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A biosensor system based on the response of living cells was demonstrated that can 
detect specific components of a complex mixture fractionated by a microcolumn sep- 
aration technique. This system uses ligand-receptor binding and signal-transduction 
pathways to biochemically amplify the presence of an analyte after electrophoretic sep- 
aration. The transduced signal was measured by means of two approaches: (i) fluores- 
cence determination of intracellular calcium concentrations in one or more rat PC-1 2 cells 
and (ii) measurement of transmembrane current in axenopus laevis oocyte microinjected 
with messenger RNA that encodes a specific receptor. This analysis- system has the 
potential to identify biologically active ligands present in a complex mixture with excep- 
tional sensitivity and selectivity. 

Biosensors detect chemical species with 
high selectivity on the basis of molecular 
recognition rather than the physical prop- 
erties of analytes ( I ) .  Many types of bio- 
sensing devices have been developed in the 
past 30 years, including enzyme electrodes, 
optical immunosensors, ligand-receptor am- 
perometers, and evanescent-wave probes 
(2). Entire living cells also can be used as 
biosensors (3). Whole-cell biosensors have ~, 

two important advantages. First, many dis- 
parate chemical species can evoke a re- 
sponse from a single cell. Second, the rec- 
ognition event for a component can be. 
amplified by signal-transduction pathways 
so that measurable responses result from 
minute quantities of material (4). When 
more than one component in a sample mix- 
ture elicits a response, however, the signal 
from a living cell often cannot be interpret- 
ed. Consequently, fractionating compo- 
nents before they interact with the cell 
would be useful. The  microcolumn seDara- 
tion technique of capillary electrophoresis 
(CE) is well suited for this Dumose because . . A A 

of its physiologic compatibility (it uses 
aqueous separation buffers), speed (typically 
5- to 30-min analysis times), and high sep- 
aration efficiency (typically >lo5 theoreti- 
cal plates) (5) '  In addition, the ability of 
capillary separations to work with very 
small samples (picoliter to nanoliter injec- 
tion volumes) often makes it possible to 
analyze the components of individual cells 
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without ~rohibi t ive dilution (6). Neverthe- ~, 

less, fractionation of biological samples with 
many components has proved difficult for 
CE (7), and a variety of important biologi- 
cal species are not easily detected with tra- 
ditional measurement approaches (8). 

Here, we demonstrate the feasibility of 
overcoming these limitations by coupling 
capillary electrophoresis to biosensors that 
use the responses of single cells. Determi- 
nation of acetylcholine (ACh) in the lysate 
of nerve growth factor (NGF)-differenti- 
ated rat PC-12 cells illustrates the ability of 
this approach to rapidly identify chemical 
species with high specificity. The  sensitivity 
of this techniaue is shown to be com~e t i -  
tive with the Best available analysis meth- 
ods and holds potential for significant im- 
provement. 

In two separate single-cell biosensor 
(SCB) systems for CE, rapid separation of 
analytes is accomplished in a fused silica 
capillary, and the effluent from the capillary 
outlet is directed to an  SCB for detection 
( 9 ) .  Electroosmosis (bulk solution flow) de- . , 

livers positive, neutral, and negative species 
that are seuarated bv CE to the extracellular 
surface of bne or more living cells. The  first 
SCB detector we developed (Fig. 1A) is 
sensitive to analytes that elicit a change in 
cytosolic Ca2+ concentration ([Ca2+],) in 
cultured rat PC-1 2 cells. Changes in [Ca2+ 1, 
are monitored with fluorescence microsco- 
py with the use of the Ca2+ indicator fluo-3 
(10). A transmitted-light image taken 
through the microscope objective (Fig. 2) 
shows how the outlet of a capillary with an 
inside diameter (i.d.) of 25 u m  can be ~, 

positioned above a single cell.  he second 
SCB device (Fig. 1B) detects species that 

USA. cause changes in plasma membrane ion per- 
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help isolate the electric field used in the CE 
separation from the small electrical signal 
measured at the oocyte, we placed the elec- 
trophoresis ground upstream from the cap- 
illary outlet (12). 

The CE-SCB system was able to separate 
and detect specific components from a mix- 
ture (Fig. 3A). A standard solution contain- 
ing ACh, bradykinin (BK), and adenosine 
triphosphate (ATP) was separated, and the 
capillary effluent was delivered to a small 
group of PC-12 cells. Increases in [Ca2+], 
after ligand-receptor binding are caused by 
release from internal stores and by entry 
through ligand- or voltage-gated channels 
(13). We  identified the three peaks in Fig. 
3A by. electrophoretically separating each 
component individually (Fig. 3, B, C,  and 
D). Because of the relative charge-to-fric- 
tional drag ratios, ACh  migrates fastest to 
the sensor and is closely followed by BK and 
then by ATP. The  migration velocity of 
ATP varies more between CE runs than do 
the velocities of the other components, an 
observation consistent with the slower mi- 
gration velocity of ATP (14). In separate 
studies, inhibitors to BK and ACh binding 
were used, and the results confirm the iden- 
tifications presented in Fig. 3A. 

Detection of components in complex bi- 
ological matrices is a more challenging test 
of t h e  power of this technique than the 
analysis of standard solutions. In Fig. 4, the 
CE-SCB fluorescence system identifies a 
species traditionally difficult to detect, 
ACh,  which is present in the lysate of 
NGF-differentiated PC-1 2 cells (I  5) .  A 
sample containing an amount of material 
that corresponds to -50 cells (16) was in- 
troduced into the separation capillary and 
electrophoretically separated while the flu- 
orescence from a small group of PC-1 2 cells 
positioned near the capillary outlet was 
monitored. The resulting electropherogram 
(Fig. 4A) shows a single species that elicits 
a measurable change in [Ca2+], in the first 
150 s of separation. This component, which 
migrates to the SCB detector in -100 s, 
was identified as ACh by comparison with 
the electropherogram produced when an  
ACh  standard solution was run (Fig. 4B). 

A critical attribute for chemical sensors 
is an ability to detect minute quantities of 
material, and in this regard the CE-SCB 
fluorescence system compares favorably to 
the most sensitive analysis approaches. The  
lysate peak in Fig. 4A likely corresponds to 
a concentration of ACh  in the low femto- 
mole range (1 7) ,  an  amount approximately 
equal to the best detection limits for other 
methods (18). Of the species examined 
with the CE-SCB fluorescence system, the 
highest sensitivity is achieved~for BK. T o  
investigate the detection sensitivity and re- 
producibility for this species, we performed 
five CE runs of BK at each of three con- 
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Fig. 1. Single-cell biosensor A 
(SCB) systems for CE. (A) ACE- From 
SCB device based on monitor- capillary inlet 

ing Ca2+ changes within one or 
more PC-1 2 cells with the useof 
the Ca2+-sensitive dye fluo-3. ing 

Analytes were separated by 
Eleclrophoresis capillary electrophoresis, and 

the capillary effluent was direct- 
ed to PC-12 cells cultured on a 

Bath 
microscope cover slip -20 to curmi?t- 
40 pm from the channel outlet. pssslng 
The capillary was threaded dectrode 
through a syringe needle and 
was glued at the needle en- 
trance and exit points to stabi- 
lize the position of the outlet. 
Species that evoked changes in 
[Ca2+], were detected with an 
epi-illuminated fluorescence microscope. HV, high-voltage supply. (B) A CE- tor were detected with a two-electrode voltage-clamp amplifier. To reduce 
SCB system based on membrane current measurements on axenopus laevis interferences from the separation field, the capillary was grounded upstream 
oocyte expressing a cloned membrane receptor. Analytes that produced from the SCB through a narrow crack connecting the separation channel to a 
changes in the plasma membrane ion permeability after binding to the recep- grounded electrolyte solution (24). 

centrations with an individual cell as the 
sensor. A different PC-12 cell was selected 
as the SCB for each run, a step necessary to 
avoid detector desensitization (19), and 
care was taken to set the capillary outlet at 
the same distance (40 pm) from the cell for 
each run. At high (10 pM) and intermedi- 
ate (100 nM) concentrations, four of five 
and five of five cells, respectively, respond- 
ed to BK after electrophoresis. At a low 
concentration (1 nM), zero of five cells 
produced a clear response. These results 
indicate that the limit of detection is in the 
range of 1 to 100 nM (-0.5 to 50 amol), 
which is somewhat higher than reported 
values (20) for the minimum detectable BK . , 

concentration using the Ca2+ response of 
PC-12 cells (21). Nevertheless, the mass 
sensitivity of this system for BK is compet- 

itive with fluorescence tagging and mass 
spectrometric analysis techniques (22), and 
a 10- to 100-fold improvement in sensitiv- 
ity may be possible by differentiating the 
SCB (20). 

The feasibility of tailoring a CE-SCB 
system to respond to specific components of 
interest is demonstrated in Fig. 5. A Xeno- 
pus oocyte microinjected with serotonin (5- 
hydroxytryptamine, or 5-HT) 5HTlc re- 
ceptor mRNA was clamped at -70 mV at 
the outlet of a separation capillary, and 
5-HT was electrophoretically separated 
(Fig. 5A). No current response was seen for 
the blank (control) CE run (Fig. 5B), and 
the signal returned when 5-HT was separat- 
ed once again (Fig. 5C). A slight increase in 
the migration time of 5-HT is apparent 
(Fig. 5, A and C),  presumably caused by a 
decrease in the electroosmotic flow rate. A 
second control, in which the voltage-clamp 
measurement was made on an oocyte that is 
not microinjected with receptor mRNA, 
yielded no response for 5-HT after CE. 

Fig. 3. Identification of multiple components 
present in a mixture with the use of a CE-SCB 
system. (A) Separation of a mixture of ACh, BK, 
and ATP detected with the SCB fluorescence de- 
vice. The three peaks in (A) were identified as ACh, 
BK, and ATP in (B), (C), and (D), respectively, by 
electrophoretic separation of each component 
separately. Experimental conditions were as fol- 
lows: 5-s gravity injections (inlet elevated 10 cm 
above outlet) of ACh (0.8 mM), BK (20 pM), and 

i ATP (5 mM) were separated with an electric field of , -850 V/cm in a 1 5 - p  i.d. capillary. Between 10 
and 15 PC-1 2 cells were used as the analyte sen- 
sor. The electropherograms are offset on the ver- 
tical axis to aid visualization. The negative base- 

Fig. 2. A 25-pm i.d. capillary positioned above a line slope was caused by a decrease in the con- 
single cell. For the CE-SCB fluorescence system, centration of intracellular fluo-3; such a decrease 
the capillary i.d. was 15 or 25 pm, and 1 to 15 can be compeqsated for by incorporation of fluo-3 
PC-1 2 cells were used as the analyte sensor. AM ester in thdmeasurement buffer. 

In coupling CE to an SCB, mechanical 
and electrical disturbances that may affect 
the detection sensitivity of the cell must be 
minimized. Small capillary movements can 
alter the relative position of the capillary 
and SCB, thereby changing the effective 
concentration of an analyte presented to 
the plasma membrane of an SCB. This ef- 
fect can be dramatic when both the c a ~ i l -  
lary i.d. and the cell diameter are small, as 
in the SCB fluorescence system. In addi- 
tion, capillary movement may damage a cell 
and produce spurious detection signals 
when care is not taken to immobilize the 
column within the positioning needle. The 
effect of the separation field on cell integ- 

Mixture :< 
- 

L L  A 
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rity also must be considered. Viewed by 
transmitted light and fluorescence micros- 
copy and by the [Ca2+Ii response to agonist, 
dye-loaded PC- 12 cells appear to suffer lit- 
tle deleterious effect from the se~arat ion 
field when the capillary outlet is positioned 
-20 p m  from the cells (23). Moreover, 
base-line fluctuations in [Ca2+], do not in- 
crease substantially when the separation 
field is applied. Coupling CE to the SCB 
voltage-clamp detector is less straightfor- 
ward. To  perform sensitive current measure- 
ments and to maintain oocyte viability, we 
made sure to largely decouple the SCB from 
the separation field by grounding the cap- 
illary before the outlet. Because field decou- 
pling is incomplete, application of the sep- 
aration field increases baseline current fluc- 
tuations by approximately 10-fold (24). 

The sensitivity and reproducibility of a 
CE-SCB system will vary markedly with 
analyte and cell type. Optimized detection 
limits for different ligands may range from 
more than picomoles to a few molecules 
(25). Factors that affect the detection signal 
include the ligand-receptor dissociation 
constant. the number of receDtors ex~osed  
to ligand, the amplification 'pathwais ac- 
cessed after binding, the base-line variability 
in the quantity being measured, and fre- 
quently, the chemoreception history of the 
cell. Cellular response mechanisms can be 
manipulated to improve sensitivity and re- 

producibility. Differentiation of PC-12 cells, 
for example, has been shown to strongly 
potentiate the Ca2+ response to BK (20), 
and receptor mutagenesis has the potential 
to greatly reduce desensitization (26). 

The CE-SCB systems developed thus far 
are qualitative analysis devices. Information 
on the presence or absence of a species 
(above some concentration limit) can be 
achieved rapidly with high sensitivity and 
selectivity. Quantitative assessment of ana- 
lyte concentration should prove feasible for 
species that evoke graded responses over 
some concentration range (27, 28). In 
many instances, however, variability in the 
response between cells may necessitate nu- 
merous separations to generate accurate 
dose-response relations. Alternatively, 
quantitation could be achieved by coupling 
the effluent from a CE capillary to a sensor 
comprised of many cells, although this ap- 
proach may sacrifice mass sensitivity. Tech- 
niques for limiting cell-to-cell variability 
(29) and for reducing desensitization in re- 
used cells would aid in attempts to quantify 
analyte concentration. 

Used qualitatively, the coupling of chem- 
ical separations with single-cell biosensors 
may prove valuable in a range of applica- 
tions, including the isolation of novel li- 
gands, the screening of mRNA expression, 

PC-12 
lysate 

& standard 

Time (min) 

Fig. 4. Identification of a single component 
present in a complex biological matrix with the use 
of the CE-SCB fluorescence system. In (A), a 
sample derived from the lysate of PC-1 2 cells was 
electrophoretically separated, producing a single 
peak in the first 150 s of separation. This peak was 
identified as ACh in (B) by electrophoretic separa- 
tion of a standard solution and comparison of the 
migration times of the unknown and the standard. 
Experimental conditions were as follows: 10-s 
gravity injections (+ I0  cm above the outlet) of 
lysate and ACh standard (0.8 mM) were separat- 
ed with a field of -400 V/cm in a 25-pm i.d. 
capillary. Between four and five PC-1 2 cells were 
used as the sensor. The electropherograms are 
offset on the vertical axis. Fluo-3 AM ester was 
included in the measurement buffer. 

Time (min) 

Fig. 5. Electropherograms demonstrating the fea- 
sibility of tailoring a CE-SCB system to respond to 
specific components. AXenopus oocyte express- 
ing the cloned rat 5HTl c receptor was clamped at 
-70 mV,,and the current flow across the plasma 
membrane was monitored during electrophore- 
sis. In (A), a sample containing serotonin (5-HT) 
was injected into the capillary and was electro- 
phoretically separated, producing a peak at -8 
min. The electropherogram in (B) demonstrates 
that no response was obtained when a blank 
sample was run, and (C) shows the return of the 
peak when 5-HT was once again separated. Ex- 
perimental conditions were as follows: 20-s grav- 
ity injections (+I3 cm above the outlet) of 5-HT 
(1 00 pM) or blank buffer solution were separated 
at -250 V/cm in a 40-km i.d. capillary. 

and the analysis of very small volumes asso- 
ciated with single cells, subcellular compart- 
ments, and exocytosis. Quantitative devel- 
opments should further expand the useful- 
ness of this technique. The selectivity of 
single-cell biosensors can be engineered for 
specific analyses by transfection of cell lines 
or by expression of mRNA in oocytes, giving 
the analyst new power to rationally design 
detectors for biomolecular separations. 
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Permian-Triassic Life Crisis on Land 

Recent advances in radiometric dating and isotopic stratigraphy have resulted in a 
different placement of the Permian-Triassic boundary within the sedimentary sequence 
of the Sydney Basin of southeastern Australia. This boundary at 251 million years ago was 
a time of abrupt decline in both diversity and provincialism of floras in southeastern 
Australia and extinction-of the Glossopteris flora. Early Triassic vegetation was low in 
diversity and dominated by lycopods and voltzialean conifers. The seed fern Dicroidium 
appeared in the wake of Permian-Triassic boundary floral reorganization, but floras 
dominated by Dicroidium did not attain Permian levels of diversity and provinciality until 
the Middle Triassic (244 million years ago). 

T h e  Permian-Triassic boundary has long 
been known as a major discontinuity in the 
history of life in the sea (1 ), but comparably 
severe extinctions have not been apparent 
from recent assessments of the fossil record 
of land plants (2) or animals (3). Geo- 
chemical approaches to the vexing problem 
of correlation between marine and nonma- 
rine biostratigraphic schemes give grounds 
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for reas,sessing Permian-Triassic boundary 
events o n  land. High-precision 206Pb/238U 
radiometric dating of zircons from a tuff at 
the Permian-Triassic boundary in marine 
sequences of China at 251 ? 3.4 (2u)  
million years ago (Ma) (4),  supported by 
dating of tuffs in coal measures of the 
Gunnedah and Sydney basins of New South 
Wales (5),  now indicates that the Permian- 
Triassic boundary is near the contact be- 
tween coal measures with Glossopteris and 
overlying fluvial deposits with Dicroidium 

throughout the Bowen-Gunnedah-Sydney 
basins of eastern Australia. Ironically, this 
was the traditionally recognized Permian- 
Triassic boundary in Australia until 1970 
(6). A t  that time, correlation of palyno- 
morph assemblages from Australia with 
those of Pakistan encouraged the view that 
the boundary was significantly higher in the 
sequence: at the top of the palynozone char- 
acterized by Protohaploxypinus microcorpus 
(7). Recent chemostratigraphic studies of 
boreholes in the Canning Basin of Western 
Australia have demonstrated that 13C/12C 
ratios in kerogen of marine shale became 
abruptly lower at  the Permian-Triassic 
boundary (8). This dramatic isotopic ex- 
cursion is characteristic of numerous ma- 
rine sections through the Permian-Triassic 
boundary (9)  and has been recognized also 
within nonmarine sequences of the Coo- 
per, Bowen, and Sydney basins at  the base 
of the P .  microcorpus palynozone (1 0). 

The  transition from Glossopteris to  Di- 
croidium floras is abrupt and profound. Only 
four genera and one species of megafossil 
plants are known to have survived the 
boundary in the Sydney Basin (I 1 ), a n  ex- 
tinction of 97% of Late Permian fossil leaf 
species. Leaves of Glossopteris have been 
found in claystone partings of the upper- 
most (or Bulli) coal only 19 cm below 
shales bearing Dicroidium callipteroides (1 2).  
I restricted my analysis to fossil leaves (Fig. 
1) to avoid duplication of names for fructi- 
fications (1 3), but the Permian-Triassic cri- 
sis also curtailed the Late Permian evolu- 
tionary adaptive radiation of glossopterid 
fructifications in Gondwana (1 4) .  

Fossil plants replacing the Glossopteris 
flora were low in diversity (Fig. 1).  Al- 
though the zonal indicator is the distinctive 
seed fern D ,  callipteroides, many assemblages 
are dominated by the conifer Voltziopsis 
(15) or the lycopod Cylomeia (16). These 
voltzialean conifers and small Isoetes-like 
lycopods are most closely allied to  Eurasi- 
atic Early Triassic genera such as Annalepis, 
Tomiostrobus, and Voltzia (1 7). Both Voltzi- 
opsis and Cylomeia persist into diverse later 
floras dominated by the Gondwanan en- 
demic seed fern, Dicroidium zuberi. Diversi- 
fication of Gondwanan seed ferns contin- 
ued with the appearance in  the Middle 
Triassic of Dicroidium odontopteroides, a bio- 
stratigraphic event that has been dated in 
New Zealand at about 244 Ma (18). T h e  
seed fern D ,  odontopteroides is a prominent 
element of diverse fossil floras that show 
regional differentiation throughout south- 
e m  Pangaea (1 9).  In Eurasia similarly, ex- 
tinction of ruflorian and voynovskyan cor- 
daites was followed by an interregnum of 
conifers and lycopods, which were supplant- 
ed by diverse Middle Triassic floras domi- 
nated by the seed fern Scytophyllum (1 7). 

The  megafossil plant record of Permian- 
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