolated sperm cells are contra-
dictory (31). Although millimolar concen-
trations of extracellular calcium are re-
quired for sperm-egg fusion in mammals (2,
24), little is known about calcium require-
ments for gametic fusion in flowering
plants. Studies on embryo sacs by x-ray
analysis, antimonate precipitation assays,

Table 1. Specificity of fusion. Mesophyll proto-
plasts, egg cell protoplasts, and sperm cells
were isolated and pairs put into contact in 5 mM
CaCl,. Percent indicates the percentage of
fused pairs, and numbers in parentheses indi-
cate the number of trials. Fusion was mainly
restricted to egg-sperm pairs under our condi-
tions. Note that 79.7% of initial sperm-egg pairs
fused. Up to 96.9% of eggs fused after two new
attempts with added sperm cells when no fu-
sion was seen to occur with the first sperm cell.

Isolated Isolated Isolated
egg cell mesophyll sperm
protoplast protoplast cell
(%) (%) (%)
Isolated 79.7(64) 1.8(57) 16.7 (24)
sperm
cell
Isolated 0 (120 0 (20)
mesophyll
protoplast
Isolated o (17)
egg cell
protoplast
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and fluorescent probes like chlorotetracy-
cline show that the local concentration of
bound calcium within the synergids is high
when compared with that in adjacent. cells
(32, 33)—in particular, in the synergids of
grass species such as wheat and pearl millet
(33). The sperm cells are released from the
pollen tube into a degenerating synergid
before fusion with the egg and central cells,
so the calcium concentration in the medi-
um surrounding the fusing gametes may be
high, and our in vitro conditions may thus
reflect those in vivo conditions.

Under our conditions, fusion seems to
.be mainly restricted to sperm and egg cell
protoplasts. This fusion specificity suggests
that cell recognition is preserved. Thus,
this kind of in vitro fusion system should
allow studies of gametic recognition, barri-
ers to cross-species fertilization, the mech-
anism of gametic fusion, and intracellular
signals after fusion. These experiments also
provide the possibility of investigating the
cellular and molecular biology of the single
cell zygote. In particular, the integration of
the male nucleus and cytoplasm, and other
postfertilization events, such as modifica-
tions to the cytoskeleton, can be studied.
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Biodegradable Long-Circulating
Polymeric Nanospheres
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Injectable nanoparticulate carriers have important potential applications such as site-
specific drug delivery or medical imaging. Conventional carriers, however, cannot generally
be used because they are eliminated by the reticulo-endothelial system within seconds or
minutes after intravenous injection. To address these limitations, monodisperse biode-
gradable nanospheres were developed from amphiphilic copolymers composed of two
biocompatible blocks. The nanospheres exhibited dramatically increased blood circulation
times and reduced liver accumulation in mice. Furthermore, they entrapped up to 45
percent by weight of the drug in the dense core in a one-step procedure and could be
freeze-dried and easily redispersed without additives in aqueous solutions.

The development of intravenously admin-
istered carriers with blood circulation times
long enough to continuously deliver drugs,
imaging agents, or other entities to specific
sites of action has been a major challenge.
The desired features of such a carrier in-
clude (i) that the agent to be encapsulated
comprises a reasonably high weight fraction
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(loading) of the total carrier system (for
example, more than 30%), (ii) that the
amount of agent used in the first step of the
encapsulation process is incorporated into
the final carrier (entrapment efficiency) at a
reasonably high level (for example, more
than 80%), (iii) the ability to be freeze-
dried and reconstituted in solution without






