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(31. The dynainical pressure balance be- 
tween the ionized and neutral phases is then 
reestablished by means of a shock wave (SW) 
that propagates into the CG. Indeed, high- 
density gas observations show the signature 
of a SW along the edge of all sources, prop- 
agating into the molecular gas (Fig. 2). This 
situation is best seen in TCO where only the 
external layers have undergone the SW com- 
pression (Fig. 1, A to D). Only 1.2 X lo5 
years after the ionization began (on a time 
scale comparable to the age of the Trifid) the 
simulated CG has evolved toward a morphol- 
ogy similar to that of TC2; the SW preceding 
the ionization front has induced the fonnation 
of a dense core. This core is 20 to 30 times as 
dense as the main unperturbed body of gas 
and contains the bulk of the mass of the CG. 
This appears to be similar to what we observe 
toward TC2 (Fig. 1C). We find that such 
conditions tend to destabilize the gravitation- 
al equibrium of TC2. Before being exposed 
to the UV flux, the cloud was close to virial 
equilibrium (the ratio of its actual mass to the 
virial mass is -2 to 3). The change in surface 
pressure decreases the maximum mass that 
can be maintained in equilibrium against its 
gravity and the external pressure (Ebert-Bon- 
nor mass) to 0.25 iI-4,. The actual mass of 
TC2 is so high above this limit that the 
large-scale cloud collapse cannot be halted. 
Simultaneously, the gravitational free-fall 
time decreases from 2 x lo5 years (for a 
mean density of 2 X lo5 ~ r n - ~ ,  similar to that 
of TC2) to a few lo4 years for the dense core, 
enabling or accelerating the gravitational col- 
lapse. Despite the observational evidences of 
gravitational collapse and radiatively driven 
inlplosion of TC2, we cannot ascertain that 
the gravitational collapse was triggered by 
the ionization front. However, the protostar is 
so young that there has been interaction be- 
tween both processes. 

Scaled at the distance of the nearby molec- 
ular cloud complexes (- 160 pc) where all the 
class 0 sources have been discovered, the fluxes 
of TC1 to TC4 are one order of magnitude 
larger than those of the other class 0 sources. 
The sources in the Tiifid are also more massive 
(Table 1) than most of the k n o w  class 0 can- 
didates, which have masses of about 1 !W5. 
Comparison with the HCOt J = 1-0 line (Fig. 
1, A and B) indicates that the dust cores TCO to 
TC4 contain most of the mass of dense material 
surrounding the ionized bubble, a large fraction 
of which is used in the foinlation of the proto- 
stars. Hence, TC1 to TC4 probably signal the 
end of the second generation of star foinlation 
in the Trifid while leaving little dense material 
available for subsequent episodes. TCl to TC4 
are the first massive young stellar objects that 
are neither observed in warm molecular clouds 
like the Orion nebula nor associated with blight 
near-IR emission. The typical distance behveen 
the different protostars in the Tiifid is similar to 

that of O stars in more evolved HI1 regions, like 
the Rosette nebula. These massive sources may 
evolve toward O stars or clusters of lower mass 
stars. Once these stars have emerged from their 
cocoons, they will increase the W flux imping- 
ing on the remaining low-density gas and will 
accelerate the creation of a large HI1 region 
with its ow11 cluster of OB stars similar to those 
of the Rosette and other HI1 nebulae. 
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Exceeding 5000-Fold 
Concentration of Dilute 

Analytes in Micellar 
Electrokinetic Chromatography 

Joselito P. Quirino* and Shigeru Terabe 

When a neutral analyte zone is injected into a charged pseudostationary phase, 
the length of the zone is predicted to be narrowed by 1/(1 + k), where k is the 
retention factor. The conditions for zone narrowing to occur assume negligible 
electroosmotic flow, a relatively constant electric field along the capillary 
column, and no pseudostationary phase in the injected analyte mixture. The 
theoretically expected concentration enhancement was demonstrated exper- 
imentally. Consequently, the detection sensitivity of analytes in micellar elec- 
trokinetic chromatography (MEKC) can be improved significantly. For example, 
9 to 18 parts per billion of an environmentally important racemic herbicide 
spiked in lake water was separated by MEKC and detected by ultraviolet absorption. 

Electrokinetic chromatography (EKC), a 
mode of capillary electrophoresis, is a group 
of analytical separation techniques named af- 
ter electrokinetic phenomena that include 
electroosmosis, electrophoresis, and chroma- 
tography (1) .  EKC offers diverse advantages 
over other techniques including high efficien- 
cy, technical simplicity, applicability to most 
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analytes, small sample and reagent require- 
ments, and potential for miniaturization (for 
example, EKC on chips). However, detection 
sensitivity is rather poor, at the micromolar 
level with on-line photometric detection. 
Powerful detectors like laser-induced fluores- 
cence (2) can lower detection sensitivity sev- 
eral orders but are not widely applicable and 
are too expensive for many laboratories. On- 
line concentration by transient isotachopho- 
resis (3) and sample stacking (4, 5) have also 
been de~nonstrated to solve this problem, 
which provided at most hundredfold increas- 
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es in detection. Here, we show the exception- 
al narrowing of neutral analyte zones in EKC 
under constant electric fields, which in theory 
can provide an almost unlimited increase in 
detection sensitivity. With the ability to 
achieve concentration enhancements as re- 
ported here, many problems in chemical anal- 
ysis might be surmounted. Moreover, the fate 
of zones in EKC is given a new perspective. 

This special concentration effect, which 
we call sweeping, is a physical phenomenon 
that works well for all analytes with great 
affinities toward the pseudostationary phase 
that is far different from those described in 
other capillary electrophoresis modes for ion- 
izable (3, 4) and neutral analytes (5). Sweep- 
ing in EKC is defined as the picking and 
accumulating of analytes by the pseudosta- 
tionary phase that fills the sample zone dur- 
ing application of voltage. It is analogous to 
using a broom to carefully cany along grains 
of rice scattered on the floor. 

The pseudostationary phase chosen for 
EKC as an example in this report is the 
anionic micelle of sodium dodecyl sulfate 

rower than lower k zones. This is illustrated 
in Fig. 1 (B and C) in the region boxed by 
green lines; the rightmost red line depicts the 
molecules of a low retention factor analyte 
(a,) and the region boxed by the red lines 
depicts the molecules of a higher retention 
factor analyte (a,). The electropherograrn in 
Fig. 2 shows that peak widths increase and k 
values decrease from the left to the right peak 
and that resolution is not greatly affected by 
sweeping; note the long length of the S zone 
injected (7). Quantitative verification of Eq. 

2 was also done with some aromatic com- 
pounds. Given the plug lengths and computed 
k values (8) of some phenols, a plot of linj (x 
axis) versus lsw,,, (y axis) for each k is 
constructed. The predicted lengths agreed 
well with experimentally determined values. 
Similar results were obtained with some alkyl 
phenyl ketones up to heptanophenone (k = 

91) (9). 
Guided by the law of conservation of 

mass, the resulting concentration after sweep- 
ing (C,,,) is given below 

Fig. 1. Evolution of 
analyte zones in EKC 
under sweeping con- 
ditions. (A) Starting 
situation. Injection of 
sample solution S with 
length li,. after condi- 
tioning {he capillary 
with BCS (found at 
both electrode vials). 
(B) Micelles from the 
cathodic vial enter the 
S zone or capillary 
(area enclosed by blue 
lines) and sweep the 
analytes into narrower 
bands depending on 
the retention factor 
(k,, > k,,, depicted by 
red and green lines, 
respectively). (C) First 
batch of micelles that 
entered the S zone 
reaches the interface 
between 5 and BGS 
zones (I) .  (D) Separa- 
tion of zones based 
on MEKC; other syrn- 
bols, analytes (a,, a,), 
length of capillary (L), 
analyte molecules found 
farthest from I during 
A (a,*, a,*), and first 
batch of micelles that 
entered S zone after 
application of voltage 
at negative polarity 
(mc*). 

a,'. a2', m b  

e t 
(SDS), a mode commonly termed micellar 
electrokinetic chromatography (MEKC) 
(6). The use of very low pH buffers pro- 
tonates silanol groups and provides an al- 
most zero electroosmotic flow environ- 
ment. The analytes are neutral and are pre- 
pared in a matrix with the same conductiv- 
ity as the background solution (BGS). If a 
sample solution (S) is injected into the open 
tube or capillary column (Fig. lA), mi- 
celles from the BGS (cathode) will enter 
the S zone upon application of voltage and 
sweep neutral analytes into thin concentrat- 
ed zones (Fig. 1, B and C). Separation of 
zones is shown in Fig. ID. The concentra- 
tion of the micelles entering and retention 
factors (k) of the analytes are assumed to be 
near those in the BGS. Here, the retention 
factor is the ratio of the number of moles of 
solute in the mobile micellar phase to that 
in the stationary aqueous phase. 

The length of the swept zone (Iswee,) is 
given below (Eq. 1). This is assumed to occur 
when the first batch of micelles that entered Table 1. Sweeping enhancement factors of several test analytes (11). 

the S zone reaches the interface between S 
and BGS (I) (see Fig. lC), Compound 

- - - 

Factor Compound Factor 

Alkyl phenyl ketones 
Valerophenone 
Octanophenone 

Naphthalene derivatives and phenanthrene 
Naphthalene 
1-Nitronaphthalene 

Dialkyl phthalates 
Diisopropyl phthalate 
Dinonyl phthalate 

Steroids 
Betamethasone 
Testosterone 

Some biologically active compounds 
Reserpine 
Quinine 

Heptanophenone 
Docecanophenone where the distances traveled by the first batch 

of micelles that entered the S zone and by 
neutral analyte molecules that are found far- 
thest from interface I are dm, and d,, respec- 
tively; dm, is simply the length of the zone 
injected (Iinj) and d, is linj multiplied by the 
factor kl(k + 1) to incorporate the role of 

1-Naphthalene ethanol 
Phenanthrene 

Diallyl phthalate 
Diisodecyl phthalate 

retention factor. Therefore, Eq. 1 is described 
by using k and linj (Eq. 2), 

Fluocinolone 
Progesterone 

Nicardipine 
Trimipramine 

Swept zones of high k analytes must be nar- 
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C,,\,,, = C,,,,( 1 + k) (3) tion in EKC) of S. When k is so high, peak 
heights might be greater in sweeping condi- 

where CIn, is the concentration of the injected tions because the zones are narrowed enor- 
zone. In effect, provided k = 1000, peak mously, but the number of molecule injec- 
heights obtained fiom a 64-cm plug of S tions is the same. The sample solution in Fig. 
diluted 1000 times should be equal to that 3A was diluted 10;000-fold but, injected over 
obtained from a 0.64-mm plug (usual injec- a much longer time (about 660) than usual 

Fig. 3. Optimized electrophero- 
gram of selected biologically ac- 
tive compounds with sweeping 7 
and comparison with usual injec- 
tion. Conditions: BCS, 100 mM 
SDS in 100 mM phosphoric acid 
(pH 1.9) containing 20% acetoni- 
trile and 2% methanol; S, trimipra- 
mine (I) ,  nicardipine (2), noscap- 2 4 
ine (3), laudanosine (4) in phos- - 
phoric acid, with conductivity sim- '0 

ilar to BGS; concentration of 5 
analytes, 190 to 265 ppm (A), 19 
to 26.5 ppb (B); length of injected 5 
5, 0.064 cm (A), 42 cm (B); applied 
voltage, -23 kV. g 1  

2 

Fig. 2. Effect of retention factor on 4-  
peak shapes with sweeping. Con- 
ditions: BCS, 50 mM SDS in 50 mM 
phosphoric acid (pH 1.9) contain- 
ing 20% methanol; 5, progester- 5 
one ( I ) ,  testosterone (2), fluocin- 2-  

olone (3), betamethasone (4), hy- T i  

drocortisone (5), cortisone (6), tri- 
amcinolone (7) in phosphoric acid a 
containing 3% methanol, with 
conductivity similar to BCS; con- 8 
centration of analytes, about 100 $ 
ppb; length of injected S, 16.5 cm; $ 
applied voltage, -30 kV. 

-2 

Fig. 4. Low concentration detec- 
tion and separation of a racemic 
herbicide spiked in lake water. 1,5 
Conditions: BCS, 50 mM SDS, and c 
15 mM y-cyclodextrin (shape se- : lector) in 40 mM phosphoric acid , 
(pH 2); S, fenoprop (f) in lake wa- 
ter adjusted to conductivity of '7-0,5 
BCS using 500 mM phosphoric 
acid; final concentration, 9 ppb 8 
(first peak under bar), 18 ppb (sec- 5 
ond peak); injected length, 21 cm; $ 0.5 
applied voltage, - 18 kV. 3 

Time (min) 

0 5 10 15 

Time (min) 

I 2  

. ,,< 

9 9.5 10 10.5 11 11.5 
Time (min) 

o-*__yr*--.. 

(Fig. 3B), produced peak heights about one- 
half that from the usual injection of the orig- 
inal sample solution (Fig. 3A). The k values 
of these analytes are >I000 using Eq. 3. 

3 

which is reasonable; because these are very 
hydrophobic and should have strong affinities 

w"wrYI$ 

toward SDS micelles. In experiments with 
BGS containing only SDS (no organic mod- 
ifier). only one peak was observed. 

Table 1 lists the sensitivity enhancements 
gauged as sweeping enhancement factors in 
tenns of peak height obtained with a number 
of compounds. As predicted by Eq. 3. sensi- 
tivitv enhancement increases with the in- 
crease in Ii. Deviations can be attributed to the 
adsolption of the analytes on the capillary 
walls. Improvelnents from more than 100 to 
about 5000-fold were realized for the more 
hydrophobic solutes. Ghost peaks might ap- 
pear under sweeping conditions (see Figs. 2 
and 3B) and are probably due to isota- 
chophoretic focusing of ions or impurities in 
the sample solution. Also. there may be 
changes in the baseline caused by the differ- 
ence in absorbance levels between S and 
BGS, which usually appear before the peaks 
of interest. 

Table 2 lists the detection limits, average 
plate numbers, and reproducibility data for 
analysis of selected steroids by the sweeping 
technique. Detection limits are no\v lower 
compared with high-perfon~lance liquid chro- 
matography. Plate numbers are still impres- 
sive and reproducibility and linearity of re- 
sponse are acceptable. 

A single and selective clean-up step is 
recommended to prevent unwanted constitu- 
ents of the sample matrix to interfere with the 
analysis. However; for relatively clean liquid 
samples; the sample conductivity could sim- 
ply be adjusted to that of the BGS, and the 
resulting solution could be filtered and direct- 
ly injected into the capillaly (Fig. 4). In the- 
oly, one can use much longer capillaries to 
obtain higher gains in sensitivity. However, 
this will result in increased analysis time; and 
coinmercial instruments are nolmally capable 
of delivering voltages up to only 30 kV (10). 
Applicability of the principle is expected to 
be usable for larger-scale folmats of EKC and 
not limited to the capillary fonnat 
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Table 2. Detection limits, RSD(%), and plates o f  selected steroids w i t h  sweeping (12) 

Steroids Progesterone Testosterone Fluocinolone Dexamethasone 

Equation o f  line y = 1 . 2 7 ~  - 1.58 y = 1 . 1 8 ~  - 1.34 y = 1 . 0 0 ~  - 1.32 y = 0 . 8 9 ~  - 0.98 
Coefficient o f  r 2  = 0.9890 r 2  = 0.9866 r 2  = 0.9859 r 2  = 0.9982 

variation 
Limit o f  detection 2.6 1.7 1.8 9.6 

( P P ~ )  
RSD(%) 

Migration t ime  0.3 0.3 0.3 0.3 
Peak height 13.8 3.9 6.9 8.5 
Corrected area 9.4 3.7 4.8 5.3 

Plates 1.3 X lo6 8.1 X lo5 4.9 x lo5 9.4 x lo4 

Packard 3D capillary electrophoresis system equipped marker of the micelle and with the equation t,,l 
with a capillary (50-ym inside diameter, 56 cm to the (1, - t,,), where t,, and t ,  are the migration times of 
detector, and 64.5 cm total length) thermostated at the marker and analyte, respectively. 
20°C. Burning off a 3-mm portion of the polyimide 9. The trend of Eq. 2 was not verified for the higher k 
capillary coating formed the detection window. values, because accurate determination of k when 

8. The value of k was computed for phenanthrene as values are very high (>loo) is difficult. This is be- 

Increased Vascularization in 
Mice Overexpressing 

Chitra Suri, Joyce McCLain, Gavin Thurston, 
Donald M. McDonald, Hao Zhou, Eben H. Oldmixon, 

Thomas N. Sato, George D. Yancopoulos* 

The angiopoietins and members of the vascular endothelial growth factor 
(VEGF) family are the only growth factors thought to be largely specific for 
vascular endothelial cells. Targeted gene inactivation studies in mice have 
shown that VECF is necessary for the early stages of vascular development and 
that angiopoietin-I is required for the later stages of vascular remodeling. Here 
it is shown that transgenic overexpression of angiopoietin-I in the skin of mice 
produces larger, more numerous, and more highly branched vessels. These 
results raise the possibility that angiopoietins can be used, alone or in com- 
bination with VECF, to promote therapeutic angiogenesis. 

Vascular development can be divided into an 
early stage (vasculogenesis) and a later stage 
(anglogenesis) (I). During vasculogenesis, en- 
dothelial cells differentiate, proliferate, and co- 
alesce to form a primitive vascular network. 
Subsequently. this network is transformed into 
the mature vasculature through angiogenic re- 
modeling processes that involve the sprouting, 
branching, pruning, and differential growth of 
vessels, as well as tlie recruitment of supporting 
cells. 
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Two families of gro~vtli factors are thought 
to be largely specific for the vascular endothe- 
lium, because expression of their receptors is 
mainly restricted to endothelial cells (2, 3). 
These factors include VEGF and its relatives, 
whicli are required for vasculogenesis, and the 
angiopoietiiis, which appear to be involved in 
later stages of vessel growth and remodeling. 
The inactivation of the gene for VEGF or its 
receptor (VEGFR2) in mice disnlpts vascular 
development at an early stage when endothelial 
cells begin to differentiate and proliferate (4- 
6). When angiopoietin-1 (Angl) or its receptor 
(Tie2) is inactivated in mice (7-9), the embryos 
die from the defects in vascular remodeling that 
occur subsequent to vascular network forma- 
tion. A factor related to Angl (Ang2) apparent- 
ly acts as a iiah~ral antagonist of Tie2 by block- 
ing receptor activation by Angl (10). Consis- 
tent with this concept, transgenic overexpres- 
sion of h i g 2  results iii einblyonic lethality due 
to vascular defects that are similar to those 

cause elution occurs rapidly (peak compression) and 
no separation occurs without the addition of aque- 
ous-phase modifiers to the BCS. 

10. With 2-m-long capillaries and applied voltage at -30 
kV, migration times were more than 1 hour. 

11. Sweeping enhancement factor = peak height ob- 
tained with sweepinglpeak height obtained with usu- 
al injection (1 or 2 s at 50 millibars). Supplementary 
material is available at www.sciencemag.orglfeature1 
datal983374.shl. 

12. Conditions: injected length of S, 42 cm; other condi- 
tions are the same as in Fig. 2; equation of the line, 
log(ppb) = (slope) X log(mAU) + y intercept; cali- 
bration concentration range, 10 to 100 ppb; limit of 
detection, signallnoise ratio = 3; %RSD (n = 7). 
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occulving in the absence of Angl or Tie2 (10). 
In vitro studies support the notion tliat 

Angl and VEGF have distinct and comple- 
m e n t a l ~  roles; Aligl is not as effective as 
VEGF in the induction of endothelial cell 
proliferation or tubule folmation in culture, 
although it can induce sprouting and branch- 
like phenomena (3, 11). In addition to such 
remodeling actions. Angl may be required 
for vessel survival or stabilization (9). How- 
ever, there is no direct evidence tliat excess 
Angl can promote angiogenesis and vascular 
remodeling in viva. 

To determine the effects of localized Angl 
overexpression. we generated transgenic mice 
that overexpressed the protein in their skin. An 
expression cassette was collshucted in which 
the Angl cDNA was placed under the control of 
the keratin 14 (K14) gene promoter and en- 
hancer elements (Fig. lA), which have been 
previously used to direct gene expression to tlie 
skin (12). In transgenic mice that harbor tlie 
K14-Angl cassette, skin tissue contained about 
12 times the normal amount of Angl 1nRNA 
(Fig. 1B). In sihl hybridization analysis showed 
that the transgenic transcript was localized to 
the basal keratinocyte layer of the epidermis as 
well as to the keratinocytes that line hair folli- 
cles (Fig. 1C). 

Transgenic mice overexpressing Angl ap- 
peared generally healthy, as they gained weight 
and bred normally. However, the slun of these 
mice appeared strilungly different from that of 
the control mice. The newborn transgenic mice 
had many more large blood vessels in their skin 
(Fig. 2A). The skin of older transgenic mice 
was niarkedly redder than normal and became 
progressively redder from the ages of 2 weeks 
to 2 months (Fig. 2; B to D); indicating tliat 
transgenic Aigl  coiitinued to have effects dur- 
ing postnatal growth. 

Distinctive changes in tlie microvasculature 
were evident in whole mount ~re~arat ions  of 

A A 

the skin of adult mice, in which vessels were 
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