
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, arid other 
postfertilization events, such as modifica- 
tions to the cytoskeleton, can be studied. 
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Biodegradable Long-Circulating 
Polymeric Nanospheres 

Ruxandra Gref,* Yoshiharu Minamitake,? 
Maria Teresa Peracchia,$ Vladimir Tru betskoy, 3 

Vladimir Torchilin,§ Robert Langerllfi 
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. 

T h e  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 reason,ably high weight fraction 

(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 
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aggregation, (iv) biodegradability, (v) small 
size (less than 5 pm), and (vi) characteris- 
tics to prevent rapid clearance of the parti- 
cles from the bloodstream. For example, 
albumin or galactose microspheres used in 
clinical studies for imaging are cleared from 
the blood within 20 s, preventing their use 
in many imaging applications (I). Some 
progress has been made in reducing the rapid 
clearance of microparticulates, for example, 
by the attachment of poloxamer or polysor- 
bate to nondegradable polystyrerie or poly- 
methylmethacrylate particles or by the cre- 
ation of liposomes or other caniqs contain- 
ing glycolipids, albumin, or deiivatives of 
polyethylene glycol (PEG) (2). However, it 
has been diflicult to develop particles dis- 
playing all of these qualities. We present 
here an approach to create degradable poly- 
meric nanospheres that display, to a large 
extent, the above characteristics. 

To form the core of the particles, we 
used biodegradable materials shown to be 
safe in the human body such as poly (lactic- 
co-glycolic acid) (PLGA) , polycaprolao 
tone (EL), and their copolymers (3). By 
the adjustment of the chemical composi- 
tion and molecular weight (MW) of a 
polymer, the degradation time of the core 
and release kinetics of the encapsulated 
agent can be controlled (4). To obtain a 
coating that might prevent opsonization 
and subsequent recognition by the macro- 
phages of the reticulo-endothelial system, 
PEG was covalently attached to the nano- 
sphere core by the synthesis of amphiphilic 
diblock copolymers, PEG-R, where R is 
one of the previously mentioned biode- 
gradable materials. These diblock copoly- 
mers contain groups of ethylene glycol 
(-EG-EG-EG-) attached together, and 
this entire block is then bound to a second 
block of re~etitive seauences of monomers 
such as lactic or glycolic acid or caprolac- 
tone (forming the more hydrophobic part 
of the copolymer, R). We then took ad- 
vantage of the different solubilities of R 
(lipophilic) and PEG (hydrophilic) in 
aqueous and organic solutions to obtain a 
phase-separated structure. 
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By using the diblock polymers, we were 
able to form nanospheres in a one-step 
procedure. First, PEG-R was dissolved in an 
organic solvent (methylene chloride, ethyl 
acetate, or acetone). Then an emulsion (oil 
in water) was formed in an aqueous phase 
by vortexing and sonicating. PEG is soluble 
in water but not in ethyl acetate or acetone. 
Conversely, R is not water-soluble but is 
highly soluble in the organic phase. Conse- 
quently, PEG migrates from the droplets' 
inner core to the water interface, and R 
remains inside the droplets during emulsifi- 

cation. Upon solvent evaporation, the 
nanosphere core solidifies. As a result of the 
amphiphilic nature of the diblock polymers, 
the use of other surfactants (not always 
biocompatible) can be avoided. The parti- 
cles can then be recovered by centrifuga- 
tion and lyophilized without protective ad- 
ditives. Lyophilized nanoparticles are easily 
redis~ersed in aaueous solutions. Size distri- 
bution measurements by quasi-elastic light 
scattering (QELS) before and after lyophi- 
lization established that aggregation does 
not occur. 

283 285 287 289 291 293 
Binding energy [eVl - - -  - 

Diameter (nm) 

Fig. 1. (A and 6) Images of nanospheres taken with an atomic force microscope (Nanoscope I l l ,  
Diaital Instruments. Santa Barbara. California) (scan rate. 2.0 Hz: number of samdes. 512). The 
caitilever oscillates vertically (tapping mode) Gth a frequency of 350 kHz. (A) P L ~  nanosbheres 
(scan size. 1 um; set point. 1.6 V; zaxis. 250.000 nm Der division); (B) PEG-PLGA nanos~heres (MW 
i f  PEG, 5 k ~ ;  MW O~'PLGA, 45 kD; molar ratio ~actid a ~ i d : ~ ~ ~ c d ~ i d  acid in PLGA, 75:25; scan size, 
712.9 nm; set point. 1.7 V; zaxis, 100,000 nm per division). The nanospheres were prepared from 
diblock PLGA-PEG copolymers. These polymers were formed by the direct reaction of the terminal 
amine group from monoamine, monomethoxy PEG with PLGA (comporting a reactive carboxyl end 
group). They were also synthesized by the ring-opening polymerization at 114°C of lactide and 
glycolide in the presence of monomethoxy PEG (weight ratio, 36:9:5), by the use of stannous 
octoate as a catalyst (0.2 weight percent). Characterization of the polymers by 13C-nuclear 
magnetic resonance showed that the molar ratio of lactic acid and glycolic acid in PLGA was in 
each case 3:l and that the PEG content was approximately 10% by weight. To prepare the 
nanospheres, a solvent evaporation method (9) was modified for use as follows: The copolymer was 
first dissolved in an appropriate solvent (ethyl acetate or methylene chloride, 25 mg/2 ml). This 
solution was poured into 30 ml of distilled water, and an oil-in-water emulsion was formed by 
vortexing (30 s) and sonicating (1 min, 40-W output). The organic solvent was slowly removed by 
evaporation at room temperature, under gentle stirring for 2 hours. (C) Quasi-elastic light scattering 
of PEG-PLGA nanospheres showing unimodal size distribution (mean diameter of 140 nm). 
Instruments used were a Lexel Argon-ion laser (Frernont. California) (model BI-200SM), with a 
Brookhaven apparatus consisting of a goniometer and a 136channel digital correlator and a signal 
processor. Measurements were made with a laser wavelength of 488 nm at a scattering angle of 
90". (0) Surface chemical analysis (XPS) of (trace 1) PLGA nanospheres, (trace 2) PEG-PLGA 
nanospheres (MW of PEG, 5 kD; MW of PLGA, 45 kD; and molar ratio of lactic acid:glycolic acid in 
PLGA, 75:25), and (trace 3) PEG 5 kD crystal powder. Data were collected by MgKa x-rays with a 
power of 300 Won a Perkin-Elmer 5100 apparatus. 
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The nanospheres' spherical shape was 
established by atomic force microscopy 
(Fig. 1, A and B), a nondestructive tech- 
nique. The nanospheres are monodis- 
persed, as determined by QELS (Fig. 1C) 
with a mean diameter between 90 and 150 
nm, depending on the type of polymer, 
MW of PEG, and the organic solvent used. 

Surface chemical analysis [x-ray photo- 
electron spectroscopy (XPS)] performed on 
lyophilized nanospheres confirmed that the 
major amount of PEG is concentrated with- 
in 5 nm of the outer layer of the nano- 
spheres (Fig. ID). By comparing XPS spec- 
tra before and after incubation in phos- 
phate-buffered saline at 37OC, we found 
that only a minimal amount of PEG was 
detached (less than 5% in 24 hours), pre- 
sumably because of the stability of the ester 
bond between PEG and R at pH 7.4. 

To determine the efficacy of the PEG 
coating in altering organ distribution of the 
particles, PEG-coated and noncoated parti- 
cles were injected into mice (four or five 
mice per group). Blood circulation time 
increases as the MW of PEG increases (Fig. 
2A). This phenomenon can be explained 
by an increased thickness of the protective 
PEG layer, which prevents opsonization. 
The most striking results were seen in the 
reduction of liver uptake (Fig. 2B). Only 5 
min after injection, 66% of noncoated par- 
ticles were removed by the liver, while less 
than 30% of the 20-kD PEG-coated nano- 
spheres were captured by the liver 2 hours 
after injection. After 5 hours, accumulation 
of 20-kD PEG-coated nanospheres by the 
liver still did not exceed 30%. 

These dramatic body distribution differ- 
ences were confirmed by gamma scintigra- 

phy with "'In-labeled particles (three mice 
per experiment) (5). After 15 min, only 
liver- and spleen-associated ' 'In radioac- 
tivity was observed with PLGA nano- 
spheres containing no PEG coating. How- 
ever, high radioactivity was observed in the 
blood pool (heart and lung) when 20-kD 
PEG-coated nanospheres of the same size 
and prepared in the same way were inject- 
ed, showing the persistence of these parti- 
cles in the vascular compartment. 

To study the encapsulation properties of 
PEG-coated nanospheres, lidocaine was 
used as a model drug. Drug-loaded nano- 
spheres were prepared in the same one-step 
~rocedure (lidocaine was added to the or- 
ganic phase, in which the copolymer was 
dissolved), freeze-dried, and easily dispersed 
in aqueous phases. High drug loadings (up 
to 45% by nanosphere weight) and entrap: 
ment efficiencies (more than 95% of the 
initial drug in the encapsulation solution 
was entrapped) were achieved. Similar 
loading capacities and entrapment efficien- 
cies were observed for other drugs; for ex- 
ample, prednisolone was encapsulated with 
nearly identical efficacy. Depending on the 
properties of the drug (such as charge or 
hydrophobicity) to be encapsulated, it may 
be important to alter the solvent system or 
to use additives to achieve desirable char- 
acteristics. 

Lidocaine is continually released in vitro 
over 14 hours (Fig. 3A). The release is fast 
because of the nanos~here's high surface " 

area and small drug size. We observed that 
the higher the nanoparticle drug content, 
the slower the release. One explanation for 
this relation takes into account the possi- 
bility of drug crystallization inside the 

Fig. 2. Comparative biodistribution after injection of liiln- 
labeled, noncoated PLGA and PEG-PLGA nanospheres 
(mean diameter of 140 ? 10 nm) in the tail vein of BALBIc 
mice (18 to 20 g). Each polymer used has a 36:9:5 weight 
ratio of lactide, glycolide, and PEG (5, 12, or 20 kD). The "'In 
was chelated with diethylenetriamine pentaacetic acid stearyl 
amide (DTPA-SA) by incubation in hot ethanol (T  = 70°C; 
concentration of DTPA-SA, 1 mglml) for 1 hour. This solution 
was added to the polymer dissolved in methylene chloride, 
and the nanospheres were prepared by emulsification in - 

l : : p q  
2 1 

water (0.3 weight percent polyvinyl alcohol). The excess of 
non-entrapped label was washed away three times with 
Hanks buffer solution (HBS) by centrifugation (5 min, 50,000 
rpm), and the supernatant was removed. Incubation of lilln- 
labeled nanospheres in HBS or horse serum at 37°C showed 
less than 2% label loss during 4 hours (as assessed by the 
counting of radioactivity in the aqueous phase), suggesting 40 
that the hydrophobic stearyl moiety was firmly anchored to the 
particle core. Data were obtained from four mice per group 20 
and shown as mean 2 SE. The nanospheres in the figures are 
indicated as follows: filled squares, PLGA; open squares, 5 0 
kD circles, PEG-PLGA; 20 kD PEG-PLGA. filled circles, (A) Blood-associated 12 kD PEG-PLGA; radioactivity and open liiiiil 0 20 Time 40 (min) 60 80 100 

(percent of injected dose) determined by the gamma-counting of 0.1-ml blood samples. Injected 
dose, 0.35-ml suspension of nanospheres in HBS, 1 pCi. (B) Liver uptake of dose measured by the 
counting of organ samples. Injected dose, 0.35-ml suspension of nanospheres in HBS, 1 pCi. 

nanospheres. This hypothesis was support- 
ed by calorimetric (Fig. 3B) and x-ray 
diffraction studies (5). At low loading, 
lidocaine is present as a molecular disper- 
sion inside the PLGA core. At high load- 
ing, a phase separation occurs, leading to 
the crystallization of part of the drug. The 
cnrstallized drug should dissolve and diffuse - 
more slowly into the outer aqueous phase. 
Control of the drug-release kinetics can 
presumably be achieved by optimizing the 
chemical composition of the diblock poly- 
mers, the drug loading, and the particle size 
of the nanospheres (6). 

The PEG-coated particles could be used 
in various ways. By the attachment of an 
appropriate protein such as transferrin to 
the surface of the uarticles (7).  endocvtosis . ,, 
of a particle containing DNA may be pos- 
sible. Alternatively, antibodies could be 
attached to the PEG end group (8) ,  poten- 
tially forming highly specific, targetable 
entities to desired -tissues. With further 
study, these nanospheres may be useful in 
drug delivery, medical imaging, gene ther- 
apy, or a variety of other applications. 

Time (hours) 

- 
0 50 100 150 

Temperature ("C) 

Fig. 3. (A) Comparison of lidocaine release 
kinetics from 20 kD PEG-80 kD PLGA nano- 
spheres at (circles) 10 weight percent and 
(squares) 33 weight percent loading, Data are 
shown as mean 2 SE obtainea from three 
experiments per group. (B) Crystallinity of (top 
trace) lidocaine crystals (middle trace) 20 kD 
PEG-80 kD PLGA nanospheres at 33 weight 
percent and (bottom trace) 10 weight percent 
lidocaine loading were determined by the use 
of differential scanning calorimetry Lidocaine 
crystals melt at 75°C. This melting point is 
depressed at 33 weight percent loading, indi- 
cating that part of the encapsulated drug exists 
in a small crystalline form. At lower loading (10 
weight percent), practically no lidocaine crys- 
tals are observed, indicating that the drug is 
homogenously dispersed in the polymer matrix. 
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Loss of Circadian Behavioral Rhythms and 
per RNA Oscillations in the Drosophila 

Mu tan t timeless 

Amita Sehgal,*? Jeffrey 1. Price,? Bernice Man,$ 
Michael W. Young§ 

Eclosion, or emergence of adult flies from the pupa, and locomotor activity of adults occur 
rhythmically in Drosophila melanogaster, with a circadian period of about 24 hours. Here, 
a clock mutation, timeless (tim), is described that produces arrhythmia for both behaviors. 
The effects of tim on behavioral rhythms are likely to involve products of the X chromo- 
some-linked clock gene period-(per), because tim alters circadian oscillations of per RNA. 
Genetic mapping places tim on the left arm of the second chromosome between dumpy 
(dp) and decapentaplegic (dpp). 

Fruit flies show circadian regulation of 
several behaviors (1, 2). When populations 
of Drosophila are entrained to 12 hours of 
light followed by 12 hours of darkness (LD 
12: 12), adults emerge from pupae (eclose) 
rhythmically, with peak eclosion recurring 
every morning. The eclosion rhythm per- 
sists when the entraining cues are removed - 
and behavior is monitored in constant dark- 
ness, thus indicating the existence of an 
endogenous clock. Adult locomotor activi- 
ty is also controlled by an endogenous clock 
and recurs rhythmically with a 24-hour 
period. 
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Several mutations that affect eclosion 
and locomotor activity have been isolated 
in behavioral screens (2-4). The best char- 
acterized, and those with the strongest phe- 
notypes, are mutations at the X chromo- 
some-linked period (per) locus (3). Mis- 
sense mutations at per can lengthen or 
shorten the -neriod of circadian rhvthms, 
whereas nullL mutations abolish circadian 
rhythms altogether. The per gene is ex- 
pressed in many cell types at various stages 
of development. In most cell types, the 
period protein (PER) is found in nuclei (5, 
6). A domain within PER is also found in 
the Drosophila single-minded protein (SIM) 
and in subunits of the mammalian arvl 
hydrocarbon receptor (7), and this domain 
(PAS, for PER, ARNT, and SIM) mediates 
dimerization of PER (8). The amounts of 
both PER protein and RNA oscillate with 
a circadian ~er iod.  which is affected bv the 
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Flg. 1. Assessment of eclosion in tim flies. (A) 
Eclosion of wild-type flies in constant darkness 
(DD). (B) Eclosion of tim flies in DD. At the 
bottom of (B) are phases of LD cycles during 
entrainment (hatched boxes represent subjec- 
tive day during collection). We entrained flies 
by maintaining them in LD 12:12 at 25OC for 4 
days. Twenty hours before the first collection, 
lights were turned off. Newly emerged adults 
were collected and counted every 2 hours. A 
safelight that blocks wavelengths less than 600 
nm (15-W bulb with a Kodak GBX-2 filter) was 
used to collect the eclosing adults. 

hydrocarbon receptor (which are thought 
to regulate transcription), the effects of per 
on behavioral rhythms have been postu- 
lated to depend on circadian regulation of 
gene expression, including that of per 
itself (9). However, neither direct proof of 
this postulate nor elucidation of per's ac- 
tual biochemical function has been'forth- 
comine. a 

Because an analysis of the molecular 
mechanisms that underlie circadian 
rhythms requires the identification of other 
components in the pathway, we conducted 
a genetic screen in order to isolate new 
mutations affecting biological rhyrhms in 
Drosophila. The mutagenesis was based on 
the mobilization of single P transposable 
elements, as described (10). The trans- 
posase-encoding, A2-3 P element from the 
Engels 2 strain (1 1) was used to mobilize a 
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