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The relationship between pressure, ejection duration and volume ejected was experimentally de- 
termined in vitro for micropipettes with different external tip diameters. The relationship between ejection 
duration and ejected volume is linear in the steady state (i.e. with ejection durations of 1 s or longer) and 
at sufficiently high pressures (above about 100 kPa) and for pipettes with a suffciently high hydrodynamic 
conductance (larger than 1 pl s-1 kPa-1 at 230 kPa). In this range, flows were found with low Reynolds 
numbers (smaller than 10), which is consistent with laminar flows. For all but the largest micropipettes, 
the relationship between pressure and ejected volume is alinear: the pipettes' apparent hydrodynamic 
conductances increase with increasing pressure. Micropipettes with apparent hydrodynamic conductances 
between 0.04 and 1400 pl s -  1 kPa- 1 (at 230 kPa) were tested. Duration-pressure combinations could be 
defined where the duration-volume relationship was either linear or monotonic. Such duration-pressure 
combinations were different for pipettes with different apparent hydrodynamic conductances. A quick 
method is described to measure the pipette's apparent hydrodynamic conductance at the pressure used, 
corrected for the fluid's viscosity. Measurement of this conductance permits predictable injections of 
known volumes of fluid in the range of 100 pl to 1 ~tl with a precision of 10-20%. 

Introduction 

The controlled, reproducible administration of known amounts of compounds in 
the picomole/nanoliter range is a requirement for several types of experiments, 
including intracellular staining and extracellular administration of biologically active 
compounds. In most studies, the compounds are administered by ionophoresis via 
micropipettes, but administration by pressure injection is the obvious alternative for 
compounds that are poorly soluble in water or not electrically charged (McCaman et 
al., 1977; K~dlstrOm and Lindstrt~m, 1978; Sakai et al., 1979; Palmer et al., 1980; 
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Dray et al., 1983). The number of investigators using pressure micro-injections is 
increasing (Walker et al., 1982; Spuhler et al., 1982: Palmer et al.. 1982a, b: Nowak 
and MacDonald, 1982, 1983: Gold and Martin, 1983). The major drawback, 
however, of the pressure micro-inJection technique was that the volume of the 
injected solution could not be controlled reliably (Krnjevi6 et al., 1963: Obata et al.. 
1970: Kelly, 1975). At best, a poor correlation was found between the pipettes' 
external tip diameters or electrical resistances on the one hand. and the amounts 
released from these pipettes on the other. By definition, however, the amount ejected 
from a micropipette by pressure is determined by the pipette's hydrodynamic 
properties (e.g. Tritton, 1977) rather than its electrical or geometrical properties. The 
relationships between pressure, ejection duration, ejected volume and external tip 
diameter of micropipettes are reported in the present study. It is demonstrated that 
measurement of the pipette's apparent hydrodynamic conductance permits the 
administration of known volumes of fluid in the range of 100 pl to 1 /~1 with a 
precision of 10-20%. 

Methods 

Pressure injection apparatus 
The pressure was applied to the micropipette according to the procedure of 

Palmer et al. (1980) and of Dray et al. (1983). In short, compressed nitrogen gas (300 
kPa) was led into an apparatus containing a pressure-reducing valve and a timing 
valve (Medical Systems Corp., PPM-2); it was then applied to the micropipettes via 
high pressure tubing (length 300 cm, i.d. 3.0 mm) and a final soft tubing (length 15 
cm, o.d. 2.5 mm, i.d. 1.0 mm). 

Pipettes 
The pipettes were pulled from glass tubes without filaments (Clark GC120, 1.2 

mm o.d., 0.69 mm i.d.). Nitrogen gas (230 kPa) was applied to the unfilled pipette 
whose tip was immersed into water; when no air bubbles were formed, the pipette 
was called 'clogged'. Clogged pipettes were broken under microscopic control, until 
they were unclogged. By this procedure, unclogged pipettes were obtained that had 
external tip diameters between 1.1 and 23 /~m. Thereafter they were filled with 
distilled water and tested. All micropipettes remained intact at the highest pressures 
used (230 kPa, this study, or even 4 MPa, K~llstr6m and Lindstr6m, 1978). 

Measurements 
The volumes ejected were measured with the microdrop technique (McCaman et 

al., 1977, Sakai et al., 1979). In short, the pipette was held under an angle of 45 ° 
with the horizontal plane, and its tip was immersed into mineral oil. The diameters 
of the ejected water droplets were measured with a microscope (magnification 40 × ) 
and a calibrated ocular micrometer. After each ejection, the diameter of the droplet 
was determined, the droplet was released, and a following droplet was ejected and 
measured. Linearity between parameters was checked in linear graphs and by linear 
regressions, and in double-log graphs and by double-log regressions. 
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Apparent hydrodynamic conductance 
The apparent hydrodynamic conductance (G h, in pl s - l  kPa- l )  was calculated. 

G h appeared to be a function of the pressure, being most stable at high pressures 
(see below). To characterize pipettes, the value of Gh(p) at a pressure of 230 kPa was 
used; this was the highest pressure that could be applied with the apparatus used. 
This value was called G~. The smallest amount of fluid measurable with the 
equipment used was 10 pl. From 'clogged' pipettes no measurable amount of water 
(<  10 pl) was ejected in 20 s at a pressure of 230 kPa. Consequently, 'clogged' 
pipettes have G ~ values smaller than 0.002 pl s-1 kPa-]  

Results 

Reliability 
The reproducibility of the ejections was tested at a pressure of 230 kPa. Five 

series of five ejection durations each were applied with 30-rain intervals between the 
series. The mean standard deviations in the ejected volumes were 8% (range 6-10%). 
This was in agreement with an estimated error of 9% in the measurement of volumes 
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Fig. t. Relationship between ejection duration and ejected volume for various pressures (data from a 
pipette with G~ = ]400 pl s-1 kPa-1, linear graphs). Left: durations shorter than ] s. Right: durations 
longer than 1 s. Pressures used: v 18 kPa; [] 34 kPa; • 55 kPa; ,', 95 kPa; • 14] kPa; © 200 kPa; • 223 
kPa. 
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larger than 100 pl, but for volumes smaller than 100 pl, the error in the volume 
increased to 30%. An error of 10% applied for pipettes with G~* larger than 1 pl s 
kPa-2. Pipettes with a lower G~ value did not perform reliably with pressures lower 
than 230 kPa, and therefore their G h value could not be determined reliably. In 
measurements of the ejected volumes at series of increasing and decreasing pressures 
no hysteresis was found, but only small variations within the error range. Moreover, 
the value of G h at various pressures from several experiments with the same pipettes 
were the same, except sometimes for the lowest pressures. 
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Fig. 2. Relationship between pressure and ejected volume at various ejection durations ranging between 
0.2 and 20 s (data from a pipette with G~ = 19 pl s -  ] kPa-  1). A: linear graphs. Above: durations shorter 
than 1 s. Below: durations longer than 1 s. B: double-log graphs of the same data; the numbers to the 
right are the gradients of the log-log regression lines. 
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TABLE I 

MEAN GRADIENTS OF THE DOUBLE-LOG REGRESSION LINES BETWEEN PRESSURE A N D  
EJECTED VOLUME FOR 4 PIPETTES WITH DIF F E R ENT VALUES OF G~ 

Mean values for various ejection durations with the S.E.M. are given. 

G ~ (pl s -  1 kPa -  i ) Mean Gradients 

0.3 2.49 + 0.46 
3.1 2.87+0.20 

19 2.01 + 0.10 
1400 1.16_+0.05 

apparent hydrodynamic conductance (pl /s) /kPa 
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Fig. 3. Relationship between pressure and value of G h at various ejection durations ranging from 0.05 to 
20 s for 4 different pipettes with low (A) to high (D) values of G~' (C: pipette of Fig. 2; D: pipette of Fig. 
1). Ejection durations: ~ 0.05 s; v 0.1 s; • 0.2 s; [] 0.5 s; • 1 s; ,x 2 s; • 5 s; (3 10 s; • 20 s. The asterisk 
marks a measurement  showing irregularity (see text). 
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ENction duration and ejected I'o/ume 
Graphs of the volumes ejected as a function of the ejection duration followed 

straight lines with an intercept on the horizontal axis (Fig. 1). With short ejection 
durations (depending on the ' ' "* pipette s G h and on the pressure, see below), no droplet 
left the pipette. 

Pressure and ejected volume 
The relationship between pressure and ejected volume is shown in Fig. 2. At low 

pressures (depending on the pipette's G~, and on the ejection duration, see below), 
no fluid was ejected. For higher pressures, the ejected volume was monotonicly 
rising with increasing pressures, but the relationship was alinear. Only for pipettes 
with the highest G~ values, the relationship between pressure and ejected volume 
was linear for pressures between 50 and 230 kPa, and ejection durations longer than 
1 s. This is also expressed in the gradients of the double-log regression lines (cf. Fig. 
2B and Table I). 

Ejection duration, pressure and apparent hydrodynamic conductance 
The relationship between ejection pressure and the pipette's G h is shown in Fig. 3 

for 4 pipettes with G~ values between 0.3 and 1400 pl s-1 kPa-1. If the relationship 
between pressure and ejected volume were linear, the pipette's Gh must be indepen- 
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Fig. 4. Duration-pressure combinations where the duration-volume relationship is either linear or 
monotonic, or where no fluid is ejected, for pipettes with values of G~' ranging from 0.3 to 1400 pl s - i  
kPa 1 
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dent from the pressure. The value of G h, however, generally increased with increas- 
ing pressures; this increase was reproducible for the various pipettes and the various 
ejection durations. An increase of the pressure with a factor 2 often increased the 
pipette's G h with a factor 2 to 3. Only for pipettes with the highest G~ value, the 
value of G h was constant within the error range for pressures between 50 and 230 
kPa and ejection durations of 1 s or longer (Fig. 3D). 

Applicable ejection duration and pressure ranges 
Fig. 4 gives a survey of the pressure-duration combinations for pipettes with 

various G~' values, where the duration-volume relationship was either linear or 
monotonic, or where no fluid was ejected. The relationship was called 'linear' as long 
as the points followed the double-log regression lines under an angle of 45 °. 
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Fig. 5. Relationship between external tip diameter and the value of G~ for 21 pipettes. Indicated is also 
the log-log regression line, calculated for all pipettes. 
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External tip diameter and hydrodynamic conductance 
The relationship between the external tip diameter of 21 pipettes and their G~*, 

values is shown in Fig. 5 (log-log plot) with the double-log regression line ( 0 = 0.899). 
Given an external tip diameter, the G~* can be estimated only with a very large error 
(double-log o,, = 1.2, so the ~standard deviation" in G~ is a factor 16). The largest 
fluctuations are due to pipettes with G~' smaller than 0.1 pl s ~ kPa 1. which have 
external tip diameters smaller than 2.5 ~tm. For pipettes with external tip diameters 
larger than 2.5/~m, the values of G~ can be estimated from the value of the external 
tip diameter with a reduced but still large error (double-log o, = 0.71, so the spread 
in G~ is a factor 5.1). 

Irregularities 
Some irregular measure points are indicated in the graphs by asterisks. Irregulari- 

ties were encountered especially with pipettes with the lowest G~ value. Such 
pipettes often became clogged, or their G~, value showed large fluctuations. As a 
rule, however, the pressure micro-injections in the nanoliter range were reproducible. 

Discussion 

The pipette's apparent hydrodynamic conductance 
The pipette's hydrodynamic properties are the relevant parameters for quantita- 

tive pressure micro-injections. The value of Gh at various pressures appeared to be 
reproducible, and G~' was strongly correlated with the external tip diameter. The 
value of Gh is corrected for the fluid's viscosity and for the pressures used, when the 
pipette's G h is measured with the pressures and fluid that actually will be used 
(therefore it is called apparent hydrodynamic conductance). Such measurement can 
be done quickly by the droplet method. 

Linear duration-volume relationships 
The linearity of the duration-volume relationship as described in earlier papers is 

presently confirmed (McCaman et al., 1977; Sakai et al., 1979; Palmer et al., 1980; 
Dray et al., 1983). The intercept in the horizontal axis of the duration-volume 
curves appeared to be dependent of the pipette's G~' (cf. Fig. 4). Doubling the 
duration doubles the ejected volume at ejection durations longer than 1 s, because 
the influence of the above-mentioned intercept is negligible for such durations. This 
is in agreement with the data of Sakai et al. (1979) and Palmer et al. (1980), who 
only used ejection durations longer than 1 s. 

Reynolds numbers 
In hydrodynamics, a useful parameter is the 'Reynolds number' (R e, cf. Tritton, 

1977): it is the ratio between inertia and viscous forces for a given fluid flow: 

inertia forces 
Rc viscous forces 
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For  flows through pipes, the value of R~ is determined by: 

u avd i 4V~ 4G h P 
R e  . . . . .  

V 'n'vt ed i 7rvd i 

(in which u~v is the average flow speed in m / s ,  d i is the internal pipe d iameter  in m, 
v is the kinematic  viscosity, V¢ is the ejected volume in m 3, p is the ejection pressure 
in Pa, t e is the ejection durat ion in s, and G h is the apparent  hydrodynamic  
conductance  in m 3 s 1 P a - t ) .  

When the value of R e is low < about  2000), the flow is laminar,  while turbulent  
flows are found at high values of  R~ ( >  about  4000). For  laminar  flows, the mass 
passing per unit t ime through the pipe is propor t ional  with the pressure (Tritton, 
1977, p. 10). For  turbulent  flows, the mass  flux is propor t ional  with the square root 
of  the pressure. 

Laminar flows 
The values of R e were calculated, but  only for those ejection durat ions where the 

p r e s s u r e - G  h curves over lapped (cf. Fig. 3). The  internal tip d iameter  was assumed 
to be half of  the external tip diameter,  which was the ratio before pulling. The 
est imated R e values are plotted as a function of the pressure for 4 different pipettes 

estimated Reynolds number 

0, o S  ° 

S 
0 . 0 1  

' ' 2 6 0  ' 
pressure kPa 

Fig. 6. Relationship between the pressure and the estimated Reynolds number for the 4 pipettes of Fig. 3. 
The internal tip diameter is assumed to be half of the external tip diameter. A: 0.3; I :  3.1; ©: 19 and O: 
1400 pl s -  1 kPa-  1 
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(Fig. 6). The Reynolds numbers of the flows used are smaller than 20, which is 
consistent with laminar flows through the pipettes. One pipette (with Gr* = 12 (pl 
s ~ kPa -~) was filled with ink, and about 1 nl was ejected in water; the ejected ink 
immediately dispersed like a cloud, and no jet flow was present, which is again in 
favor of low R~ flows and against turbulent flows (Tritton, 1977, p. 229). 

Pressure-volume relationships 
The findings above indicate that the flow through the pipettes is laminar, and 

therefore the relationship between pressure and volume ejected was expected to be 
linear (cf. Tritton, 1977). The relationship between pressure and ejected volume 
found in this study, however, is alinear except for the largest pipettes. We can only 
offer speculative explanations for such alinear pressure-volume relationships. The 
force due to the pressure on the water column in the pipette's tip is small for the 
internal tip diameters and the flows used in this study, so other forces like the 
adhesion between water and the pipette's glass wall might be relevant, and these 
might cause deviations from linearity in the pressure-volume relationship. The 
alinearity in the pressure-volume relationship is not due to surface tension in the 
ejected water droplets; if surface tension has a measurable influence, not only the 
pressure-volume relationships, but also the duration-volume relationships must be 
alinear, which is not the case. Other authors have however reported a linear 
relationship between pressure and volume ejected (McCaman et al., 1977; Palmer et 
al., 1980; Dray et al., 1983), but stricter controls for linearity have been used in the 
present study. Given the presently found alinearity, the value of G h must be 
determined for the various pressures used, if one wants to change the dose by 
changing the pressure. In pressure ejection studies, it has become a bad habit to 
express the dose in units of pressure (Palmer et al., 1982a, b: Spuhler et al., 1982: 
Walker et al., 1982; Wuerthele et al., 1982; Gold and Martin, 1983), which is 
comparable to expressing ionophoretically injected amounts in voltages. The dose in 
moles is the relevant parameter; the concentration in the pipette, the injection 
pressure and the pipette's G h at that pressure must be known to determine the dose. 
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