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Micromethods of direct chemical coupling have been developed for several different enzyme 
reactions, using the principles of flow injection analysis. Samples of l-25 ~1 are injected into a 
flowing stream of color-forming reagents and the peak of color change is measured after about 
1 min. Alternatively, continuous slow infusion of a reacting system (5-100 pl/min) gives a 
continuous change of color which can be monitored to derive enzyme reaction rates. These 
techniques are highly sensitive, requiring a few nanomolcs of the substance being detected. 
Phosphate, ammonia, dithionite, creatine, and hydrazine have been measured. Consumption of 
reagents is less than 75 ml per hour; typical sample throughput is 30-40 samples per hour by 
the injection method, and 5 samples per hour by continuous infusion. The procedure has been 
applied to nitrogenam, continuously monitoring crcatine produced from crcatine phosphate by 
creatine kinase which is used to supply a constant level of ATP for nitrogenase. In this way 
nitrogenase activity can be determined over a wide range of enzyme concentrations. Production 
of inorganic phosphate directly from ATP, by injection of formaldehydequenched samples, was 
used when coupling to creatine kinase was not possible. Both injection of aliquots and continuous 
infusion were used for detection of hydrazine during nitrogenam reduction of azide, and the 
injection method has been used for ammonia assay during dinitrogen reduction. Dithionite 
oxidation was measured directly from decolorization of iodine, after trapping both dithionite 
and bisulfite with formaldehyde. 

KEY WORDS: flow injection analysis; nitrogenase determination; creatine determination; am- 
monia determination; hydrazine determination; phosphate determination; dithionite detenni- 
nation. 

Nitrogenase catalyzes several different re- 
actions, which need not be tightly coupled ( l- 
3). Often the measurement processes are slow 
and cumbersome, and in addition several par- 
tial reactions should be measured in the same 
assay vial to interpret the kinetic patterns re- 
liably (3). We have developed several assay 
procedures based on flow injection analysis 
(4,5) that should prove useful in the rapid 
monitoring of nitrogenase and other enzyme 
functions under a fairly wide range of con- 
ditions, with a variety of substrates and in- 
hibitors present. 

i To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Chemicals were reagent grade from com- 
mercial sources unless noted otherwise. Meth- 
ods of partial purification of nitrogenase 
by fractionation have been previously de- 
scribed (6). 

We adapted several older assays (see below) 
to speed color development and to provide 
solvents, such as 15% acetic acid or half-nor- 
mal alkali, compatible with the presence of 
significant quantities of added protein without 
its precipitation in the flow cell of the spec- 
trophotometer. In each case, reagents were 
added by use of an infusion pump (Harvard 
Model 940 or 932) using 50-ml disposable 
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plastic syringes. When two reagents were to 
be mixed together for an assay, the Model 932 
pump, which has a single driving mechanism, 
was usually used to give more stable baselines. 
When a pump with dual independent drives 
was used, continuous variation in relative flow 
rate from the two driving syringes led to base- 
line oscillations. With the single drive this was 
not detected. Samples were added through a 
rubber septum (gas chromatograph type 144 
from Applied Sciences) directly into one side 
of a T mixer designed for liquid chromatog- 
raphy (7). Standard liquid chromatography 
fittings were used to connect mixers, reaction 
manifold, and flow cuvette. The reaction 
manifold consisted of a length of high-density 
polyethylene tubing (0.55-mm i.d., -3.2-mm 
o.d.). This was tightly coiled around a 9.5- 
mm copper tube (8) through which a heated 
fluid could be passed, and was surrounded by 
Styrofoam to provide an insulated reaction 
chamber. Reaction times could be altered by 
changing the length of the reaction manifold 
or the rate of reagent infusion. The usual re- 
agent flow rate was 0.76 or 1.06 ml/min and 
manifolds were of less than 1 ml internal vol- 
ume (l-3.3 m long). 

Nitrogenase was assayed as previously de- 
scribed (6) using a 50 mM K+ Hepes’ buffer 
at pH 8 with a final concentration of 2.5 mM 
ATP, 5 mM Mg, 30 mM creatine-P, and 0.2 
mg/ml creatine kinase. Dithionite was present 
at 20 mM unless noted otherwise. Reactions 
were initiated by adding enzyme mixture and 
terminated as indicated for the different prod- 
uct measurements. 

Hexokinase (Boehringer lot 1086126) was 
assayed in the same reaction mixture as ni- 
trogenase but omitting the dithionite and add- 
ing glucose to a final concentration of 53 mh4. 
The specific activity of this enzyme was de- 
termined to be 110 Irmol/min/mg under these 
conditions at 27°C. The specific activity had 
previously been determined under standard 

2 Abbreviations used: Hepes, 4-(2-hydroxyethyl)- l-pi- 
perazineethanesulfonic acid; pDAB, pdimethylamino- 
benzaldehyde. 

assay conditions at 30°C as 135 pmol/min/ 
mg (9). 

Measurement of phosphate by acid molyb- 
date (IO). A stock solution of 2% ammonium 
molybdate in 15% acetic acid was prepared. 
This was diluted with 4 vol of 15% acetic acid 
containing 0.2 N HCl before use. A 1% ascor- 
bic acid solution was prepared in 15% acetic 
acid immediately before use. These two re- 
agents were pumped from 50-ml disposable 
syringes at a rate of 0.53 ml/min for each 
syringe. Samples of 10 ~1 were injected into 
the combined reagents, 10 s after reagent mix- 
ing. The time from sample injection to peak 
detection was less than 25 s. The reaction coil 
was maintained at 32°C over a part of its 
length equivalent to 18-s reaction time while 
the rest was at room temperature (-27°C). 

Measurement of hydrazine by coupling with 
p-dimethylaminobenzaldehyde (PDAB) (11). 
The pDAB reagent was prepared as a 50 mM 
solution in 15% acetic acid with HCl added 
to either 25 or 200 mM. 

Measurement of dithionite by decolorization 
of iodine (12). A stock of Iz was prepared at 
approximately 10 mg/ml in 1% Kl and then 
diluted to give an absorbance of about 1 ( l/ 
1000). The maximum absorbance of I2 in Kl 
is found at 350 nm and the molar absorptivity 
corresponds to -25,000 (12). Quantitative 
calibration using a standardized solution of 
dithionite is difficult. By infusion of the same 
dithionite solution used for injection it is pos- 
sible to make use of the reported molar ab- 
sorptivity of I2 in KI and the relative mixing 
proportions and reaction stoichiometry to 
determine the concentration of dithionite 
present. 

We estimated the molar absorptivity by 
mixing iodine in KI with potassium metabi- 
sulfite of a known (weighed) concentration 
and measuring the decrease in absorbance at 
350 nm. This yielded a molar absorptivity 
value of 28,000 compared to the reported 
value of 25,400 ( 12) which was determined 
after a multistep procedure converting IZ to 
iodate followed by reaction with KI. We found 
that IO; at 10m5 M reacts only slowly with 1% 
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KI unless the solution is acidic. When we used 
1% KI with 17 mM acetic acid, or 2 to 20 mrvr 
HCl for reaction, the estimated molar ab- 
sorptivity, assuming IO; + KI - 312, was 
24,000 to 28,000. Direct estimation by weigh- 
ing solid I2 into 1% KI and then diluting it 
into 1% IU yielded a molar absorptivity value 
of 28,800. 

Determination of ammonia using the in- 
dophenol reaction (14). A stock of 1 M phenol 
was prepared with 0.5 N NaOH and 1 mM 
sodium nitroprusside. A separate stock of 1 
N NaOH with 0.25% sodium hypochlorite plus 
2% Na2B407 - Hz0 was prepared by diluting 
commercial bleach 1:20 into the alkali. Both 
of the final reagents appear to be completely 
stable for at least a week. Each of the two 
stock solutions was delivered from a 50-ml 
disposable syringe at 0.5 3 ml/mm to a T mixer 
followed by a short line 5 cm long X 0.55 mm 
i.d. and then the sample injection port. The 
reaction mixture was then in some experi- 
ments heated to temperatures up to 78’C for 
about 45 s. Color development may be fol- 
lowed at 625 nm or, for -2.5-fold less sen- 
sitivity, at 550 nm. 

Assay of creatineproduction by reaction with 
diacetyl and a-naphthol (13). The reaction 
mixture used is based on that described by 
Ennor (15). A stock alkali solution was pre- 
pared with 40 g NazC03 and 15 g NaOH per 
liter. One gram of a-naphthol was dissolved 
in 33 ml 2-propanol, and 67 ml of the stock 
alkali was added. A 1% solution of diacetyl 
in water was diluted 1 OO-fold immediately be- 
fore use. The cr-naphthol solution was loaded 
into one syringe and the diacetyl into another. 
The two solutions were mixed, and then fol- 
lowing a short delay line (5 cm long X 0.55 
mm i.d.) the sample was injected. With a total 
reaction coil volume of 625 ~1 the reaction 
goes essentially to completion by the time the 
sample is measured. The color, once formed, 
is stable for several hours. 

RESULTS AND DISCUSSION 

Phosphate analysis. Figure 1A shows a 
standard curve for phosphate and Fig. 1B 

shows typical enzyme reaction data. The mo- 
lybdate method gave a linear response over 
the range from 10 to 100 nmol phosphate, 
while below 10 nmol there was a slight negative 
deviation brought about by the interference 
of a constant small negative injection spike 
from water alone. The relative error from this 
source was larger for lower concentrations, 
and amounted to nearly 25% at 1 nmol(O.01 
A). The magnitude of error depends on the 
blank reaction, which forms molybdenum 
blue, and the aliquot used. 

Creatine phosphate is rapidly decomposed 
by acid molybdate ( 15) so this technique could 
not be used when creatine phosphate was 
present in the enzyme reaction mixture. Di- 
thionite also interferes to produce a blue color 
so it was necessary to quench reactions with 
formaldehyde prior to assay. Nevertheless, this 
method provides a convenient way to quickly 
assay phosphate hydrolysis by nitrogenase. 

Measurement of hydrazine. When varied- 
size aliquots of a high concentration of hy- 
drazine were injected into pDAB reagent the 
response was linear (Fig. 2A). When constant- 
size aliquots of varied concentration were in- 
jected, the response was linear up to A = 0.8 
but there was a small negative intercept 
(-0.025 for 10 ~1) due to dilution by water 
of the yellow color of the reagent alone. When 
buffered solutions of hydrazine (in enzyme 
assay mixture) were infused at high rates it 
was found that a higher concentration of HCl 
gave a better response, presumably by neu- 
tralizing all of the buffering capacity of the 
assay mixture (Fig. 2B). 

For comparison two rates of hydrazine pro- 
duction are shown with different levels of en- 
zyme. In the inset of the Fig. 2B, a tracing 
from a direct infusion experiment is shown. 
The rate during the infusion was calculated 
as 19 nmol/min, while that from individual 
samples taken later from the same assay vial 
indicated a rate of 16.5 nmol/min. The initial 
points taken in this series are consistent with 
the amount of product that would be produced 
during 9 min of the infusion assay, and the 
discrepancy in rates probably reflects impre- 
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FIG. 1. Calibration curve for phosphate analysis and measurement of nitrogenase ATP hydrolysis by the 
phosphate assay. (A) Increase in absorbance as a function of injected phosphate concentration, in 10 ~1 
injected volume. Values below 1 mM are from a single series of triplicate determinations, while those above 
1 mM are from four to six separate determinations made at several times throughout a 2day period of 
operation. All points are shown as means + standard deviation. (B) Phosphate hydrolysis by nitrogenase. 
Reactions were done in a total volume of 500 ~1 containing 2.5 mM Mg+*, 10 mM ATP, 50 mM K+ Hepes 
buffer, 20 mM dithionite, and either 50 or 100 ~1 of enzyme mixture. At the indicated times 30-4 aliquots 
were withdrawn and injected into 6 X 50 mM tubes containing 10 ~1 37% formaldehyde. Ten-microliter 
aliquots of this were taken for analysis in duplicate or triplicate. Zero time samples were prepared by adding 
the equivalent amount of enzyme to the assay mixture that had already been quenched with formaldehyde. 
These blank values, corresponding to 1.25 and 2.35 mM phosphate for 50 and 100 ~1 enzyme, respectively, 
have been subtracted from the data shown. The rapid decrease in rate of enzyme activity reflects the strong 
inhibition of nitrogenam by ADP ( 17). 

4 

TIME (MN) 

FIG. 2. Response of hydrazine reagent. (A) A stock dilution of 0.5 mtvt hydrazine acetate in water was 
used for this experiment, and varied-size aliquots were injected into the pDAB reagent containing 25 mM 
HCl. (B) Nitrogenase assays were prepared with the standard ATP mix in a final total volume of 1.0 ml 
with 27.5 mM sodium azide. For the line indicated by (0) 200 pl of enzyme was used, while for (0) 100 
~1 of enzyme was used. The inset shows the observed rate of absorbance change for direct infusion of the 
same reaction mixture as used for the lower line. The rate of infusion was 80 d/mitt, while the pDAB 
reagent containing 200 mM HCI was flowing at 0.76 ml/min. The absorbance change over 5 min was 0.38 
in the infusion as indicated by the straight line in the inset. 
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cision in the calibrations of the two assay tech- 
niques. 

Nonlinearity in the assay is due to depletion 
of the creatine phosphate energy source. It 
can be calculated that initially the higher en- 
zyme level would deplete 24 mM creatine-P 
in 20 mitt, lowering the starting assay level by 
80% in that time if there were no decrease in 
enzyme activity. We have observed that de- 
pletion of two-thirds of the creatine-P results 
in a one-third inhibition of the enzyme rate 
(unpublished observations) for both creatine 
production and acetylene reduction assays, so 
that the decrease in enzyme activity is ex- 
pected. 

Measurement of dithionite. Samples of so- 
lutions containing dithionite with formalde- 
hyde added (3) were injected or infused and 
the decline in absorbance was measured. 
Sample injection rate was found to be im- 
portant to production of a linear response with 
short reaction lines so that more reliable results 
were obtained using a 25~1 syringe with a 
large bore (0.35-mm i.d.) needle than with a 
lo-p1 syringe with small needle (0.15-mm i.d.). 
As reported by Li et al. (3) the formaldehyde 
adduct of dithionite is reactive with iodine, 
whereas the adduct of bisulfite is unreactive. 
This conveniently allows one to distinguish 
reactant from product in nitrogenase assays 
where dithionite oxidation is the reaction of 
interest. Figure 3 shows the linearity of re- 
sponse to injection of dithionite stabilized by 
formaldehyde. 

We observed that, when exposed to air, the 
formaldehyde adduct of dithionite gradually 
disappeared (presumably by oxidation). About 
10% was lost in 4 h and 50% in 24 h. We also 
observed that the IZ solution was slowly 
bleached by the rubber plunger of the dis- 
posable syringe. A glass syringe would not do 
this but would not be so convenient to use. 
Direct iodometry is faster than titration (3) 
and the high molar absorptivity of I2 makes 
the method quite sensitive enough for most 
purposes. 

Determination of ammonia. A variety of 
reaction conditions have been used for the 

nMOLES DITHIONITE 

FIG. 3. Decrease in iodine absorbance as a function of 
added dithionite. Solid circles indicate duplicate assays 
using varied aliquots of a 0.1 mM dithionite solution in 
3.7% formaldehyde. Solid squares indicate assays with lo- 
~1 aliquots of different concentrations of dithionite in 3.7% 
formaldehyde. The numbers in parentheses indicate the 
number of replicates. 

development of indophenol color from am- 
monia in the presence of alkaline hypochlorite 
( 14). We tested a wide range of concentrations 
of each ingredient and finally settled on a mix- 
ture similar in proportions to that described 
by Weatherbum (16), who observed that the 
reaction proceeded very rapidly at 75°C to 
form a stable blue color when sodium nitro- 
prusside was added as a catalyst. 

Typical response curves for ammonium 
sulfate are shown in Fig. 4. Diluting the phenol 
with alkaline nitroprusside, by a factor of 2, 
resulted in a 10% decrease in peak height; di- 
luting it fourfold resulted in a 50% decline in 
peak height at the higher temperature (70”). 
Diluting the hypochlorite with 1 N NaOH by 
twofold had little effect on the response to 
either injection or continuous infusion except 
at a high infusion rate. Diluting it fourfold 
gave a 30% decrease in response. Creatine 
phosphate contributed a significant blank 
color when directly injected or infused into 
the reaction mixture (equivalent to 1 mM am- 
monia from a 30 mM solution) but in spite 
of this there was a linear response when known 
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FIG. 4. Response of indophenol reagents to added am- 
monium. The solid circles with error bars represent trip 
licate determinations using 25-~1 aliquots at a room tem- 
perature of 27’C using standards prepared in 3% H&J,. 
The open circles are for a single series of determinations 
at 70°C with lo-p1 aliquots of standards prepared in H20. 

amounts of ammonium sulfate were added to 
a complete assay mixture and infused at vary- 
ing rates, even at the higher temperature. Di- 
thionite interfered with the color development, 
however, making direct infusion experiments 
with nitrogenase impractical. Diffusion of 
ammonia into 3% HzS04 from reactions 
quenched with I&CO, gives nearquantitative 
recovery of added ammonium, which can be 
assayed by injection of lo- to 25~1 aliquots 
of the 3% H2S04 solution. 

The absolute sensitivity of the color reaction 
is dependent on the relative and absolute con- 
centrations of phenol, alkali, nitroprusside, 
and hypochlorite as well as temperature. As 
noted by Weatherbum (16), sensitivity may 
depend on the freshness of hypochlorite so- 
lution. With a freshly purchased bottle we 
found little variation between 2.5 and 5% 
v/v dilution into alkali. With a bottle of bleach 
2 years old it required 80% by volume of 
bleach to obtain the same response. 

We did a large number of experiments at 
room temperature and found that the color 
response depended on whether standards were 
prepared with water or salt solutions or in acid 
(16). As shown in Fig. 4 the color yield was 
about 2.5 times greater at 70 than at 27°C. 

There was no significant difference in color 
production between 60 and 78°C. Thus at 
higher temperatures the reaction had gone to 
completion before the measurement point. 
There was also no difference between stan- 
dards prepared in water or 3% H2S04 in their 
linearity of response at higher temperatures. 

Assay of creatine production. The color- 
forming reaction of creatine with diacetyl re- 
quires molecular oxygen (13) and in flow in- 
jection analysis the concentration of dissolved 
oxygen may easily become the rate-limiting 
reagent. When the stock alkali solution, 2- 
propanol, and water used to prepare the re- 
agents are first shaken to ensure saturation 
with oxygen, the color formation is linear up 
to at least an absorbance of 1. 

To test the linearity of the direct infusion 
technique, hexokinase was assayed in the same 
ATP mix used for nitrogenase (see Methods) 
with glucose added to a final 53 mM. A stock 
dilution of hexokinase (0.10 mg/ml) was pre- 
pared by diluting a 10 mg/ml suspension 1: 100 
into 0.1 mg/ml bovine serum albumin. From 
this, aliquots were withdrawn and mixed with 
the assay solution and then infused into the 
reacting stream of creatine detection reagents 
at a rate of 13.25 &min. As shown in Fig. 
5A the change in absorbance was proportional 
to the amount of enzyme added. 

The same enzyme was also assayed by sam- 
pling and injecting aliquots of the reaction 
mixture. In Fig. 5B the linearity of this tech- 
nique is indicated. Rates determined by in- 
jection agreed with those obtained by direct 
infusion. For the concentration of enzyme 
used here, 10 &ml reaction gave a concen- 
tration change of 11 mM/ 10 min compared 
to 10.8 mM/ 10 min with the infusion series 
for the same enzyme concentration. The pro- 
portionality between infusion and injection 
also held at a fivefold lower enzyme concen- 
tration. 

With nitrogenase it was not possible to use 
a direct infusion because dithionite consumes 
oxygen. Therefore, the reaction mixture was 
first added via a T mixer to 0.5 N HCl being 
infused at twice the rate of the reaction mixture 
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FIG. 5. Proportionality of infusion and injection responses of creatine determination assay using hexokinase. 
(A) Results are shown for infusions of hexokinase, as indicated, mixed with 0.5-ml aliquots standard ATP 
mix plus glucose are shown. The symbols indicate (0) infusion at 26 &min, (m) infusion at 69 pl/min, 
(0) infusion at 13 al/min, all normalized to the 26-pl/min rate of infusion. The (0) are for enzyme diluted 
1: 100 before use and normalized to the equivalent protein concentration. The number 2 indicates duplicate 
assays. (B) Duplicate reactions indicated by (0) and (0) were initiated by adding 5 pl of 1:20 diluted 
hexokinase to 0.5 ml of ATP mix plus glucose. Aliquots of 10 ~1 were taken at the indicated times and 
injected into the flow system. Reagents were flowing at 0.53 ml/mitt/syringe for a combined rate of 1.06 
ml/min in both parts. 

and the combined flow was infused into the General results. A summary of optimized 
reagent stream after a delay of 40 s. Under reaction conditions for the various color re- 
these conditions, the response of the reagents agents is provided in Table 1. A summary of 
to standard solutions of creatine was com- results with nitrogenase is provided in Table 
parable to (>90% of) that for infusion of the 2. The rate of phosphate hydrolysis in the ab- 
creatine solutions alone. The acid treatment sence of a coupling system was strongly non- 
gave rise to a small blank due to hydrolysis linear, as previously noted, due to product 
of creatine phosphate (A = 0.1 A equivalent inhibition by ADP (17). There is reasonable 
to 1.25 mM) but this was constant over time agreement between the ammonia production 
of infusion. Using 100 ~1 of enzyme mixture/ and acetylene reduction results given the in- 
ml assay we observed an absorbance change ability of dinitrogen to fully suppress HZ evo- 
of 0.48/10 min while 50 &ml gave 0.23/10 lution. This would add at least one-fourth to 
min. These correspond to 600 and 288 nmol/ the observed rate of electron flow under Nz, 
min of creatine formation, respectively. giving an estimated electron flow (Table 2) of 

TABLE I 

SUMMARYOFREACTION CONDITIONSF~RFLOWINJECTIONANALYSISOFNITROGENMEREACTIONS 

Substance Quenching 
measured agent 

Dithionite HCHO 
Creatine Alkali 
Ammonia Alkali 
Hydrazine Acid 
Phosphate Acid, HCHO 

Temp 

32 
78 
78 
78 
32 

Wavelength Coil volume Plow rate 
bm) 64 (ml/min) 

350 360 0.76 
535 625 1.06 
625 950 1.06 
458 950 0.76 
625 360 1.06 
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TABLE 2 

SUMMARYOFOBSERVEDNITROGENASEREACTIONRATES 

nmol/min/50 ~1 nmol/min/lOO ~1 nmol/min/200 jr1 

Pi production” 
Creatine production 
Ammonia production 
Hydrazine production 
Acetylene reduction 

>2ooo (250) 4ooo (550) - 
’ 288 600 - 

28 - - 
- 16.5 34 
- 112 - 

Note. Azotobacter vinelandii nitrogenase enzyme fractions from DEAE-cellulose chromatography (second column) 
were titrated to give the relative specific activity of each component. There were 4.85 amol/min/ml nitrogen component 
I and 2 pmol/min/ml nitrogenase. component II mixed in proportions 0.5: 1.5 to give a small excess of component 
II on an activity basis (1.2 cmol/min/ml I, I .5 pmol/min/ml II equivalent to a fourfold molar excess.) 

‘No creatine? or creatine kinase was present in these reactions. The larger number is the initial rate, and the 
number in parentheses is the steady-state rate over several minutes (from Fig. 1). 

56 nmol29/min for 50 ~1 enzyme (28 X 1.5 
+ 14). The calculated ATP/2e ratio for this 
level is 5.1, somewhat above the ideal 4.0. For 
acetylene reduction the observed ratio with 
100 ~1 enzyme is 5.35, but acetylene is not 
saturating in the standard assay and pH 8 is 
not the optimum for this activity (6,18). An 
optimum combination of components yielded 
120 nmol acetylene reduced/min/lOO ~1 at 
this acetylene level. Hydrazine production 
from azide was comparable to that reported 
by Dilworth and Thorneley (11) for Azoto- 
batter vinelandii nitrogenase. They observed 
l/8 ratio of hydrazine to Hz-evolving ability 
of the enzyme while we observed a l/7 ratio 
of hydrazine produced to acetylene reduced. 

Our analysis system differs significantly 
from the type of system described in early 
publications (4,5). Ruzicka and Stewart (10) 
used tubing of about l-mm i.d. and flow rates 
of about 20 ml/min to analyze up to 420 
phosphate samples per hour. We reduced the 
tubing diameter to OS-mm i.d. and decreased 
flow rate to 1.1 ml/min for a fourfold increase 
in sensitivity at 40 samples per hour. 

Vanderslice et al. have provided a theoret- 
ical analysis of dispersion factors that limit 
resolution in a flow injection system ( 19). They 
found dispersion of a sample in time propor- 
tional to the square of the radius of the reaction 
tube, and proportional to tubing length (L) 

over flow rate (q) to the 0.64 power [(L/q)“.64]. 
At high flow rates appreciable flow resistance 
develops. The predicted time dispersion of 
samples in our 950-~1 system is about 112 s, 
baseline to baseline, at 1.1 ml/min. The ob- 
served dispersion is 1 min for a >90% return 
to baseline and 100 s for 99% return. Halving 
the coil length would theoretically reduce this 
to 72 sand doubling the flow rate, in addition, 
would reduce it to 46 s, but the - threefold 
increased throughput would be partially 
countered by a decrease in sensitivity, from 
less color production. Some of the reactions 
go to completion in ~1 min so throughput 
could be increased, but we have little need for 
greater speed and we prefer longer reactions 
that go to completion during the period of 
color development, maximizing sensitivity. 
For continuous infusion assays, response time 
is of less importance than sensitivity (as in 
coupled assays in general). 
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