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2. CENTRIFUGAL ANALYZER DEVELOPMENT 
C. A. Burtis, M. L. Bauer, W. D. Bostick, R. K. Genung, 
W. F. Johnson,* D. G. Lakomy, N. E. Lee, J. E. Mrochek, 
A. W. Perkins, C. D. Scott, L. J. Scott, S. E. Shumate, 

J. B. Overton, and R. C. Lovelace 

In 1969* Dr. Norman Anderson-1- first presented his concept of a new 
approach to automated clinical analysis, which culminated in an instrument 
appropriately named the GeM3AEC+ Centrifugal Fast Analyzer. Following this 
initial introduction, instrumentation based on Anderson's concept has 
progressed from an early prototype to second-generation commercial systems 
which are now well accepted and used routinely in over a thousand clinical 
laboratories located around the world. 

The history of the Centrifugal Analyzer (Table 2.1) and the impact 
that it has made in the clinical field (Table 2.2) attest to its acceptance 
and growth. To augment this new field, we have maintained an active 
developmental effort whose primary objective is to develop automated 
analytical systems that provide rapid analyses of the constituents con-
tained in a variety of liquids, including physiologic fluids and natural 
waters. Because of its broad utility, this effort has received funding 
from many agencies, including the Energy Research and Development Adminis-
tration (ERDA), the U.S. Environmental Protection Agency (EPA), the 
National Aeronautics and Space Administration (NASA), the National Center 
for Toxicological Research (NCTR), the National Cancer Institute (NCI), 

and the National Institute for General Medical Sciences (NIGMS). 
* Instrumentation and Controls Division. 

Summer participant. 

^GeMSAEC is an acronym derived from a combination of the names of the two 
agencies that sponsored the work: the National Institute of General 
Medical Sciences and the Atomic Energy Commission. 
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Table 2.1. Chronological history of the development 
of the Centrifugal Fast Analyzer 

1 9 6 6 - 1 9 6 8 Formulation of concept and principles 
1 9 6 8 Fabrication of -working prototype at Oak Ridge 
1 9 6 9 First introduction to the scientific community 
1 9 6 9 Commercial models introduced at FASEB 
1 9 7 0 - 1 9 7 1 Clinical trials 
1 9 7 1 First ASCP and Oak Ridge workshops 
1 9 7 2 - 1 9 7 5 Introduction and impact in the clinical laboratory 

Table 2.2. Chronological summary of information disseminated on the 
Centrifugal Fast Analyzer: Presentations given at national and 
international clinical chemistry meetings and publications 

Year 
Presentations- given 

Locality Number 
Number of 

publications 

1 9 6 9 Geneva, Switzerland 1 8 

1970 Buffalo, N. Y. k 3 
1971 Seattle, Wash. 5 8 

1972 Cincinnati, Ohio 
Copenhagen, Denmark 

CO
 CO

 

15 

1973 New York, N.Y. 11 1 6 

1974 Las Vegas, Nev. 1 8 2 9 

1975 Toronto, Canada 2 5 13 + 
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During this reporting period, the development of both miniature and 
portable Centrifugal Fast Analyzers (CFAs) has continued. To evaluate 
such systems in a variety of laboratory situations, four prototypes have 
been fabricated and installed in laboratories in Oak Ridge, Tennessee; 
Bethesda, Maryland; Houston, Texas; and Jefferson, Arkansas. Two additional 
systems are currently being fabricated for subsequent evaluation in a blood 
bank and a genetic screening laboratory. A third-generation prototype of 
the portable analyzer has been designed and pa-tially fabricated. A state-
of-the-art microprocessor is included in this prototype, and an extensive 
software package has been developed for use with it. This system will be 
evaluated for use in on-site -water analysis. 

A varied applications program has continued in the general areas of 
chemistry, immunology, hematology, and environmental analysis. In addition, 
Centrifugal Analyzers are being utilized in various programs involving the 
use of biochemical markers for cancer and genetic screening. A previous 
study on the analytical effects of sample evaporation has been continued, 
and evaporative rates of samples have been measured as a function of cup 
geometry. Development of a rotor that contains preloaded reagents and is 
capable of receiving, processing, and analysing the constituents of a whole-
blood sample is continuing. 

2.1 Evaluation and Utilization in Bioanalytical Laboratories 

As part of a program to appraise the performance and broaden the 

utility of analytical systems which have a miniature Centrifugal Analyzer 

as their basic component, several prototype systems have been fabricated 

and are being routinely used or evaluated in a variety of analytical 

laboratories. These include laboratories of the ORNL Health Division; 
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the IJASA Johnson Space Center, Houston, Texas; the National Institutes of 
Health (NIH), Bethesda, Maryland; and the National Center for Toxicological 
Research, Jefferson, Arkansas. Two additional systems are "being fabricated 
for evaluation in a "blood bank and a genetic screening laboratory. 

2.1.1 ORNL evaluation 

A miniature analytical system was installed in the clinical laboratory 
of the ORNL Health Division on April 1, 1973- After an initial evaluation, 
this system was subsequently utilized to routinely analyze the samples that 
are obtained from ORNL employees during their periodic physical examina-
tions. During this reporting period, an improved on-line quality control 

2 
(QC) protocol, described previously, was utilized routinely and found to 

be satisfactory. At the request of the medical technologists, it was 

modified in order to obtain a listing of QC values to be plotted on QC 

charts. For example, for every control sample during each run, the follow-

ing QC value is plotted on its respective QC chart: 

This modification has been implemented, and the results are now being 
utilized by the technologists in their daily plotting of QC results. 

2.1.2 NIH evaluation 

A complete analytical system was installed in the clinical laboratory 

of the NIH, Bethesda, Maryland, on June 20, 1974. After an initial evalua-

tion by both NIH and ORNL personnel, the system was utilized to determine 

the blood groups (A, B, AB, 0, Rh) of more than 300 NIH patients. Comparison 

of these results with those obtained from the NIH Blood Bank revealed only 

observed value — mean of QC observations 
standard deviation of the mean 
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one discrepancy, -which -was later found to "be a transcription error. 

Currently, "JIH personnel are using the system to investigate reverse blood 

grouping as well as some of the rarer blood groups. Two manuscripts describ-

ing the concept, system, and evaluation are being prepared in a joint effort 

by NIH and ORNL personnel. 

In addition to the blood grouping studies, the system has also been 

used by Harold Nishi of NIH in the adaptation of a method for the analysis 

of the drug diphenylhydantoin. This method is based on the EMIT enzyme 

immunoassay procedure as supplied by Syva Corporation, Palo Alto, California. 

Initial results, which are very promising, indicate that an assay for the 

drug can be adapted for use with the miniature system. The advantages are: 

(l) only 5 (il of sample is required per assay; (2) reagent volumes are 

decreased, thereby reducing the reagent cost per assay; and (3) the assay 

is rapid since only 1 min is required to perform lo determinations. 

Downtime on the NIH system has been low, and problems have been 

corrected on-site as they arose, usually by NIH personnel. During this 

reporting period, one visit was required by ORNL personnel to correct a 

mechanical problem in the loader and a loose brake in the analyzer. Three 

rotors which had become scratched and unusable were returned to ORNL for 

refurbishing. Subsequently, they were disassembled and, after addition of 

new windows, were shipped to NIH. 

2.I.3 NASA evaluation 

An analytical system has been undergoing evaluation in the clinical 
laboratory of the NASA Johnson Space Center, Houston, Texas, since February 1, 
1973. In April 1975 this system was further updated by the delivery and 
installation of a computerized data system that is identical to the data 



systems used in the op.i;L and l.'IH analysers. Trior to delivery of the 
cor.purer system, the HAS A analy-er was returned to 0?.;;:, for incorporation 
of several recent electronic improvements. The analyzer was then returned 
and installed with +ho cor.ruter. 

Two tyres of c-valuation are being isaSe vith the "ASA system. In cne. 
the results of clinical assays obtained from the miniature analyzer were 
compared vith those obtained from conventional clinical analyzers or icr— 
specific electrodes. In the other, the system is undergoing evaluation and 
consideration as an on-board analyzer in the forthcoming flights of the 
Space Shuttle. In September 19"'' it performed satisfactorily in a certified 
verification test (CVT) at Houston. A second CY7 was conducted at the 
Marshall Space Center, Huntsvilie, Alabama, during the week of August 11-15, 
1975. In this test, three payload specialists (r'Ss) obtained blood sar.ples 
from each other and also from a mission specialist (!-!S). These samples 
were then processed and analyzed by the PS responsible for operating the 
analytical system. The following tests were performed on each of the four 
samples: hemoglobin, LDH-L, SGCXF, CPK, and SGPT. Both the performance of 
the system and the results obtained under the conditions of the test were 
quite satisfactory. 

2.1.4- NCTR evaluation 
One of the major objectives of the National Center for Toxicological 

Research, Jefferson, Arkansas, is the development of techniques and methods 
to determine the detrimental biological effects of various chemicals and 
other types of environmental insults. Since small animals will often be 
used as model test systems, it is imperative to have assays that require 
very small quantities of sample. Obviously, the analytical system should 



also be highly automated and require a limited amount of sample preparation. 

The development of the miniature CFA has resulted in an analyzer that meets 

the requirements of the NCTR situation. Consequently, a collaborative 

program has been initiated with NCTR in which the utility of a miniature 

Cl'k syste.-r. will be evaluated in the NCTR laboratory. 

Description of NCTR system. The system being fabricated for NCTR 

consists of two miniature CFAs (NCTR-1, which will operate at 30°C, and 

!'.'CTR-2, which will operate at 37LC), two automated sample-reagent loaders 

(modified to use microsample cups), two rotor-cleaning stations, 50 rotors, 

and a computer. One-half of the system (including the computer) was 

delivered on April 7, 1975: the other components are slated for delivery 

later in the year. In addition, a computer program was developed to 

simplify the routine operation of the system. This program includes an 

executive file which initiates the daily operation and, by a series of 

operator query:answer routines, will automatically load the specific 

chemistry programs into the computer core. This program was initially set 

up to handle 15 chemical files, which include several of the routine 

clinioal assays plus several microsomal enzyme assays as specified by I1CTR. 

As additional chemical procedures are developed, it can be expanded. 

In a series of exchange visits, NCTR personnel were trained to operate 

the analytical system by ORNL staff members. The training program included 

instructions for performing analyses on both the ORNL analytical system, 

which is in routine use in the clinical laboratory of the ORNL Health 

Division, and the NCTR system, prior to its delivery. In an extensive 

evaluation, the NCTR system was demonstrated to have performance charac-

teristics as good or better than those of the ORNL system. For example, 
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the IICTR automated loader would place liquids into a rotor with a precisic-. 
and an accuracy of ±0.5/' and ±l-2f, respectively, and had a linear volur.e 
output over the 1- to 20-ul volume range of the sample pump. The optical 
system of the analyzer was shown to provide a linear absorbance output at 
3*4-0 ma up to 2.0 absorbance units. Its photometric precision, which was a 
function of absorbance, ranged from ±0.0005 to 0.003 absorbance unit. 
Optical measurements made with it were shown to correlate with those 
obtained with the ORNL miniature analyzer and a Cary lU spectrophotometer. 
The analytical in-run precision of the system ranged from 1 to 2% for four 
clinical assays. 

Routine operation of NCTR-1. After an initial in-house evaluation, the 
NCTR group placed the first analyzer (NCTR-1), loader, and computer into 
routine operation. They are now using it to perform 19 different assay." on 
30 samples daily (or a throughput of 570 assays per day). These assays are 
for enzymes commonly found in the liver and kidney tissue of mice. They 
have now established the normal ranges for these enzymes for both male and 
female mice. Currently, they are assaying tissue samples from mice which 
have been challenged chemically. It is anticipated that the difference in 
the enzyme activities for the test and control animals will be proportional 
to the toxicity of the chemical challenge. 

ORNL evaluation of NCTR-2. The second NCTR system (NCTR-2) consists of 
an analyzer which will operate at both 30°C and 37°C, a sample-reagent 
loader, and a cleaning station. During this reporting period, the system 
was fabricated and evaluated prior to delivery to NCTR. 

(Optical performance). A series of experiments was performed to 
evaluate the photometric performance of the analyzer. For comparative 
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purposes, the same measurements were made on the and ORNL miniature 

CFAs, as well as on a Cary lH spectrophotometer. The data accumulated in 

these studies are summarised in Tables 2.3-2.5. In general, the data 

obtained for all three CFAs agreed quite well; however, the results from 

the Cary spectrophotometer tended to be slightly higher. The optical 

linearity of the NCTR-2 analyzer is illustrated in Fig. 2.1; as can be seen, 

the unit is linear up to an absorbance of 2.0. 

(Temperature control of NCTR-2). In a miniature CFA, a reference 

thermistor is embedded in one of the alignment pins located on the rotor 

holder of the analyzer. This thermistor, together with its associated 

circuitry, is an integral part of the control circuit that regulates the 
3 

rotor temperature. The temperaturc=controlling system of the analyser was 

calibrated by use of a second (calibrated) thermistor which was connected 

to an external monitoring circuit through a set of slip rings located above 

Table 2.3. Comparison of optical measurements made at 3̂ -0 nm on 
the NCTR-2, ORNL, and NIH-2 Centrifugal Fast Analyzers 

with those made on a Cary lH spectrophotometer 

NADH 
concentration 

(mg/ml) 

Absorbance at 314-0 nm NADH 
concentration 

(mg/ml) 
NCTR-2 
MCFA 

NIH-2 
MCFA 

ORNL 
MCFA Cary l!+ 

0.1 0 A 0 V 7 0.b066 0.3970 0.1+14 

0.2 0.7983 0.8053 0 . 7 8 9 5 0.810 

0.25 1.0005 I . 0 1 U 9 0 . 9 9 2 7 1.020 

0.1*0 1.5699 1.6002 1.5680 I . 6 3 8 

0.50 1.9^50 2.0007 1 . 9 5 9 9 2.050 
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Table 2.1+. Statistical correlation of optical data obtained with 
the NCTR-2, NIH-2, and ORNI. Centrifugal Fast Analyzers 

and a Cary 14- spectrophotometer 

NCTR-2 NIH-2 OFNL 
Statistical parameter MCFA MCFA MCFA Cary 14 

Slope, mg NADH per ml 3.901 3-992 3.847 1+.101 
Y-intercept 0.0102 0.0092 0.0281 -0.0029 
Correlation coefficient, r 0.9999 0.9999 0.9999 0.9999 
Relative error of r, % 0.33 0.39 0.59 0.1+0 
Molar absorptivity 6100 6240 6010 6I+10 

Table 2.5. Precision of NCTR-2, NIH-2, and ORNL 
miniature Centrifugal Analyzers in performing 

optical measurements at 3^0 nm 

flbsorbance at 3U0 nm 
NADH 

concentration 
(xng/ml) 

NCTR-•2 NIH-•2 ORNL NADH 
concentration 

(xng/ml) Mean S.D.a Mean S.D. Mean S.D. 

0.1 0.3970 0.0002 0.1+066 0.0002 0.3970 0.0002 

0.2 0.7895 0.0005 0.8053 0.0003 0.7895 0.0005 
0.25 0.9927 0.0006 O.OIU9 0.0005 0.9927 0.0006 

o.ko 1.5680 0.0017 1.O002 0.0015 1.5680 0.0017 
0.50 1.9599 0.0037 2.007r- 0.0025 1-9599 0.0037 

SL S.D. = standard deviation. 
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Fig. 2.1. Photometric linearity of the NCTR-2 CFA at 3^0 nm. 
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the rotor. L special test rotor -was subsequently loaded "with 100-^1 

aliquots of H^O in each of the sample chambers to approximate actual run 

conditions. A rotor loading system was used to ensure reproducibility of 

sample and reagent volumes in each set of chambers. The calibrated 

thermistor was inserted into an individual cuvet of the special test rotor, 

and the temperature of the rotor and its contents was brought to a preset 

level by rotating at 100 rpm with concurrent heating by the high-intensity 

heat lamp of the analyzer. Upon achieving the preset temperature, as 

indicated by the display meter, the contents of the reagent and sample 

chambers were transferred into their respective cuvets and the temperature 

of the cuvet thermistor was monitored for a predetermined period of time. 

A typical recorder output of the temperature control capabilities of the 

NCTR-2 analyzer at 30.0°C and 37.0°C, when run in a controlled-temperature 

environment (i.e., the ORNL Health Division laboratory with ambient tempera-

ture maintained ai 22°C), is shown in Fig. 2.2. As may be seen, the output 

of the rotor thermistor and its display was set and calibrated to maintain 

the cuvet temperature at either 30.0 ± 0.2°C or 37.0 ± 0.2°C. 

(Summary). The evaluation of the NCTR-2 system confirmed its capability 

for producing accurate and precise data and for monitoring and maintaining 

the rotor temperature at either 30°C or 37°C. This system was delivered to 

and installed at the NCTR facility in Jefferson, Arkansas, on September 5, 

1975. 

2.1.5 NIH-2 evaluation 

A second analytical system is being fabricated for evaluation at a 

laboratory, probably a blood bank facility, which will be chosen by NIGMS 

with the concurrence of ORNL. Fabrication of this system is nearing 
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ORNL DWG. 75-8460 

6 
TIME (mini 

Fig. 2.2. Temperature calibration of the NCTR-2 miniature 

Centrifugal Fast Analyzer. 
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completion, and components of it are being evaluated. Xn Tables 2.3—2.5, 

the optical data obtained from the NIH-2 analyzer are compared with other 

CFAs and a Cary lU spectrophotometer. Figure 2.3 illustrates the photo-

metric linearity of the NIH-2 analyzer at 3^0 nm, while Fig. 2.H shows its 

correlation with results obtained from the Cary Ik instrument. These 

results, which are quite acceptable, demonstrate that the unit can provide 

precise and accurate photometric data. This system will be delivered and 

installed at the designated laboratory either late in 1975 or early in 

1976. 

2.1.6 University of Michigan evaluation 

An analytical system has been fabricated for evaluation in the labora-

tory of the Department of Human Genetics at the University of Michigan, 

Ann Arbor. After the unit and its components had been evaluated, the system 

was delivered and installed during the week of September 29, 1975. 

Photometric evaluation. A series of experiments was performed to 

evaluate the photometric performance of the analyzer. For comparative 

purposes, similar measurements were made with a Cary 14 spectrophotometer. 

The results from the two instruments (see Table 2.6) agree quite well and 

can be shown to correlate statistically (Fig. 2.5). 

Evaluation of sample-reagent loader. The microvolumes required by a 

miniature CFA make loading of these volumes into the rotor a critical step; 

thus the performance of the sample-reagent loader provided with the Michigan 

system was evaluated. In. a series of repetitive experiments, various 

volumes of Blue Dextran dye were individually diluted to a final volume of 

0.150 ml and their absorbances measured at 620 nm. Data obtained in these 

experiments indicated that the delivered volumes of the sample pump were 
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ORNL DWG 7 5 - 8 2 3 0 

Fig. 2.3. Photometric linearity of the NIH-2 Centrifugal Fast 
Analyzer at 3U0 nm. 
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ORNL DWG 75-6229 

A340nm. CARY 14 

Fig. 2.4. Comparison of the optical performance of the NIH-2 
Centrifugal Fast Analyzer with that of a Cary-l4 spectrophotometer. 
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Table 2.6. Comparison of optical measurements made at 3^0 nm 
with the University of Michigan Centrifugal Fast Analyzer 

and a Cary lb spectrophotometer 

NADH 
concentration 

(mg/ml) 

Absorbance at 3^0 nm 
NADH 

concentration 
(mg/ml) 

Michigan CFA 
Mean ± S.D.a 

Cary lU 

0.025 0.0966 (0.0001) 0.099 

0.05 0.2115 (0.0001) 0.210 
0.10 o.UoiA (0.0001) 0.410 

0.20 0.8232 (0.0002) O.838 
0.30 1.2282 (0.0003) 1.250 
O.lf-O 1.6290 (0.0007) I.670 

0.50 2.0252 (0.0016) 2.075 
aS.D. = standard deviation. 
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ORNL DWG. 7 5 - 8 7 1 4 

A 3 4 0 n m , CARY 14 

Fig. 2.5. Statistical correlation of the optical performance of 

the University of Michigan Centrifugal Fast Analyzer with that of a 

Cary-l4 spectrophotometer. 
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linear over the 1- to 20-ul volumetric range of the pump (Fig. 2.6), and 

that precision ranged from h.2r,: at 1 ul to 0.42> at 20 |.il (Table 2.7). 

Hun-to-run variation at a sample volume of 20 pi was found to be ±0.8?,. 

These results., which are quite acceptable, compare favorably with those 

obtained in earlier evaluations of the sample-reagent loader. 

Calibration of temperature control system. A typical recorder output 

of the temperature control capabilities of tnis analyzer at 30.0°C, when 

run in a co nt ro lie d-t einpe rat ur e environment, is shown in Fig. 2.7. The 

output of the rotor thermistor and its display is set and calibrated to 

maintain the cuvet temperature at 30.0 ± 0.2°C. 

2.2 Engineering Development 

During this reporting period, fabrication of a third-generation proto-

type of the portable CFA was nearly completed and several of its components 

were evaluated on an initial basis. The development of a rotor capable of 

accepting, processing, and analyzing a whole-blood sample was continued. 

2.2.1 Portable Centrifugal Fast Analyzer 

A portable CFA is being developed as part of a continuing effort to 

reduce the overall size of the analyzer and its data system. It is expected 

that the portable model will eventually be a small unit containing both the 

analyzer and the data system in a single cabinet. During this reporting 

period, fabrication of the analytical module of a third-generation prototype 

portable CFA was nearly completed, and several of its components and func-

tions were initially evaluated. Also, work was begun on fabricating a 

prototype microprocessor, which will eventually be contained in the analyzer 

cabinet and will have the multiple functions of process control, component 

monitoring, and data processing. To achieve these functions, an extensive 
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ORNL DWG 73-f 1882 

Fig. 2.6. Volumetric linearity of sample pump used in the Michigan 

sample-reagent loader. 
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Table 2.7. Precision of the Michigan sample-reagent loader 
at various sample volumes 

Absorbance at 620 nm 
Diluent volumes (^1) Sample volumes (|il) R.S.D. 

a) Reagent3 Sample3, Reagent8, Sample*3 Mean S.D. 
R.S.D. 
a) 

50 49 50 1 0.0876 0.0073 4 . 2 5 

50 48 50 2 0 . l 6 l 4 0.0037 2 . 3 0 

50 45 50 5 0.3745 0.0035 0 . 9 3 

50 40 50 10 0.7357 0.0037 0 . 5 1 

50 45 4 0 15 1.0935 o . o o 4 6 0.42 

50 40 4 0 2 0 1.4400 0 . 0 0 5 9 0.42 
o 

Distilled water used as diluent liquid and reagent. 

Blue Dextran used as a sample. 
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T I M E ( m i n ) 

Fig. 2.7. Temperature calibration of the University of Michigan 

Centrifugal Fast Analyzer. 
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effort in software development is being pursued in parallel -with the hard-

ware development. Several chemical assays which are being developed for 

use with the portable CFA are discussed in Sect. 2.3. 

Design and fabrication of advanced prototype. Assembly of the analyti-

cal module for the advanced prototype of the portable CFA is now sufficiently 

complete that testing of its optical, temperature control, and rapid accelera-

tion systems can be performed under manual control. A top view of the 

instrument is shown in Fig. 2.8. The prototype has been interfaced with 

the computer system utilized by the miniature CFA to permit testing of the 

optical and temperature control components and circuits. 

All of the electronic circuits for the control and monitoring of the 

various components in the analyzer have been designed and tested, where 

possible, in a breadboard fashion; 10 of the 15 special printed-circuit 

boards have been completed. Because of their commercial unavailability, we 

have had to make circuit boards for the new 1024x8 bit programmable, read-

only memory and 4096 bit random access memory chips which could not be 

obtained from Control Logic Corporation, the manufacturer of the micro-

processor car.-3, set that will be used in the analyzer. 

The microprocessor system has been designed, and a wire list for the 

wire wrapping of its interconnections has been prepared; the wire wrapping 

of the microprocessor subsystem is almost complete. This system, along 

with its peripheral input and output cards, will be tested as the cards 

become available. The printer interface board, which is the first item of 

this group to be completed, has successfully passed its operational tests. 

Evaluation of optical system. The optical system utilized in the 

portable analyzer differs from that of the miniature Centrifugal Fast 

Analyser (MCFA). The MCFA utilizes a GE-1974 tungsten-halogen lamp, 
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Fig. 2.8. Top view of advanced prototype of the portable Centrifugal 

Fast Analyzer. 
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-whereas the portable system uses a subminiature GE-3027 tungsten-halogen 

lamp. Also, the lamp in the portable system is located closer to the 

multicuvet rotor, thus permitting greater signal intensity to reach, the 

photomultiplier tube (R300> Hammamatsu Corporation, Middlesex, I.'ew Jersey1). 

Additional intensity is achieved by operating the lamp at 7 V, rather than 

at the nominal rating of 6.3 V. Maximum intensity occurs in the spectral 

region near 520 nm, and the energy distribution is such that there is 

adequate source intensity for optical measurements over the range 3ko to 

6 6 0 nm. 

Wavelength selection is achieved by the use of transmission filters 

located in motor-driven, six-position filter holders. One may choose 

filters oriented below, above, or at 90° "to the multicuvet rotor, permitting 

either transmission, light-scatter, or luminescence measurements. The 

filter selection process may be performed in either of two ways: (1) by 

entering a selection code or (2) by utilizing the control of the micro-

processor unit. Changing the filters requires 1 sec or less and may be 

achieved while a run is in process, making multiple-wavelength monitoring 

feasible. This capability may be of particular value in multiple-chemistry 

analyses with a single rotor. 

In Fig. 2.9, the performance of the portable Analyzer is compared with 

that of a well-characterized MCFA for solutions of NADH monitored at 540 na:. 

The agreement between the two instruments is excellent. The source intensity 

in the portable analyzer -was sufficiently high that the photomultiplier tube 

could be operated at a near-optimum 470 V. 

Evaluation of transfer and mixing of liquids. One of the novel and 

potentially significant features of the portable analyzer system is the 

clutch-brake mechanism in the rotor drive assembly. With the clutch 
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0.8 

0 . 4 

SLOPE=0.9632± 0 . 0 0 0 8 
INTERCEPTS0.00074 0.0021 

CORR. COEF. a 0 . 9 9 9 9 9 9 

^ 0 . 4 0 . 8 1.2 1.6 2 . 0 

A 3 4 0 n m , UNIVERSITY of MICHIGAN CFA 

Fig. 2.9. Optical performance at 3^0 nm of the portable Centrifugal 

Fast Analyzer compared with that of a miniature Centrifugal Fast Analyzer. 



disengaged, the roxcr drive mechanism may be accelerated to U000 rpir. while 

-he rotor itself remains stationary. A fly-wheel mechanism helps maintain 
xhe momentum of the drive assembly. When the clutch is engaged, the rotor 
is accelerated from "rest" to U000 rpm in 125 msec or less. Such rapid 
acceleration may be used to both transfer and mix samples and reagents, 
eliminating the necessity of a braking step to achieve mixing. This 

capability is most readily achieved by the use of specially developed rotors 
5 6 having separate sample and reagent transfer channels. 

7 
In the parallel mixing rotor design, aliquoxs of sample and reagent 

nix as they jet into a common cuvet. In one experiment, 65 i-l of Blue 
Dextran dye and 65 nl of water were loaded by use of a Micromedic pipette 
into the sample and reagent chambers, respectively, of a parallel transfer 
rotor (Fig. 2.10). With the clutch disengaged and the rotor stationary, 
the rotor drive assembly was permitted to^accelerate to 3500 rpm. The 
clutch was then engaged, accelerating the rotcr to 5500 rpm in a fraction 
of a second. Subsequently, the rotor was allowed to coast down to 1000 rpm 
without braking, after which the absorbance at 620 nm of the now-diluted 
dye solution was measured to be 0.3519 ± O.OO63. Next, the rotor was 
subjected to four complete cycles of the conventional mixing routine, 
consisting of acceleration to 3500 rpm followed by dynamic braking. Finally, 
the absorbance of the thoroughly mixed dye solutions was measured to be 
O.3527 ± 0.0058. There is no significant difference in the results of the 
two mixing procedures, even at the 0.6 significance level; this indicates 
that mixing was complete in the single, rapid transfer operation. 

It should be noted that, in the experiment described above, data were 
taken using a PDP-o/i computer interfaced with the analyser. Values could 
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F L U O R E S C E N C E A N D LIGHT SCATTER R O T O R S 

SEQUENTIAL A N D P A R A L L E L MIXING R O T O R S 

Fig. 2.10. Details of a parallel transfer rotor. 
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not be talien at the rapid rate at which they were generated at 3500 rpra. 
However, the microprocessor unit, when integrated with the analyzer, will 
accept data at this rate. Thus, with the microprocessor unit, meaningful 
absorbance measurements may be made at rapid rotor speeds on well-mixed 
systems within the first fractional second of the reaction. The ability 
to observe fast kinetics with the complete portable analyzer system will 
approach that obtained by stopped-flow techniques. Not only may rapid 
reactions (e.g., chemiluminescence) be studied, "but the capacity for making 
very early initial readings will provide automatic blanking capability for 
two-point, fixed-time kinetic analysis. Resolution of complex mixtures of 
related compounds and even isoenzymes by differential kinetics will also be 
feasible. 

Temperature control system. The portable CFA has been designed to 
utilize a heat pump module to maintain and control the temperature of the 
rotor at either 25, 30, or 37°C. During the initial evaluation of this 
module, we found it necessary to utilize a better control circuit than the 
one originally designed for the system. Consequently, a modified three-
mode controller was added to the circuit. This type of controller allows 
one to compensate for all but the most difficult of system dynamics and to 
obtain a relatively well-regulated temperature. Control and stability 
studies will be continued, utilizing an external thermistor assembly to 
measure actual cuvet temperature during a run. 

Since the approach utilized to control the rotor temperature of the 
3 4 

portable CFA is different from that in the miniature CFA, a mathematical 
model was developed in order to allow us to model and predict the thermal 
response of the new system. 
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(Model). The rotor used in the portable CFA may be approximately 

modeled as a composite slab, as sho-wn in Fig. 2.11. In this model, the 

temperatures of interest are T^ and T^. When. T^ is known, the idealized 

steady-state heat flow a* required to achieve and maintain a given T may ij 
be determined for the model shown from the following equation: 

h = convective heat-transfer coefficient, 

K = thermal conductivity, 

A = rotor surface area, 

T.̂  = hulk phase or ambient temperature, 

T_, = experimental temperature, 

L = material thickness. 

A positive q* indicates heat transfer toward the rotor base, while a 

negative q* indicates transfer away from the base. Thus, both heating and 

cooling problems may be considered. 

The temperature profile in the slab may be established by use of the 

following equations: 

) (1) 

where 

(3) 

(4) 
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Fig. 2.11. Composite slab representation of rotor used in the 
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= te • (5) 

(System "behavior). Heat-transfer requirements for expected operating 

conditions were calculated using the information in Table 2.8; the results 

are given in Table 2.9. The temperature profile for a typical case 

(T, = 30°C, T_ = 22°C, h = 1 Btu/hr.ft2-°F) is given as follows: D Li 

Tb Tq Tx T2 T5 

30°C 22,8°C 22.2°C 21.8°C 21.2°C 

These calculations, which were based on water as an assumed sample, 
indicate a 0.4°C temperature gradient across the center section (cuvet). 

Additional insight into the behavior predicted by this model may be 

obtained from Eq. (1), which gives the sample temperature as 

T -(-«*/*) (5+ i j + iay + I b <6> 

and the rate of change of this temperature with respect to the heat flux as 

fflE< , ll , L1 , L2 \ _ 
d(-qVA) " \h + Kx 2K2) • 

Again, using the information in Table 2.8, results from Eq. (6) are 

presented graphically in Fig. 2.12. It may be seen that a large h (little 

resistance to heat transfer as with forced convection cooling) results in 

a lower sample temperature than does a low h (high resistance to heat 

transfer; an insulated wall in the limiting case) for a given heat flux. 

However, the rate of change of the sample temperature with respect to the 

heat flux is much higher for the low convective heat-transfer coefficient. 
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Table 2.8. Physical properties for heat-transfer problem 

Convective heat transfer- coefficient, 
h = 0.1 to 1.0 Btu/hr-ft •°F 

2 Rotor surface area, A = 0.067 ft 

L K 

Layer (ft) (Btu/ hr • f12 • °F ) L / K 

1 o . o i o 4 0 . 1 2 0 0 . 0 8 6 7 

2 0 . 0 1 5 6 0 . 3 4 3 0 . 0 4 5 5 

3 0 . 0 1 0 4 0 . 1 2 0 0 . 0 8 6 7 

Table 2.9. Heat 61 flow requirements (in Btu/hr) 

Tb (°C) 

h 2 5 3 0 3 7 

0 . 1 0 . 0 3 6 0 . 0 9 5 0 . 1 7 9 

1 . 0 0 . 3 2 6 0 . 8 7 0 I . 6 3 I 

a(TE = 22°C). 
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Fig. 2.12. Effects of heat fluxes and convective transfer 

coefficients on sample temperatures. 



1+4 

While this results in a more rapid approach to steady-state heat transfer, 

it also requires more accurate control over the heat flux to maintain T_, 

•within a given range. 

A complete analysis of the transient, heat-transfer problem for this 

system is more difficult than warranted at present. However, the time 

required to achieve steady-state heat transfer can be estimated based on 
g 

approximated solutions presented by Jaeger. Calculations made using these 

solutions showed that, if an h of 0.7 is assumed, approximately 4 to 5 min 

would be required to reach a steady-state heat transfer situation for the 

system described. 

(Heat capacity). The performance curve for the heat pump presently 

in use (MELCOR thermoelectric module, CP 1.4-71-10) is reproduced in 

Fig. 2.13. For a heat sink temperature (equivalent to T^) of 35°C and a 

cold surface temperature (equivalent to T^) of approximately 70°F (slightly 

less than = 22°C, as indicated by the temperature profile given for a Oj 

typical case), an input of 1.0 A causes the module to pump 18 Btu/hr. 

Referring to Table 2.9, it is obvious that this module will be adequate 

for situations presently anticipated unless the model is very inaccurate. 

2.2.2 Whole-blood rotor design and development 

We are continuing our efforts relative to the development of a CFA 

rotor which will accept, automatically process, and analyze a whole-blood 

sample. During the last reporting period, we discussed a rotor concept 

which utilized membrane filtration for the separation of cells from a -whole-
2 

blood sample. This separation concept has been explored experimentally by 

mounting Millipore membrane filters in Millipore filtering centrifuge tubes. 
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Fig. 2.13. Performance curve for thermoelectric heat pump used in 

the portable Centrifugal Fast Analyzer. 
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Membrane filtration experiments. A series of experiments was 

performed in which Millipore MF membrane filters (pore sizes of 1.2, 3-0, 

5.0, and 8.0 (im) mounted individually in Millipore filtering centrifuge 

tubes were tested to determine their capability for separating cells from 

whole-blood specimens diluted 1:10 with a saline solution. Preliminary 

results showed that the filters quickly became plugged with blood cells, 

preventing further filtration of the samples. Serial filtration was then 

tested using combinations of membrane filters with "depth-type" prefilters. 

However, this approach resulted in limited success since only a small 

fraction of the sample volume could be filtered before plugging occurred. 

Hew rotor design. Based on the results of the membrane filter experi-

ments, it was decided that a means of preventing filter plugging must be 

devised. A new design was then proposed which would utilize filters mounted 

in the radial plane of the rotor (Fig. 2.14). A whole-blood sample injected 

dynamically would be partitioned into separate channels oriented radially 

from the center of the rotor. The pressure due to the centrifugal force 

acting on the contained fluid mass causes plasma to flow through the filter. 

At the same time, blood cells are quickly sedimented away from the membrane 

filter to prevent obstruction of the filter. 

Test of new design. A rotor based on the design just discussed was 

fabricated for testing the feasibility of the "sedimentation with membrane 

filtration" principle for removing blood cells from a whole-blood sample. 

A standard 17-place CFA rotor body was machined from UVT plastic. An upper 

stage was machined with 17 entry and sedimentation channels. Filters were 

cut from Millipore RAWP 025 membrane filter (pore size, 1.2 jam) using a 
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one channel. 
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paper punch. The smallest blood cell, a platelet, is approximately 2.5 ̂ m 
in diameter and therefore should be retained by this type of filter, as 
should erythrocytes, -which are approximately 8.5 um in diameter. The 
filters were sealed in the rotor using Dow Corning RTV-3145 adhesive. With 
the rotor spinning at 4-00 rpm, 2.0 ml of a sample solution prepared by 
diluting a whole-blood specimen 1:10 with a saline solution (0.9 w/v % NaCl), 
was dynamically injected into the splitting section using a 2.5-ml syringe. 
The rotor was then accelerated to a constant speed of 2000 rpm. By using 
a strobe light to observe the behavior of the sample, erythrocytes were seen 
to amass in the sedimentation chambers while the plasma filtrate accumulated 
in the cuvets. Leakage of erythrocytes around or through membrane filters 
was observed in only 2 of the 17 channels. The separation was complete 
approximately 15 sec after the rotor speed had been increased to 2000 rpm. 

We are encouraged by the results of this feasibility experiment, in 
which the first prototype membrane filter rotor was tested. The "sedimenta-
tion with membrane filtration" concept apparently circumvents the filter 
plugging problems experienced when using "straight through" filtration 
configurations. 

2.3 Data Processing 

Centrifugal Fast Analyzers produce data at a rate and in a form 

suitable for direct input into a small computer. An alternative to a 

small computer would be a microprocessor-based data system. The rapid 

development and low-cost features of the microprocessors make them very 

attractive for this application; consequently, we are developing a 

microprocessor-based data system for use with the portable CFA. The 

first such system developed, termed Microprocessor-I, allowed us to gain 
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valuable experience. Building on this experience, a more advanced system 

(Microprocessor-II) is being developed for use with the portable CFA. In 

addition, an extensive software development effort is also being pursued. 

2.3.1 Evaluation of Microprocessor-I data system 

The construction phase for the Microprocessor-I data system was 

completed in March 1975. Troubleshooting and modifications to the design 

continued into the middle of April. The first data acquisition programs 

were limited to 512 words of program memory and were, therefore, rather 

simplistic. By the middle of May, space for another 1024 words of program 

memory was installed. The resulting total, 1500 words, was enough to 

implement a tabular absorbance printout of the data from one of the CFAs. 

The logarithmic algorithm was accurate enough to print out absorbance to a 

tenth of a milliabsorbance unit. As yet, the system is not capable of 

using any sophisticated data acquisition schemes; however, it will soon 

be possible to increase the program memory capacity to over 4000 words, 

which makes the system potentially very useful. Because of the lU-bit 

analog-to-digital converter (ADC), this system has greater resolution than 

the FDP-8/e—based systems and can acquire data at the full speed of the 

analyzer (i.e., 4000 rpm). 

2.3.2 Design and fabrication of Microprocessor-II 

The Microprocessor-II system, which is presently in the construction 
phase (and should be completed by the end of 1975)* will occupy the same 
cabinet as does the portable CFA. It will use a logic card set manufactured 
by the Control Logic Corporation, based on the Intel 8 0 8 0 microprocessor 
chip. This will simplify construction and troubleshooting as compared 
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•with the first unit, -which was "built from discrete components. Unlike the 
first unit, control of the analyzer process will be included in the 
capabilities of the Microprocessor-II system. Parameters such as data 
rate and interval, rotor speed, spectrometer wavelength, and other operating 
conditions can be controlled automatically. Additionally, the advanced unit 
will contain a feature which will allow it to monitor all the operating 
voltages and parameters of the analyzer and of the system itself, flagging 
bad conditions and. warning the operator of any impending component failure. 

2.3.3 Software development 

A general software package has been developed for the Microprocessor-I. 
This package has "been expanded and improved for the Microprocessor-II. 

Microprocessor-I. The software development for the Microprocessor-I 
data system is now complete. Overall, this effort has demonstrated the 
feasibility of interfacing a microprocessor with a CFA. 

In retrospect, one can identify two distinct phases of software 
development. The first phase involved the development of dedicated service-
interrupt routines. In other words, one learned how to have the computer 
respond to the three types of interrupts - rotor, ADC, and printer 
interrupts. In addition to these service routines, a primitive mathematics 
routine was developed. The primary limitation of the mathematics was that 
it was strictly fixed decimal. Because of this limitation, it was possible 
to only print an absorbance value with a precision of 2-1/2 digits. 

The second phase of software development was concerned with revamping 
the mathematical routines. A full floating-point package with an internal 
word length of 7 decimal digits was developed. In fact, the same mathe-
matical package is to be used with the Microprocessor-II, with the exception 
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that its internal word length has "been extended to 11 decimal digits. The 
modified package will allow one to print an absorbance value of 4 decimal 
digits. 

Microprocesso^-H. The software for the Microprocessor-II is 
characterized "by w o specific sections: a process control/data acquisition 
section, and a data analysis section. 

The first section deals with regulating process variables such as 
speed, temperature, and optical filters. The actual data acquisition, 
with its associated storage, timing, and counting function, is also 
accomplished in this section. With the software developed, the user will 
have control over virtually every aspect of the data acquisition process. 
The variables that are to be input at the start of every experimental run 
include: 

(1) delay interval (in tenths of a second), 

(2) number of observations, 

(3) number of revolutions averaged per observation, and 

(4) observation interval (in tenths of a second). 
The delay interval is the time elapsed from the moment the rotor 

clutch is energized to the time that the first data point is measured and 
acquired. The delay-interval dials on the instrument will give the user 
a range of 0 to 9«9 sec with a resolution of 0.10 sec. 

The second input parameter is the number of observations acquired per 
cuvet during the analysis. The maximum allowable number of observations is 
strictly a function of random-access memory (RAM) size. The first version 
of the analyzer, with 2K RAM, will have a capacity of 25 sets of data 
points. Within a year, RAM will be expanded to 4K, and the analyzer will 
have a capacity of almost 80 sets of data points. 
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The third input parameter to be entered is the number of revolutions 

averaged per observation. Specifically, this function is included for 

signal-averaging purposes since it reduces the uncertainty of measuring an 

absorbance by the value 1//W, where N = the number of revolutions averaged. 

In practice, this parameter is given a value in the range of 10 to 20. 

The last input parameter required is the time interval between 

observations. The sampling period dials on the instrument will give the 

user a range of 0 to 99-9 sec, in 0.1-sec steps. 

The second section of the software package developed for the 

Microprocessor-II deals with data analysis. This section assumes that 

data from an experimental run is already stored in RAM. The task of this 

section is to perform mathematical analyses on the data and to format the 

results on the printing device. 

The heart of the data analysis section is a floating-point mathematics 

package which was developed explicitly for the portable CFA. Square-root 

and log operations are included in addition to the elementary addition, 

subtraction, multiplication, and division capabilities. 

The mantissa is carried in all mathematical operations at a precision 

of about 11 decimal digits. This level of precision is comparable to that 

of the PDP-8/e focal-based systems of the miniature Fast Analyzer. The 
±12 

exponent range is 10 . This is a considerably smaller exponent range 

than is available on PDP-8/e four-word FOCAL. However, it is felt that this 

exponent range is adequate for virtually any calculation that is to be done 

by the portable analyzer. 

Using this mathematics package as a base, various subroutines that 

"^^Jjnplement specialized algorithms have been developed. A brief description 

of each subroutine follows: 
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Rotor calibration. The portable analyzer will have the capacity for 
storing calibration data for three rotors. At any time, the user 
will be able to recall these factors for a particular rotor and apply 
them to subsequent absorbance measurements. Other parameters such as 
mean transmission, standard deviation of transmission, and coefficient 
of variation for the total number of cuvets used in a run will also be 
available. 

Intensity - absorbance tables. Three tables on these two parameters 
are accessible: (a) absorbance and change in absorbance, (b) intensity 
and change in intensity, and (c) absorbance and intensity. When a user 
requests one of tue above tables, he has the option of specifying 
whether he wishes one specific cuvet or all 17 cuvets to be printed. 
He also has the option of specifying a select group of points or time 
observations. These two options, which were implemented to signifi-
cantly decrease the total time that the printer is operating, allows 
the user to obtain the desired data sooner, and prolongs the life of 
the analyzer batteries (if in battery mode). 

Statistics tables. Four statistics tables are accessible: (a) linear 
variable statistics on absorbance (slope, variance of slope, 
Y-intercept and variance of Y-intercept, and correlation coefficient); 

(b) linear variable statistics on intensity [same parameters as (a)]; 

(c) mean statistics on absorbance (mean and variance of mean); and 
(d) mean statistics on intensity [same as (c)]. The user inputs the 
start and end points over which he wishes the statistics to be 
calculated. 
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(4) Concentration table. Changes in absorbances,. particularly end-point 
absorbances, are translated into concentration values through a multi-
plicative constant as follows: 

conc (mg/dl) = A absorb * (substrate factor) . 

The constant is the substrate factor. The three important input 
parameters for concentration are then the start point, the end point, 
and the substrate factor. 

(5) Smart PM count table. This table gives the user an accurate picture 
of the dynamic range throughout which the ADC is operating in an 
experimental run. Such information is important in maintaining 
linearity and precision in the data. The table will also be of use 
in fluorescence studies where the setting of an optimal photomultiplier 
(PM) voltage is difficult. 

(6) Process control table. If data analysis from any subroutine is to 
be truly meaningful, the user must be aware of all process control 
variables at the time the data were collected. Answers are needed 
to questions such as: Was the selection of optical filters in a 
manual or automatic mode? If the mode was automatic, what was the 
value of the computer selected filter? This process table lists all 
the significant process control variables. 

(7) Interval timetable. In this table, time values in seconds are computed 
for interval numbers. Example: No. 3 interval = 10.2 sec. 
This completes the listing of all the dedicated subroutines that have 

been written. Many of these programs are emulations of existing PDP-8/e 
FOCAL programs. Some of the tables, such as those for the process control 
and the smart PM counts, are unique to the portable analyzer. 
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This first version of the portable analyzer will include all of the 
aforementioned subroutines. In addition to these, other subroutines which 
have not as yet been written will probably be included. 

2 . 4 Applications 
Centrifugal Fast Analyzers are basically sophisticated optical-

measuring devices which should have applications in a variety ol areas. 
Specifically, we are utilizing them for various chemical and hematological 
assays. 

2.4.1 Clinical analyses 

During this report period, we participated in a round-robin inter-

laboratory evaluation of a reference method for the assay of serum glucose 

and continued to adapt the Coombs test for use with the miniature CFA. 

Evaluation of a glucose reference method. A reference method for 
g 

determining serum glucose"̂  is currently under development under the auspices 

of the Food and Drug Administration, the National Bureau of Standards, and 

the National Center for Disease Control (CDC). This method is currently 

being evaluated by several independent laboratories, with the overall 

effort being coordinated by the Glucose Subcommittee of the Standards 

Committee of the American Association of Clinical Chemists. 

Both manual and semiautomated procedures have been developed for the 

reference method, which is based on the hexokinase assay for glucose. Our 

laboratory was asked to participate in a round-robin evaluation of the semi-

automated reference method. In this evaluation, each participant was asked 

to calibrate his equipment and reagents under specified conditions and then 

make five analytical runs plus one practice run. Analytical runs 1 through 

4 consisted of duplicate analyses of five serum samples; run 5 consisted of 
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duplicate analyses of six serum samples. Because of an error in setting 
up the first run, a second hatch of samples was obtained from CDC for this 
run. The runs were performed in the following order: practice, 2, 3, 
1, 5. Figures for the accuracy and precision of the Micromedic pipetting 
systems used in this study are summarized in Table 2.10. 

The results obtained by our laboratory are summarized in Table 2.11. 
The raw absorbance data from which the values given in this table were 
obtained have been submitted to CDC. When such data have been made avail-
able by all of the participating laboratories, they will be processed and 
a summary of the results returned. 

Adaptation of Coombs test. A desirable feature of automation in the 
clinical laboratory is the reduction in, or elimination of, the need to 
make subjective evaluations. At the same time, however, adequate controls 
must be included to ensure the reliability of the results indicated by the 

Table 2.10. Accuracy and precision of the Micromedic pipette 
used in the ORNL evaluation of the semiautomated 

reference method for glucose 

Liquid pipetted 
5.0 ml 
Ba(OHg) 

5.0 ml 
ZnSO^ 

1.0 ml 
supernate 

0.5 ml 
sample 

Number of weighings 10 10 10 10 
Mean weight, g k.SSkG 4.9890 0.9982 0.4989 
Coefficient of variation, % 0.01 0.02 0.05 0.20 
Temperature, °C 26.1 26.0 26.1 25.4 
Mean temperature-
corrected volume, ml 5.0050 5.0093 I . O O 2 3 0.5009 
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Table 2.11. Analytical results obtained from the ORNL evaluation 
of the semiautomated reference method for glucose 

Results (mg/dl) 

Sample N a Mean 
R.S.D.C 

W 

Control-1 7 74.97 0.74 0.9S 

Control-2 7 131.20 2.41 I . 8 3 

Pool A 5 107.38 1.23 1.15 
Pool B 5 204.52 2.42 1.18 

Pool C 7 105.97 2.o6 2.79 
Sample-1 10 41.85 1.15 2 . 7 6 

Sample-2 10 78.90 1.14 1.45 

Sample-3 10 135.24 2 . 2 5 1.66 

Sample-)* 10 194.59 2 . 0 5 1.05 
Sample-5 9 293.44 2.40 0.82 
21 Number of measurements. 

Standard deviation. 
c Relative standard deviation. 
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instrumentation. Data which can be interpreted with "yes/no" or "on/off" 

types of criteria are readily adaptable to computer processing. In the 

field of immunohematology, controls are carried through the various 

procedures routinely, and the results of many of the procedures may often 

be interpreted as either "positive" or "negative." Thus, blood-banking 

protocols would appear to lend themselves to automated performance and 

interpretation, and, indeed, considerable effort has been expended in 

developing instrumentation and procedures to automate particularly those 
9-19 procedures resulting in hemagglutination reactions. 

1 3 20 21 The development of the miniature CFA system ' ' ' led to its use 
19 

in studying blood grouping procedures. From this feasibility study, we 

developed a blood grouping protocol which has been evaluated extensively in 

the laboratories of the National Institutes of Health. During the course 

of Tiffany's study, the major factors were evaluated concerning anti-

globulin testing as applied to blood grouping with the use of a rotor in 

which cell suspensions could be washed in situ and hemagglutination reac-

tions performed thereafter. 

The purpose of the present study was to delineate further the perfor-

mance of the antiglobulin tests, especially as applied to cross-matching 

procedures, by use of the miniature CFA and the cell-washing rotor in an 

effort to extend application of the system in blood banking. 

Accepted cross-matching procedures include compatibility testing of 

the donor cells with the recipient's serum (the major cross match), anti-

body screening of recipient and donor sera, and a direct antiglobulin test 

on the donor cells. Hence, each of these procedures at some stage involves 

adding antiglobulin serum to a cell suspension and checking for evidence of 
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agglutination. The antiglobulin reaction is a sensitive technique for 

detecting antigen-antibody interactions which do not otherwise lead to 

hemolysis or agglutination. Various experimental techniques are used to 

enhance the sensitivity of the antigen-antibody reaction and its detection 

by antiglobulin agglutination; these include the use of enzyme-treated 

reagent cells and the use of a medium with a high dielectric constant (i.e., 

albumin or serum suspensions of cells). Additional factors which affect 

the antigen-antibody interaction include the time and temperature of 

incubation. 

Among other techniques, unexpected antibodies may be detected by a 

positive antibody screening test, an incompatible cross match, or a 

positive direction antiglobulin test. Consequently, the antiglobulin test 

is of broad utility in blood banking, and its performance with the miniature 

CFA represents an important step in the automation of immunohematological 

procedures. 

(Materials). Antihuman (Coombs) serum, anti-RhQ (anti-D) slide test 

serum, Identigen* and Selectogen** reagent red blood cells (human), and 

Coombs control reagent red blood cells (human) were purchased from Ortho 

Diagnostics, Raritan, New Jersey 0 8 8 6 9 . Polyvinylpyrrolidone (PVP) was 

obtained from Polysciences, Inc., Warrington, Pennsylvania 18976. 

-K-

Identigen - Consists of eight separate vials, each containing red cells 
from different types of Group 0 donors. It is used to identify antibodies 
previously detected by screening or cross matching. Unvarying structure 
in every panel for the five most important Eh antigens (D, C, E, c, e) 
provides accuracy, simplicity, and convenience in antibody identification. 
Selectogen - .Consists of two vials of human red cells for use in the 
detection of unexpected antibodies. Selectogen I is a 5% suspension of 
Group 0 red cells from a single donor with the Rh phenotype Rh-, (DCe). 
Selectogen II is a 5$ suspension of Group 0 red cells from another donor 
with the Rh phenotype Rh2 (DcE). Together, Selectogen I and II provide 
a comprehensive spectrum of antigens for use in detecting unexpected, 
clinically significant antibodies. 



Bleed (anticoagulated with EDT.A.) and serum samples from OFJJL employees: 
vji'i. -:'.u.plied ry the C'.J'IL He: _i + h Division. Jell suspensions and serum 
ssmpias from other patients vers donated by the East Tennessee Baptist 
Hospital and the Fort Sanders Presbyterian Hospital, both of Knoxville, 
Tennessee. 

Cell washing, incubation, and agglutination reactions were performed 

•'as described below) with a miniature CFA system. The cell washing rctor 
22 was loaded by means of an automatic sample reagent loader (SRL). Washing 

23 included the techniques of dynamic infection of saline wash solution. 

(Reagent and sample loading). The SRL used during these investigations 
22 23 

has been described elsewhere. 3 For this application, the following 

pumps were used and their strokes adjusted to deliver the listed volumes: 

20-p.l sample pump at 30% = 6 \x1 

2OO-i-i 1 sample diluent pump at 12$ = 24 ul 

50-p.l reagent pump at 100% = 50 p.1 

200-fil reagent diluent pump at 25$ = 50 jil 
The diluent pumps were primed with and dispensed saline (0.9$ saline) as 
the diluent. Depending on the assay, the turntable was set in either of 

22 

four loading modes. Cups containing the samples or reagents wore placed 
in specific positions in the carousel as dictated by the individual test 
(Tables 2.12-2.14). 

(Cell washing). Cells were washed in situ as previously described by 
1° 

Tiffany. ^ To verify that the supernate was removed by the aspiration step, 

the operator has the option of allowing the rotor to coast to a smooth stop 

and visually inspecting ilie contents of the individual cuvets. 
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Table 2.12. Direct antiglobulin testing with the miniature CFA: 
Loading sequence of sample and reagents 

Step 1 Step 2 
number Sample carousel Reagent carousel 

1 Saline Saline 
2 Ortho positive control Coombs antiserum 

3 Ortho negative control Coombs antiserum 

4-17 Patient samples (whole blood) Coombs antiserum 



Table 2.13. Antibody screening with the miniature CFA.: 
Loading sequence of samples and reagents 

Cuvet 
number 

Step 1 Step 2 Step 3 Step 4 Cuvet 
number Sample carousel Reagent carousel Reagent carousel Reagent carousel 

1 Saline Saline Saline Coombs antiserum 
2 Recipient's serum Identigen-1 Saline Coombs antiserum 
3 Recipient's serum -2 Saline Coombs antiserum 

Recipient's serum -3 Saline Cooiribs antiserum 
5 Recipient's serum Saline Coombs antiserum 
6 Recipient's serum -5 Saline Coombs antiserum 
7 Recipient's serum -6 Saline Coombs antiserum 
8 Recipient's serum -7 Saline Coombs antiserum 
9 Recipient's serum -8 Saline Coombs antiserum 
10 Anti-D serum -8 Saline Coombs antiserum 
n Anti-D serum -8 Saline Coombs antiserum 
12 Anti-D serum Selectogen I Saline Coombs antiserum 
13 Anti-D serum Selectogen II Saline Coombs antiserum 
11+ Recipient's serum Recipient's blood Saline Coombs antiserum 
15 — - - Cooiribs positive cells Coombs antiserum 
16 — Coombs negative cells Coombs antiserum 
17 — — Recipient'£5 blood Coombs antiserum 



Table 2,1k. Cross matching with the miniature CFA: 
Loading sequence of samples and reagents 

Cuvet 
number 

Step 1 Step 2 Step 3 Step 4 Cuvet 
number Sample carousel Reagent carousel Sample carousel Reagent carousel 

1 Saline Saline Saline Saline 
2 Recipient's blood Recipient's serum — Coombs antiserum 
3 Donor blood-l Recipient's serum — Coombs antiserum 
k -2 Recipient's serum - - Coombs antiserum 
5 -3 Recipient1s serum — Coombs antiserum 
6 -4 Recipient's serum — Coombs antiserum 
7 -5 Recipient's serum — Coombs antiserum 
8 -6 Recipient's serum - - Coombs antiserum 
9 — — Recipient's blood Coombs antiserum 
10 — — Donor blood-l Coombs antiserum 
11 mm «• — -2 Coombs antiserum 
12 — - - -3 Coombs antiserum 
13 — — -4 Coomb f; antiserum 
14 — -5 Coombs antiserum 
15 — -6 Coombs antiserum 
16 — — Coombs negative cells Coouibs antiserum 
17 — — Coombs positive cells Coombs antiserum 
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(Direct antiglobulin test). The direct antiglobulin test is used to 

detect antibodies already adsorbed or coated on the red cell surface. The 

procedure used to perform this test on the miniature CFA is as follows: 

(1) Set the turntable of the SRL in the multiple-c-jr.ple:single-reagent 

mode of operation. 

(2) Load aliquots of samples as indicated in step 1 of Table 2.12. 

(3) Place rotor into analyzer, transfer calls to cuvets, and wash them 

in situ. 

(4) After final aspiration, place rotor bade onto turntable of SRL and 

load aliquots of reagent as indicated in step 2 of Table 2.12. 

(5) Place rotor into analyzer, and transfer and mix the contents of the 

individual chambers into their respective cuvets by: (a) acceleration 

to 4000 rpm followed by dynamic braking, (b) three cycles of accelera-

tion to 3 O O O rpm followed by dynamic braking, (c) centrifugatiou for 

60 sec at 4-000 rpm followed by dynamic braking, and (d) three cycles or 

acceleration to 3000 rpm followed by dynamic braking. (Note: under 

these conditions, the nonagglutinated cells are resuspended without 

disturbing the agglutinated cells packed against the outer cuvet wall.) 

(6) At a rotor speed of 500 rpm, determine the absorbance of the contents 

of each individual cuvet at 520 nm. 

(?) If desired, incubate the rotor at room temperature and repeat analysis 

starting at step 5(c). 

(8) Determine the reactivity of the contents of each cuvet. An absorbance 

greater than 1.0 is considered negative (nonagglutination); less than 

1.0 is considered positive (agglutination). 



57 

(Antibody screening - indirect antiglobulin test). The indirect tes-4-

is most frequently used, to detect antibodies in the serum of a pregnant 

•woman, or to learn whether antibodies are present in the recipient of a 

transfusion (e.g., in the compatibility test). The procedure used to 

perform this test on the miniature CPA is as follows: 

(1) Set the turntable of the SRL in the multiple-sample:multiple-reagent 

mode of operation. 

(2) Load aliquots of sample as indicated in step 1 of table 2.13. 

(3) Place rotor into analyzer, transfer cells to cuvets, and wash then 

in situ. 

(4) Return rotor to SRL, and load reagents as indicated in step 2, 

Table 2.13. 

(5) Return rotor to analyzer, and transfer and mix the contents of the 

individual chambers into their respective cuvets by: (a) accelerater. 

to 4000 rpm followed by dynamic braking; (b) three cycles of accelera-

tion to 3000 rpm and dynamic braking: and (c) centi-ifugation for 60 se 

at 4000 rpm, and reduction of the speed to 500 .rpm without braking. 

(6) Determine the absorbances of the solutions contained in the individual 

cuvets at 410 nm. (Note: an absorbance greater than 1.0 is considere 

to be indicative of hemolysis.) 

(7) Recentrifuge the rotor for 6o sec at 4000 rpm and dynamically brake, 

followed by three cycles of acceleration to 3000 rpm and dynamic 

braking. 

(S) At a rotor speed of 500 rpm, determine the absorbances of the solution 

contained in the individual cuvets at 520 nm. (Absorbances less than 

0.8 were considered to be indicative of agglutination, while absorbanc 

greater than 1.1 were assumed to be indicative of nonagglutination. 



58 

(9) Incubate the rotor at 37°C for 15 min. Check for evidence of 

hemolysis and agglutination as in steps 6 and 8. 

(10) Centrifuge the rotor at 4000 rpm for 1 min and then reduce the speed 

to 500 rpm •without braking. 

(11) Aspirate the supernate. 

(12) Return rotor to SRL, and load aliquots of solutions as indicated in 

step 3 of Table 2.I3. 

(13) Return rotor to analyzer, transfer aliquots into their respective 

cuvets, and wash cells. 

(14) After the last supernate aspiration step, perform the direct anti-

globulin test as described earlier in this report. 

(Cross matching). The test bet-ween a prospective recipient of a blood 

transfusion and his proposed donor (or donors) is known as the cross-match, 

or compatibility, test. The procedure used to perform this test on the 

miniature CFA is as follows: 

(1) Set the turntable of the SRL in the multiple-sample :multiple-reagent 

mode of operation. 

(2) Load aliquots of the recipient and donor bloods as indicated in 

step 1, Table 2.14. 

(3) Place rotor in analyzer, and transfer aliquots into their respective 

cuvets. 

()+) Wash cells in situ. 

(5) Return rotor to SRL and load aliquots of the various sera as 

indicated in step 2, Table 2.1k. 

(6) Return rotor to analyzer and transfer aliquots into their respective 

cu.vets. 
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(7) Check for hemolysis and agglutination as described in steps 6 through 

8 of the antibody screening procedure. 

(8) Incubate the rotor for 30 min at 37°C, and recheck for hemolysis and 

agglutination. 

(9) Centrifuge the rotor at 4000 rpm for 1 min and then reduce the speed 

to 5000 rpm without braking. 

(10) Aspirate the supernate. 

(11) Return rotor to SRL, and load aliquots of blood and control cells as 

indicated in step 3 of Table 2.14. 

(12) Return rotor to analyzer, and transfer the aliquots of cells into 

their respective cuvets. 

(13) Wash cells in situ. 

(14) Perform the direct antiglobulin test. If no hemolysis or agglutination 

is observed at any stage and the sensitized cells are agglutinated, 

the cross match is considered to be compatible. 

Results. Initial experiments with the direct antiglobulin test were 

standardized with 10-(j1 aliquots of washed cell suspensions in saline 

(approximately 50 ml/dl). A previous investigation"^ had utilized 4.0$ PVP 

in 0.9% saline to enhance hemagglutination reactions. Using hand-loaded 

rotors and washed cell suspensions, we investigated the effects of varying 

the amounts of antiglobulin serum and PVP on the performance of the direct 

antiglobulin test. As shown in Fig. 2.15, the presence of PVP made little 

difference in the results. 

When these results were applied to samples loaded automatically with 

the rotor loading station, we found that the distinction between known 

positive and negative cells was not reproducible. We discovered that some 
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cells were being aspirated during the cell washing procedure, which caused 

the positive and negative cells to be mixed together in the cuvets when 

saline was injected dynamically for the next wash. This behavior was 

attributed to the size of the cell mass in each cuvet. Thus, the effect of 

reducing the sample size on the performance of the direct antiglobulin test 

was investigated; concurrently, the limit of dilution of the antiglobulin 

serum giving an effective distinction between known positive and negative 

cells was determined. Figure 2.16 clearly shows that a sample size of 6 ul 

is quite adequate for the performance of the direct antiglobulin test under 

these conditions. 

Another possible factor contributing to the mixing of cells from 

different cuvets was the centrifugal speed at which the supernate was 

aspirated. To investigate the importance of this factor, a series of 

experimentn was conducted in which aspiration was accomplished with the 

rotor spinning at various rates from 500 to 800 rpm. Wash saline was loaded 

into the rotor with + )-•-•> ro tor loading station to eliminate variations in 

the total volume added, or its distribution among the cuvets, as might 

occur with dynamic injection. Blank absorbances were determined by 

centrifuging the rotor at 1(000 rpm fot 1 min and, withuut braking, reducing 

the speed to 500 rpm to deteriulii I I, . :.MI t̂ n, Test abBorbances 

were determined subsequently afft r i:e"| erati t.: in i"PTn ̂ hd braking 

several times before determining the absorbance at 500 rpm and 520 nm. The 

data obtained in thes-i expertliimtl fl are ahovm ill Figs. 2.17*11, GO. bare 

represent the 95$ confidence limits of the absorb&noe values. Although the 

loss of absorbing substance was apparently reduced at the higher centrifugal 

speeds, it was not eliminated. Furthermore, in an experiment utilizing the 
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Fig. 2.16. Effect of sample size on the performance of the direct 

antiglobulin test. 
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SALINE WASH 

Fig. 2.17. Apparent change in cell mass during washing. 

Aspiration at 500 rpm. 
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Fig. 2.18. Apparent change in cell mass during washing. 

Aspiration at 600 rpm. 
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Fig. 2.19. Apparent change in cell mass during washing. 

Aspiration at 700 rpin. 
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same positive and negative cells, the results of the direct antiglobulin 

test were quite definitive even though aspiration of the wash supernate was 

done with the rotor spinning at 500 rpm. Therefore, all subsequent cell 

washings were aspirated at 500 rpm. 

The effect of the length of time of centrifugation at 4000 rpm after 

transfer and mixing of the Coombs positive control cells with the anti-

globulin serum is shown in Fig. 2.21. (Again, the bars represent the 95$ 

confidence limits.) Since there is little to distinguish one condition from 

another, subsequent experiments were standardized on a 60-sec centrifugation 

at 4-000 rpm. 

Serial dilutions of a sample of human blood were made with 0.9% saline 

in order to evaluate the determination of hemolysis, which is a potential 

consequence of antigen-antibody interactions. Six-microliter aliquots of 

each of these dilutions were transferred into the cell washing rotor in 
triplicate with the rotor loading station. After the cells had been 

19 
washed and the supernate from the final wash had been aspirated, the 
rotor loading station was utilized to load the rotor with saline. Subse-
quently, the rotor was centrifuged at 4000 rpm for 45 sec. Without braking, 
the speed was reduced to 500 rpm and blank absorbances were determined at 
three wavelengths (410, 520, and 575 nm). The saline supernate was then 
aspirated, and the rotor loading station was utilized to place distilled 
water in the rotor. Subsequently, the rotor was accelerated to 4000 rpm 
and braked three times. Afterwards, about 5 min was allowed for lysis to 
occur. Finally, the rotor was centrifuged at 4000 rpm for 45 sec and, 
without braking, the speed was reduced to 500 rpm. The absorbances at the 
same three wavelengths were determined (see Figs. 2.22-2.24). 
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TIME (sec at 4000 r p m ) 
Pig. 2.21. Effect of time of centrifugation at hoOO rpm on results 

of the direct antiglobulin test. 
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RELATIVE ERYTHROCYTE CONCENTRATION 
Fig. 2.22. Detection of hemolysis at UlO nm. 
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Fig. 2.23. Detection of hemolysis at 520 run. 
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The results of these experiments lead us to conclude that the Ccomns 
test could he adapted to the miniature CFA. Consequently, we plan to obtain 
blood samples from patients in area hospitals, perform the assay on them, 
and compare the resulting data with those obtained from conventional methods. 

2.b.2 Environmental analysis 
A reliable, portable analyzer would be useful in several applications 

in the environmental sciences. However, various chemical methodologies 
would have to be adapted or developed for use with such an analyzer before 

it could be utilized in an environmental situation. A chemical development 
program has been initiated to supply the appropriate methodologies. 

Determination of ATP in environmental samples. The production of 
adenosine triphosphate (ATP) is a common goal of both anaerobic and aerobic 
metabolic activity. AT? is a direct indication of life; indeed, the assay 
of ATP has been proposed as a potential tool for the detection of exo-

2b 

terrestrial life. Determination of ATP in environmental samples is fre-
quently utilized as a measure of microbiological activity and microbial 

2b 25 "biomass. ' ' The exact ATP content per cell varies with the microorganism 
tested and with the growth stage of particular organisms, ranging from 

_o 
approximately 0.2 to 50 x 10 ̂  |ig of ATP per cell. 

A number of difficulties have been encountered with the assay of ATP. 
These include methodological problems in the techniques used to isolate ATP 
from various substrates and to detect and quantitate ATP, as well a,? the 
overall problem of ecological interpretation of the data obtained. Currently, 
the most frequently utilized assay procedure involves the luciferin (LP.̂ )— 24 luciferase (E)—ATP chomiluminescent reaction: ' 
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Mb 2+ E + LHG + ATP -> E-LHg - AMP + PP 3 (8) 

E'LHp - AMP + 0 > cxyluciferin + CO + AMP + light ) (9) 

where 

AMP = adenosine monophosphate, 

FP = pyrophosphate. 

This reaction is inherently very sensitive (i.e., 0.01 to 1 pg of ATP can 
2k 

be detected with the most sophisticated instrumentation available ). 

However, the reaction is dependent on magnesium concentration, temperature, 

oxygen availability, pll, and cationic interference. Also, measurement of 

the emitted radiation is a complex procedure. With conventional techniques, 

the time required for the mixing of sample and reagent often makes the 

initial reading possible only after the maximum light emission has occurred. 

In addition, response of the light emission is variable. Depending on 

several factors, such as the substrate extracted, the extraction procedure 

used, etc., peak emission may occur 3 to 20 sec after mixing is initiated. 

The lack of reproducibility of the system response requires the use of 

internal standards. If one employs sequential analysis systems, the period 

required to analyze numerous samples becomes critical, adding constraint on 

the stability of the ATP extracts. One of the more serious disadvantages 

of the chemiluminescent procedure is that ADP as well as ATP may react with 

the luciferin-luciferase system to produce light. 

We have been working in collaboration with the Environmental Sciences 

Division of ORNL to develop and evaluate alternative procedures for assaying 

ATP. We have adapted a commercial kit (ATP Stat-Pack, Calbiochem, Los 

Angeles, California 9 0 0 6 3 ) for use with the miniature CFA. The chemical 
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reaction involved is analogous to that currently in routine use in the ORNL 
26 Health Division clinical laboratory for the determination of glucose: 

ATP + glucose heX°^j"nase > glucose-6-phosphate , (10) 

Glucose-6-phosphate g l u c Q 3 e^_ p h o s p h a t e ^ 6-phosphogluconate 
NADP dehydrogenase > T ^ P H 

where NADPH is the reduced form of NADP, nicotinamide adenine dinucleotide 
phosphate. 

The production of 1IADPH, monitored at Sbo run, is stoichiometrically 
related directly to the ATP concentration in the sample. In addition to 
being an absolute method, the reaction sequence is highly specific for ATP. 
Preliminary investigations indicated excellent linearity (Fig. 2.2?) and 
precision (CV <1%). The sensitivity of the method appears adequate for the 
determination of approximately 0.2 to 8 x 10_1+ M ATP (0.5 to 40 ng of ATP). 
Greater sensitivity., if required, can be obtained by adding the enzyme 
6-phosphogluconate dehydrogenase to the reagent. This enzyme reacts with 
one of the products in reaction (11) to yield additional monitored species: 

6-phosphogluconate 6_ p h o s p h o s l u c o n a t e ^ D-ribulose-5-PhosPhate 
NADP dehydrogenase M L , 

The multicuvet, parallel-analysis feature of the CFA will permit the 
simultaneous determination of numerous samples; data reduction is auto-
matically performed with the analyzer system. 

Specific assays. Several specific assays will be developed. Initially, 
we are concentrating on the methods to be used to assay various inorganic 
nutrients commonly found in water. 
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Fig. 2.25. Determination of ATP via Calbiochem Stat-Pack. 
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(Evaluation of coramercial kit procedures for adaptation to the 

Centrifugal Fast Analyzer), Recently, several commercial suppliers of 

instruments and chemicals have developed "kit" procedures for the determina-

tion of inorganic constituents in water. We have examined the utility of 

some of these kits from Hach Chemical Company, Ames, Iowa, for use in 

environmental analyses with the CFA. The kit, as supplied by the manu-

facturer, was evaluated (macro test), and the reagents provided were then 

adapted for use with the CFA (micro test). The conditions and results of 

the tests can be described as follows: 

(l) Ammonia (Hach Ammonia Nitrogen Test, Catalog No. 12524-00) 

Reagent: Nessler's reagent 

Basis of test: Direct nesslerization reaction 

Optimum wavelength: 400 nm (AA increases with decreasing wavelength, 

but absorbance of the blank is excessive at 

<380 nmj 

Suitable for use with CFA? Yes 

Concentration range: 0 to 3 ppm of ammonia-nitrogen (NH^-N) 

Comments: Macro test. Determination by comparison with permanent 

color standards provided in kit is semiquantitative at 

best. When an aliquot of macro is run on the CFA, the 

test is found to be linear only to 3 ppm of NH^-N at 

400 nm. The chemical reaction is known to have many 

interferences (including many classes of organic 

compounds, and ions such as Mg, Mn, ie, etc.); also, the 

hue (wavelength of maximum absorbance) of the reaction 

depends on the ammonia concentration. 
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Nitrate (Hach Nitrate-Nitrite Test Kit, Model Nl-12) 
(r) 

Reage nt: Nit raVe r—^ V 

Basis ol' test: Reduction of nitrate to nitride "by cadmium filings, 

followed by reaction of nitrite 

Optimum wavelength: 380 nm, with broad tailing at longer wavelengths 

(high blank absorbance ,*it 380 nm) 

Suitable for use with CFA? No 

Concentration range: 0 to 50 ppm of nitrate-nitrogen (claimed by kit) 

Comments: Macro test. Permanent color standards are inaccurate for 

concentrations of N0^"-N in excess of 30 ppm. 

Micro test. Cadmium filings cannot be equally distributed 

among cuvets of the CFA; must perform the macro test and 

take an aliquot for the CFA. At 400 nm, results are non-

linear above 20 ppm of N0^~-N. Results are somewhat 

erratic and sensitivity is poor, suggesting incomplete and 

nonreproducible reduction of nitrate. 

Nitrite 

Reagent: NitriVer® III 

Basis of test: Diazotization-coupling reaction 

Optimum wavelength: 520 nm 

Suitable for use with CFA? Yes 

Concentration range: 0 to 0.5 ppm of nitrite-nitrogen 

Comments: Micro test. Dissolve one reagent pack in 1.6 ml of distilled 

water. For test, load rotor with 4-5 til of reagent and 90 \il 

of sample. Reaction is essentially complete in 500 sec. 

Results, are linear to 0.5 ppm of NO^-N; relative standard 

error of the calibration curve is <1%. 
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Phosphate \Hach Phosphate Test Kit., Catalog No. 12522-00) 

Reagent; PhosVar® III 

Basis of test: Foliation of molybdenum "blue "by reduction of 

heteropoly acid 

Optimum wavelength: 5o0 nm 

Suitable for use witl: CFA? See below 

Concentration range; 0 to 5 PPm of phosphate 

Comments: Macro test. Permanent color standards provided with test 

are wrong hue for reaction color. Five-milliliter test 

cube was found to contain 5-5 ml. 

Micro test. Reagent is unstable once it has been dissolved 

in water, possibly due to oxidation of the reducing agent 

by air. Reagent may be suitable if preloaded in rotor as 

dry pellet. Color development is rapid in macro test 

(complete in <3 ruin), and linearity is excellent over the 

range of phosphate concentration 0 to 5 ppm when aliquots 

of macro test are observed on the CFA at 560 nm. 

Silica (Hach Silica Test Kit, Model SI-3) 

Reagents: Silica reagents 1, 2, and 3 

Basis of test: Formation of molybdenum blue by reduction of heteropoly 

acid in the presence of oxalic acid to minimize inter-

ference due to phosphate 

Optimum wavelength: >600 run 

Suitable for use with CFA? See below 

Concentration range: 0 to 40 ppm of SiO 
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Comments: Macro test. Color comparator of kit appears to be acceptably-

accurate; precision of ±10$ appears possible with practice. 

Micro test. The number and timing of the additions of 

reagents are somewhat awkward. It is •difficult to take 

advantage of the greater molar absorptivity of the complex, 

which occurs at wavelengths >650 nm, since the phototube of 

the CFA (R300, Hamamatsu Corporation) has poor response 

characteristics for radiation of such a long wavelength. 

Sulfate (Hach Sulfate Test Kit, Model SF-l) 

Reagent: SulfaVer® IV 

Basis of test: Turbidimetric determination of colloidal BaSO^ 

Optimum wavelength: 3^0 nm, 420 nm (greatest scatter at short wave-

lengths ) 

Suitable for use with CFA? Yes, for high concentrations 
2 -

Concentration range: 50 to 200 ppm of S0^ 

Comments: Macro test. The determination is performed on a simple 

extinction-type turbidimeter that has been calibrated for 

50 to 200 ppm of sulfate. For this type of turbidimeter, 
the solution height for extinction (l/D) is reciprocally 

2 -

related to the S0^ concentration (i.e., similar to a 

Jackson candle turbidimeter), as shown in Fig. 2.26. In 

practice, the accuracy and reproducibility of the method 

are quite modest. The volume requirement is 18 ml. 

Micro test. The reagent, which is easily dissolved in a 

small volume of distilled water, can be conveniently loaded 

in the rotor. Results obtained in a micro test (see 
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SULFATE CONCENTRATION (ppm) 

Fig. 2.26. Turbidimetric determination of sulfate. Comparison of 

experimental data using the CFA with the theoretical calibration using 

an extinction-type turbidimeter. 



Fig. 2.26) show that the experimental data are in fairly 

close agreement with the theoretical calibration curve for 

the reagent; the useful analysis range is 30 "to 150 ppm c" 

SO, The precision is modest. 4 
(Determination of sulfate by catalysis of the zirconium-—nethylthymol 

blue reaction)• The analytical determination of small quantities of su_f&"= 

ior. is important in many fields, especially in connection with problems o:' 

air- and water-quality measurements. Several research projects concerned 

with sulfate ion determination are in progress at ORNL. The Environmental 

Sciences Division is engaged in monitoring the sulfate ion input-output" c: 

the Walker Branch watershed. The Analytical Chemistry Division, in collators 

tion with the Environmental Protection Agency, is involved in the development 

and evaluation of novel methods and reagents for the analysis of sulfate ion. 

We are currently working in cooperation with both of these divisions, 

utilizing the broad analytical capabilities of the CFA. 

Numerous difficulties are associated with existing methodologies for 

determining sulfate ion concentrations. The few direct methods available 

primarily involve turbidimetric or nephelometric determination of insoluble 

complexes of sulfate with barium ion (see above) or organic bases.^-29 

These methods usually have only modest rsasitivities and reproducibilities. 

The organic-based reagents, although much more sensitive than barium salts, 

are subject tc many interferences from species such as halides and phosphate 

ion. Most spectrophotometry techniques, however, are indirect measurements 

involving the precipitation of an insoluble salt of barium and the subsequent 
30 determination of either the excess barium xon or its counterion, or the 

31 release of counterion. These methods are also subject to many interference 
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Recently, Hems et al. introduced a direct kinetic spectrophotometric 
method for determining sulfate "based on the catalytic effect of sulfate ion 

•3 2 
on the zirconium—methylthymol blue reaction.-1 This method, which is quite 
sensitive (i.e., it permits detection of sub-ppm reaction concentrations of 
sulfate and greater), can be made relatively selective. Sulfate ion 
catalyzes the depolymerization of zirconyl. species in acidic solution, and 
the free zirconium ion then reacts with methylt1 ,.rol blue indicator. The 
age of the stock zirconium solution in weak acid determines the degree of 
polymerization of the zirconyl species; thus it has a significant effect on 
the kinetics of the reaction. 32 

In the procedure of Hems et al., the age of the stock zirconium 
solution is 2 to 10 days and the reaction concentration 1 x 10 M. The 
reaction is initiated, and the analytical step consists of making a single 
observation after a 60-iain development period (at long times, the absorbance 
becomes independent of concentration). 

Our goals were to evaluate the potential of the method as a true 

kinetic assay and to take advantage of the degree of automation available 

with the miniature CFA system. Figure 2.27 shows a plot of absorbance-vs-

time data for the reaction as a function of sulfate ion concentration over 2 -

the range 0 to 16 ppm (0 to 320 ng of S0^ ). Conditions are established 
so that, after a short induction period, the reaction race is constant over 
an extended time interval. At low concentrations of sulfate and zirconium, 
the reaction rate is pseudo-first-order with respect to sulfate ion (see 
Fig. 2.28). The precision of the measurement of the reaction rate is 
generally 1 to 2$. The linearity of the absorbance-vs-time data over such 
extended periods reduces the effect of reagent age on the analysis since 
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Fig. 2.27. Determination of sulfate "by catalysis of the zirconium-

methylthymol "blue- reaction. Age of stock zirconium, 4 days; reaction 

concentration of zirconium, 1.4 x 10 M. 
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Fig. 2.28. Determination of sulfate by catalysis of the zirconium-

methylthymol blue reaction. Effect of zirconium reaction concentration. 
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there will remain a time interval over which all data are linear. We have 

used, in parallel, reagents prepared 4 days apart and found intervals 

throughout which all the data were linear; however, we confirmed that the 

absolute rate of the reaction does vary with reagent age, and that it is 

necessary to run standards with samples. The throughput advantage of the 

multicuvet analyzer, on the other hand, still permits a large number of 

samples to be processed simultaneously. Work is in progress to further 

evaluate the method, assess the effects of chemical interferents and 

procedures for their removal, and further automate the analysis. 

(Enzymatic determination of ammonia). Ammonia is present in low 
33 

concentrations in many raw-water sources. A central species in the 
34 

nitrogen cycle,J it may either be utilised as a nutrient or may accumulate 
as a product of microbiological activity. 

We have examined the utility of an enzymatic procedure for determining 
the ammonia content of natural-water sajnples. This procedure is based on 
the following reaction: 

The reaction is monitored by the decrease in absorbance at 340 nm due to 

the consumption of NADH (Fig. 2.29), In the presence of ADP as a cofactor, 
35 

the reaction is rapid and highly selective for ammonia. ̂  In contrast, the 

direct nesslerization procedure is known to have numerous chemical inter-

ferences, as discussed in an earlier subsection. 3C 

Da Fonseca-Wollheim has examined the effects of pH, cofactors, ionic 

strength, and substrate concentration on the determination of ammonia by 

L-glutamate dehydrogenase. He has found this enzyme to be the most stable 

a-ketoglutarate + glutamate dehydrogenase L-glutamate -> + (13) 
HGO + NAD 



86 

O R N L DWG. 7 5 - 8 7 1 2 R 2 

NH3-M, ppm 

• 1 • 1 • 1 1 I 1 1 1 1 • 1 1 I 1 1 1 1 1 1 1 Ii m • 1 1 I 1 1 1 1 1 1 I I 
80 120 160 
TIME IN SECONDS 

200 2 4 0 

Pig. 2.29. Absorbance--vs-time data for the enzymatic determination 

of ammonia via L-glutamate dehydrogenase. 
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and to exhibit the highest activity under conditions of relatively high 

ionic strength and a pH of 8.6 in the presence of ADP and NADH. In contrast, 

many other workers have been using the less-favorable conditions of lower pH 

and no stabilizing cof actor ADP in their reagent .3^*37 ^ l o w e r ieveis 

(e .g. , 7.0 to 7.5), high concentrations of NADH as well as the product NAD 
qQ 

inhibit the reaction and cause denaturation of the enzyme. Under these 

conditions, we have found that NARPH provides greater enzyme stability and 

results in greater reaction rates than does NADH. The presence of ADP, 

however, stabilizes the enzyme and permits analysis at the pH that is 

optimum with either coenzyme. 

We have approximated the conditions specified by Da Fonseca-Wolllieim 

(Table 2.15). The enzymic reagent is stabilized sufficiently to "be concen-

trated for use with the automatic loading station, thus simplifying the 

procedure. The analysis may be performed using either an initia1-rate 

Table 2,15. Initial reaction concentrations for determination 
of NH„-N in the sample, concentration range of 0 to 10 ppm 

Initial reaction 
concentration 

3.5 x 10"^ M 
1.6 x 10~3 M 

1.6 x 10~~ M 

80 mg of protein 
(~4600 IU per liter) 

0 to 3.2 ppm (0 to 0.5 ug) 
of KH^-N 

8.6 

Constituent 

NADH 

ADP 

a-ketoglutarate 

L-glutamate dehydrogenase 

NH„ 

pH 
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26 (Fi; . 2.30) or a two-point, fixed-time kinetic approach" (Fig. 2 . 3 1 ) . The 

latter has the advantage of being an absolute method, not requiring the 

continuous use of standards (see Table 2.16). The precision of the two-

point, fixed-'time analysis is <1$; "the relative standard error of the data 

(estimated from linear least-squares regression analysis) is similar. 
(Simultaneous determination of silica and phosphate in water from a 

single experiment). Silica and orthophosphate, two of the major inorganic 
39 

nutrients in natural waters,must frequently be determined in the presence 
of each other. The colorimetric determination of these species is usually 
achieved through the formation of heteropolymolybdates. Often, to enhance 
the sensitivity of the assays, the (yellow) heteropo3.ymolybdates are subse-
quently chemically reduced to yield a "heteropoly blue" or "molybdenum blue" 
complex.^>41 giflce any of a number of species [including P(V), Si(IV), 
As(V), Ge(lV), Ti(IV), and Zr(lV)] may be the central ion of the hetero-12-

42 
molybdates, several procedures have been developed to increase the 

selectivity of the analytical reaction. 

Under the usual conditions for determining phosphate as the molybdenum 43 
blue complex, soluble silica is generally not a serious interferent. 

Arsenate, on the other hand, does interfere when present at a sufficient 

concentration. Such interference may be eliminated by reduction of 
44 45 arsenate to arsenite or by selective extraction techniques. Likewise, 

phosphate may be a serious interferent in the determination of silica; 
however, the addition of tartaric acid almost completely prevents formation 
of the arsenic and phosphorus complexes while leaving the silicon complex k6 largely unaffected. Kinetic differentiation between silica and phosphorus 

47,48 48 is also possible. Ingle and Grouch have determined silica by 
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Fig. 2.30. Enzymatic determination of ammonia by an initial rate 

approach. 
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Fig. 2.31. Enzymatic determination of f..mmonia by two-point kinetic 

analysis. 
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Table 2.16. Enzymatic determination of ammonia-nitrogen 

NH3-N taken 
(ppm) 

NH3«N found3, 
(ppm) 

Percent 
error 

2.0 1.983 ± 0.01513 -0.85 
4.0 4.017 ± 0.045 +0.43 

6.0 5-9^7 ± 0.050 -0.55 
8.0 7.9S7 ± 0.029 -0.41 

10.0 10.06 ± 0.029 +0.60 

^rom the formula: 

C, ppm = (SF)(AA^^q) > 
where SF is the theoretical substrate factor. 

^Mean ± standard deviation of three replicates. 
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measuring the rate of formation of the unreduced heteropoly acid and have 
subsequently determined phosphate in the same sample by measuring the rate 

of reduction to the molybdenum blue complex. 
Conditions are present here that will permit both a kinetic analysis 

for molybdate-reaetive silicon and an estimation of phosphate concentration 
from data obtained in a single experiment. These analyses are discussed in 
tiie context of a possible "nutrient rotor" concept, whereby several 
important inorganic constituents could be determined simultaneously by use 

k 49 
of a miniature CFA. ' 

Centrifugal Fast Analyzers have demonstrated considerable utility for 
equilibrium (end-point) as well as kinetic photometric or luminescence 
analyses 50-52 pas-j- Analyzers are multicuvet instruments capable of 
analyzing a number of samples and standards in parallel. Since all reac-
tions are initiated and observed essentially simultaneously under similar 
reaction •""mditions, including temperature, many of the sources of vari-
ability in the relationship between reaction rate and analyte concentration 

52 
are eliminated. Relatively rapid mixing (3 to 6 sac) and real-time 
computer control of the analyzer make it possible to obtain a series of 
accurately timed, early analog measurements during the first few seconds 
of the reaction. Reaction rates approaching the initial rate can then be 
computed by using the data processing unit and an extrapolation subroutine. 
Standards and samples can be processed simultaneously. 

To date, most applications of kinetic analysis by CFAs have been in the 
field of clinical chemistry and have largely been concerned with enzymatic 
reactions. Recently, however, nonequilibrium fixed-time analyses for such 53 5b inorganic species as sulfur dioxide and ozone have been reported. In 
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addition, Goldstein et al. have successfully used the variable-time kinetic 
55 

analysis for selenium. 
Our procedure for determining both silica and phosphate in -water from 

a single experiment is detailed in the paragraphs that follow. 
A. Experimental 

(1) Apparatus: 
The miniature CFA, as modified to give a multipurpose optical system, 

56 
is described elsewhere. 

(2) Reagents: 

The reagent used in our work was prepared by dissolving 9-35 g of 

NagMoO^"2H?0 in distilled water, adding 8 ml of concentrated HgSO^, and 

diluting to 1 liter with distilled water. 

A stock silicon solution, containing approximately 100 ppm of silicon, 

was prepared by dissolving 0.508 g of NagSiO^^HgO in distilled water, 

adjusting the pH to approximately 3 [for maximum stability of monomeric 

(hence, molybdate-reactive) silicon units ], and diluting to 500 ml. For 48 
accurate work, the solution should be standardized gravimetrically. How-
ever, the molybdate-reactive silicon concentration of the solution was also 
checked via a kit procedure (Silica test kit model SI-3, Hach Chemical 
Company, Ames, Iowa 50010) based on the production of a heteropoly blue 
complex in the presence of oxalic acid to reduce phosphate interference. 
Using the permanent color standard comparator provided with the kit, the 
mean estimate of the 

stocl- silicon content was found to be 102 ppm (±10$). 
A stock phosphate solution, containing 500 ppm of phosphate, was 

prepared by dissolving 0.716? g of KHgPO^ in distilled water and diluting 
to 1000 ml. 
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(3) Procedure: 
Fifty microliters of sample and 80 microliters of reagent were loaded 

into the inner and outer loading ports, respectively, of a standard design 
I4.l4.c5 

rotor. 7 7 The temperature of the rotor and its contents was brought to 
30.0 ± 0.1°C; then the contents were transferred and mixed via rapid 
acceleration of the rotor to 4000 rpm, followed by dynamic braking. After 
a 10-sec delay, the reaction was monitored at 1-sec intervals for up to 
48 intervals. At each interval, data from five successive passes of the 
cuvet over the stationary phototube (one pass every 80 msec) were averaged 
and stored by the computer. The absorbance of each cuvet at each time 
interval was computed, and the data acquisition system was linked with a 
linear least-squares regression analysis routine to automatically compute 
the slope and intercept of the absorbance-vs-time data. 

B. Results and Discussion 
(1) Determination of reactive silica: 

Our procedure, which is a modification of that described by Ingle 
48 

and Crouch, is different in several important respects. For example, 
we modified the reagent to permit a more rapid analysis. Also, we found 
that the sensitivity of the procedure was approximately four times as 
great when monitored at 340 nm; therefore, we used this wavelength instead 
of the 400 nm stipulated by Ingle and Crouch. With the modified reagent, 
we found that reactive silica could be determined either by an initial-rate 
kinetic approach (rate estimated by the slope of the progress curve over 
the time interval 10 to 15 sec after initiation of the reaction) or by an 
end-point absorbance measurement. Each approach yielded a calibration 
curve that was linear for a broad range of silica concentrations and had a 
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near-zero intercept. However, when the effect of phosphate interference 

was investigated, the superiority of the initial-rate procedure was clearly 
47 established. Hargis has studied the effect of extraneous ions on the 

determination of silicon "by an initial-rate approach and has found PÔ -3", 
3- 3+ 

AsO^ , Fe , and F to be the most serious interferents. 
Table 2.17 presents data showing the effect of selected chemical 

interferents on the determination of silicon by our initial-rate procedure. 
Phosphate, which reacts very rapidly with the modified reagent and thus 
contributes little to the slope of the data used to determine silicon (see 
Fig. 2.32), produces very little interference. Arsenate, which reacts 
very slowly with the reagent, does not interfere significantly at levels 
likely to be encountered in environmental water samples. In contrast, 
when the absorbance at equilibrium is used to compute silicon content, 
10 ppm of P0^ produces an error of approximately 75$ in the determination 
of 5 ppi of silicon. 

The linearity of the initial-rate (slope) calibration curve extends to 
at least 40 ppm of silicon. The sensitivity of the assay (estimated as 
twice the standard deviation of the measurement of the initial rate of a 
5-ppm sample, divided by the linear least-squares slope of the calibration 
curve) is 0.2 to 0.4 ppm. Thus the assay appears to be adequate for the 57 
determination of silicon in a variety of raw-water sources. The within-

run reproducibility of the measurement of the reaction rate is 1 to 3$. 

The relative standard error of the calibration cu^ve (as computed by linear 

least-squares regression analysis) averages about 2.5$. The day-to-day 

reproducibility of the least-squares slope of the calibration curve 

(determined over a two-week interval) is about 3$. 
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Table 2.17. iii'i'ect of chemical interferents on the determination 
of silicon by the initial-rate approach, 
using modified Ingle and Crouch reagent 

Concentrat 
taken 
(opm) 

•"'on Co nc ent r at io n 
found 
(ppm) Percent 

error Si AsG, 3- Cl" Si 
Percent 
error 

10.0 2.5 — — 9-97 -0.3 
10.0 5.0 — — 10.06 +0.6 

10.0 7.5 — — 10.05 +0.5 

10.0 10.0 — — 10.02 +0.2 

10.0 12.5 — — 9-87 -1.3 
10.0 — 5.0 — 10.10 +1.0 

10.0 — — 550 10.03 +0.3 

0.0 50.0 — — 0.07 — 

0.0 - - 20.0 — 0.40 — 
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Fig. 2.32. Simultaneous determination of silicon and phosphate. 
The slope of the absorbance-vs-time data is a measure of the silicon 
content of the sample, and the absorbance intercept is a measure of the 
phosphate content. 
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We obtained a sample of raw Mississippi River water and passed it 
through a 0.1+5-p. filter. This sample, as well as a "spiked" sample (10 ppm 
of silicon added), were analysed^ after correction for dilution, the 
recovery was calculated to be 99• £$• 

(2) Simultaneous determination of phosphate and silica in the same 
reaction: 

Under the conditions selected, both silicon and phosphate react 

rapidly; however, it is known that the reaction with phosphate proceeds 

more rapidly.^'^ In investigating the possibility of using a differential 
3_ kinetic assay for determining silicon and , it was noted that the 

3_ 
PO^ reaction was essentially complete prior to the measurement of the 

initial slope for the determination of silicon (see Fig. 2 . 3 2 ) . From the 

phosphate interference study, it was noted that the absorbance.-intercept 

from the linear least-squares analysis of the initial slope varied precisely 

with the phosphate content of the sample. In the presence of silicon only, 

the absorbance-intercept is relatively small (see Fig. 2 . 3 2 ) . In the 

absence of silicon, the absorbance-intercept of the slope data for phosphate 

standards over the concentration range 2.5 to 12.5 ppm corresponded to $6 

to 100$ of the mean absorbance, indicating that the intercept ic a measure 
3 -

of the equilibrium absorbance for the phosphate reaction. For PO^ in the 

range 2.5 to 12.5 ppm, the within-run reproducibility of the intercept is 

2 to 6$, and the relative standard error estimated from the least-squares 3_ 
regression analysis of absorbance-intercept xs P0^ concentration is 

approximately 2.5$ (correlation coefficient ~0.998, p <0.005). The calibra-

tion curve is linear to at least 50 ppm (highest concentration investigated). 

In the presence of extraneous ions (see Table 2.18), results are most 

reliable for phosphate concentrations greater than about 2 to 3 ppm. 
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Table 2.18. Effect of chemical interferents on the 
determination of POi^" "by the absorbance intercept 

of the initial-slope procedure 

Co ncentrat ion Concentration 
taken found 
(ppm) (ppm) 

P V * Si As0^3- P0^3-

2.5 10.0 - - 2.73 

5.0 10.0 — 5.26 

7-5 10.0 — 7.47 
— 20.0 — 0.49 

— 40.0 — 3-31 
— — 20.0 2.82 
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The literature contains references to several other methods for the 
determination of phosphate by use of a CFA. Daly and Ertingshausen 
Introduced a direct method for determining phosphate at 3^0 nm as the 
unreduced heteropoly acid. Their molybdate reagent contained a surfactant, 
Tween-80 (a polyoxethylene sorbitan monooleate). These researchers were 
investigating phosphate in serum, and the surfactant was reported to serve 
as a solubilizing agent for serum protein. They also found it necessary 
to employ an end-point analysis since they had noted that protein had an 

accelerating effect cn the reaction, thus precluding an initial-rate 
59 6o approach. More fundamentally, other researchers have reported that, 

under the conditions used by Daly and Ertingshausen, no reaction occurs 

when Tween-80 is omitted from the reaction mixture. This fact has been 

confirmed in our laboratory; in addition, we have noted that increasing 

the amount of Tween-80 appears to enhance the rate of color development 

for both the phosphate arid the arsenate reactions. The presence of the 

nonionic detergent in minute quantities [~0.3% (v/v)] does not affect the 

pH of the reaction medium, and no explanation has been offered for its 

role in the reaction. 

Another phosphate reaction which may be monitored at 3^0 nm is the 
6i 

enzymatic method of Pesce et al., which utilizes a combined enzyme-

substrate system linked to the oxidation-reduction reaction of NADP. The 

final products of the sequence of reactions are 6-phosphogluconate and 

NADPH. The amount of NADPH formed is monitored at 3^0 nm and is proportional 

to the concentration of Inorganic phosphate. Since the reagent mixture is 

complex and somewhat expensive and the sensitivity of the method is approxi-

mately the same as that for the unreduced heteropoly acid method, the method 



101 

as described in the literature would have no particular advantage for 
determining phosphate in environmental samples. However, it should be 
possible to increase the sensitivity of the method by a factor of 2 via 
addition of the enzyme 6-phosphogluconate dehydrogenase; this would 
effectively double the production of the monitored species (NADPH) and 
should make the sensitivity of the enzymatic method comparable to that 

of the heteropoly blue method (as measured at 650 nm). 
62 

Coleman et al. have reported an adaptation of the heteropoly blue 

procedure for orthophosphate to a centrifugal photometric analyzer. The 

data are linear over the P0^ concentration range 0 to k ppm; a usable 

calibration curve may be obtained for up to ppm by employing special 

data processing techniques. 

Our procedure has the advantage of rapid, automatic determination of 

both silicon and phosphate in a single experiment. In the case of silicon 

determination, the rapid measurement of the 12-molybdosilicic acid may have 

certain advantages (e .g. , in water with high salinity). Large amounts of 

electrolytes can adversely affect the molar absorptivity of the unreduced 

molybdosilicic acid by accelerating the conversion of the 6-isomer to the 

ovisomer. 5 This effect, which can produce substantial negative errors, 

is greatly minimized by rapid formation and measurement of the silicon go 
complex (see Table 2.17). 

(3) The "nutrient rotor" ~ a concept: 

We have demonstrated that both silica and phosphate may be determined 

by monitoring the formation of the heteropolymolybdates at 3^0 nm. The 

procedure is based on measurement of the rate of the reaction and extrapola-

tion of the data to obtain a measure of the "initial" absorbance, [In the 
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case of the phosphate reaction., we have seen that the extrapolated "initial" 

absorbance may, in fact, represent the end-point absorbance for a (relatively) 

very fast reaction.] This extrapolation procedure is analogous to that which 

has been previously employed with CFAs for the two-point, fixed-time kinetic 
26 6U 

analysis of glucose. ' Similarly, we have used this procedure for the 

enzymatic determination of ATP and of ammonia. The substrate is enzymati-

cally linked with the production of NADPH, and the reaction is monitored at 

3^0 nm. The first few seconds of the reaction are monitored to obtain (by 

extrapolation) an estimate of the initial absorbance (Ao); then a final 

reading is made to obtain the final absorbance (Af) after the reaction is 

complete. The change in absorbance (Af-Ao) is directly related to substrate 

concentration. 

Several of the inorganic nutrients may also be enzymatically linked to 

the oxidation-reduction reaction of NADH or NADPH. We have previously 6l 
mentioned such a procedure for phosphate. Another example is the determi-

nation of ammonia using L-glutamate dehydrogenase. In addition, the work 65 
of Garrett and Nason suggests that it may be possible to develop an assay 

for nitrate utilizing the enzyme NADPH: nitrate oxidoreductase (EC 1.6.6.2). 

We are currently investigating the possibility of combining our 

procedure for determining silicon and phosphate with several of the 

enzymatic assays for inorganic constituents to permit multiple chemical 

analyses of the major inorganic nutrients in a single rotor under a single 

set of observation conditions (including radiation wavelength). The 
analytical capabilities of the CPA, combined with the concept of a portable 

66 

analyzer, may yield a powerful tool for use in environmental analysis. 

Further developments in this concept will be reported in future communica-

tions. 



103 

2.4.3 Factors influencing evaporation from sample cups* and the 
assessment of their effect on analytical error 

2 

An initial study indicated that evaporative loss from sample cups 

was appreciable and had a significant effect on analytical results. During 

this reporting period, we continued this study and developed a model which 

allows evaporation rate to he predicted. 

Quantitative measurement of evaporative losses. We measured the 

effects of evaporation "both chemically and gravimetrically. In the 

chemical studies, the miniature CFA was used to analyze either control 
26 

sera or an aqueous standard solution for glucose as a function of time 

under several different experimental conditions. In the gravimetric 

studies, various volumes of water or serum were dispensed into several 

different types of tared sample cups, and the weight loss of each was 

determined as a function of time by weighing the cup and its contents at 

1-hr intervals for up to 8 hr. We used an analytical balance that had a 

repeatability of ±0.1 mg and had been calibrated against NBS certified 

weights. Table 2.19 lists the identification, source, and critical dimen-

sions of the various cups we used. 

Estimation of evaporative losses. Results of the evaporation studies 

led to the development of a mathematical model that allows one to estimate 

the quantity of a particular liquid lost by evaporation over a specific 

period of time from a cup of known geometry (Fig. 2.33). The theoretical 

A volatile solute can escape from the solvent, thereby decreasing its 
concentration in the sample, or the solvent (usually water) can evaporate, 
thereby increasing the concentration of the nonvolatile solutes in the 
sample, or both. Although the subsequent discussion deals primarily with 
the second effect of evaporation, most of the observations and discussion 
pertain to both. 



Table 2.19. Sample cups used in evaporation studies 

Dimensions 
Code Sample cup Code and volume Diameter Area Depth13 
number and source testeda (cm) (cm2) (cm) 

1 Micro-Tube MT-50 0.357 0.1001 2.18 
Hruden Laboratory Products -100 0 , 3 8 0 0.113^ 1.75 
Ann Arbor, Michigan -150 0.391 0.1207 1.35 

-200 0.1+22 0.1399 0.97 
-250 0.439 0.1513 0 . 6 0 
-300 0.439 0.1513 0.27 

2 Eppendorf Tube EP-1500 0.91 0.6503 0.39 
Brinkman Instruments 
Westbury, New York 

3 Centrifichem Sample Cup (0.25 ml) UC-100 O.69 0.3739 O.98 
Union Carbide Corporation -200 0 . 6 9 0.3739 0.73 
Tarrytown, New York -1+00 1.00 0.7853 O . 30 

k Nilab Sample Cup NI-1000 1.21 1.11+99 0.72 
National Instrument Laboratory Co. 
Silver Spring, Maryland 

5 0.5-ml AutoAnalyzer Cup TC-500 0.70 O.38I+8 0.48 
Technichon Corporation 
Tarrjrtown, New York 

6 5-ml SMAC Tube SM-1000 I . 25 1 .2271 3-1+3 
Technichon Corporation -2000 1.25 1.2271 1.28 
Tarrytown, New York -3000 1.25 1.2271 0.58 

-1+000 1.25 1.2271 0.2k 
-5000 1.25 1.2271 

7 ABS-100 Micro-Cup AB-50 0.45 0.1590 o.l+o 
Abbott Diagnostic Division 
South Pasadena, California 

3< Cup code followed by volume (pi) tested. 

^Distance from top of cup to surface of liquid. 
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basis for the model was diffusion through a stagnant gas film.^ The 
following assumptions were made: (a) water diffuses upward through a 
stagnant film of air; (b) the mole fraction of water at the gas/liquid 
interface can be calculated from the vapor pressure of water at room 
temperature; (c) the mole fraction of water in air at the top of the cup 
is the same as in the laboratory atmosphere; (d) the air/water mixture is 
an ideal gas; (e) the solubility of air in water is negligible; (f) the 
entire system is at constant temperature and pressure; and (g) the part 
of the cup that is above the liquid level can be approximated by a 
cylinder with the same diameter as the liquid interface. The applicable 
equation is, then: 

H 2 O 

PDTT ^ . p • ~ XJ r\— Any o *i "2 HgO-^ir 'air. 

Z = Z l
 2 1 airl 

* where 

V z=z, = rate of water evaporation at the interface, — — . 
cm •sec 

1 

Z^ = gas/liquid interface, cm; 
Z2 = top of cup, cm; 
p = atmospheric pressure, atm; 

Variables and constants included in the model are given in metric units 
since most handbooks list them in this manner. In the SI system, the 
following units should be used: 

pressure = N/m2 (1 atm = 101,325 N/m2) 

gas constant = 8.31U33 x 10^ — — 
K-m -mole 

All other units are as listed in the text. 
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2 
n = = dlfjfusivity of -water in air, cm /sec; JigU-air 

R = gas constant = 82.05 atm. cm-̂ /mole-K: 
T = temperature, K; 

Pair = P - PH 0 (PH o = vapor pressure of water); 
1 2 2 

( R H K P ^ ) 
p . = p t-^t (RH = relative humidity, airg luo 

With the incorporation of the appropriate terms, Eq. (14) can "be 
expressed in terms of the volume lost at the interface, as follows: 

% = IN dt sec | H20 (x5) 

The expression then "becomes: 

dv ^ v V - ^ V - , ^ 2 
pMH2o(Vo-air)Al Pair, 

In- (16) dt p^ ̂ .'RTh p . 

HgO âir.̂  

where 

= rate of water evaporation at the interface, cm^/sec; 

MJJ Q = molecular weight of water, g/mole; 
p„ n = density of water, g/cm^; 
2 

2 A1 = area of sample cup at the liquid-air interface, cm ; 

h = Z2 - Z^ = height of stagnant air mass, cm (i.e., the vertical 
distance from the surface of the air-liquid interface to the 
top of the sample cup). 
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In addition, the relationship between the rate of evaporation, dv/dt, and 

the rate ->f change in the height of the stagnant air mass can be expressed 

as follows: 
dv . dh /-.rrv 
d t = A l d t ' vl,) 

Substituting the expression for dv/dt from Eq. 'lo) into Eq. (17), we have; 

dh 
dt 

dM. D . Hg 0 ft, 0-air a i r
2 

V * ' 1,1 ^ 
1 . (18) 

The term in brackets is a constant (C) for a particular set of conditions and 
can be readily calculated. 

Integrating Eq. (l8) between the initial height, h^, and the final 
height after evaporation, h^, gives 

O 
(hfr - (h-r — § — = ° ' t ' ( 1 9 ) 

From the geometry of the cup, one may calculate the volume loss corresponding 
to the change in height of the stagnant air mass (h^ - h^) for a given time t. 

This model can then be used to predict evaporative loss from a given cup 
containing a specific volume of liquid under a selected set of environmental 
conditions. It should be noted, however, that losses due to convection are 
not included in the model. 

Analytical effects of evaporation. The primary effect of evaporation 
is on analytical accuracy because the concentration of dissolved solutes in 
a sample will increase as solvent evaporation continues. This is demon-
strated in Fig. 2.34, which shows the glucose concentrations of duplicate 
aliquots of two control sera as a function of time. To minimize evaporation, 
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Fig. 2.34. Analytical effect of sample evaporation as a function 
of time. 
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75 (-1 of silicone oil (Sera-Seal; Abbott Diagnostics Div., South Pasadena, 
California 91030) was layered over one of the aliquots. The results very 
clearly indicated that evaporation had occurred in the uncovered samples 
since their glucose concentrations increased as a function of time, while 
the glucose concentrations of the covered samples remained nearly constant 
throughout the 5-hr experiment. 

Factors affecting evaporative loss. Many factors influence the 
magnitude of evaporative loss; several of the more obvious ones are listed 
in Table 2.20. Using either actual measurements of the evaporative loss or 
the experimental model to estimate it, we have attempted to quantitate the 
effects of the more important factors. 

(Time). Evaporation is a time-dependent phenomenon; thus time is a 
very critical factor in determining the magnitude of evaporative loss. From 
the moment the sample is withdrawn from the patient until the final quantita-
tive measurement is made, evaporation can. occur throughout the analytical 
process and cause an appreciable analytical error. For example, the data 
which will be subsequently presented and discussed will demonstrate that this 
error can be as high as 40 to 50$ over an 8-hr period. 

(Environmental factors). As would be expected, environmental factors 
have a pronounced influence on the evaporative loss of a liquid from a sample 
cup. The mathematical model discussed earlier [Eq. (16)] can be used to 
demonstrate the effect of environmental factors on evaporative loss. 
Figures 2 . 3 5 - 2 . 3 8 show evaporative loss from the Micro-Trbe (MT), Union 
Carbide (UC), SMAC, and Abbott (AB) sample cups as a function of ambient 
temperature and relative humidity; as may be seen, it is directly proportional 
to ambient temperature and inversely proportional to relative humidity. The 
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Table 2.20. Factors affecting evaporative loss 

I. Time 
II. Environmental factors 

A. Ambient temperature 

B. Relative humidity 

C. Air flow 

III. Sample cup properties 

A. Design 
B. Volume capacity 

IV. Sample properties 
A. Nature of solvent 
B. Solutes 

C. Surface effects 
V. Instrumental factors 

A. Mode of operation 

B. Sample cup environment 
C. Sample protection 

VI. Operator technique 
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Fig. 2.35. Effects of ambient temperature and relative humidity as 
a function of time on evaporative loss from the Micro-Tube sample cup. 
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UNION CARBIDE CUP 

SAMPLE VOLUME = 300 
SAMPLE DEPTH = 0.5 cm 
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Fig. 2.36. Effects of ambient temperature and relative humidity as 

a function of time on evaporative loss from the Union Carbide sample cup. 
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SMAC SAMPLE CUP 

SAMPLE VOLUME = 1000 
SAMPLE DEPTH = 3.43 cm 
SAMPLE AREA = 1.2271 cm2 

BAROMETRIC PRESSURE = 740 mm Hg 
TIME = 6 HOURS 
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Fig. 2.37. Effects of ambient temperature and relative humidity as 

a function of time on evaporative loss from the SMAC sample cup. 
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Fig. 2.38. Effects of ambient temperature and relative humidity as 

a function of time on evaporative loss from the Abbott sample cup. 



strong influence that these two environmental factors exert on evaporation 

may "be partially responsible for the seasonal fluctuations some laboratories 

experience in their quality control data. 

A third environmental factor which potentially can cause the greatest 

evaporative loss is the magnitude of air flow within the laboratory. As the 

air flow increases across the surface of a liquid-air interface, vapor is 

swept with it, providing a driving force for evaporation. For this reason, 

sample covers are provided with most Instruments. However, as will be 

discussed later, appreciable evaporative loss can occur even when such 

covers are employed. 

(Sample cup properties). Although the evaporation of liquid from a 

sample cup is basically a function of the interaction of several environ-

mental factors, its magnitude is influenced by the geometry, design, and 

physical properties of the cup. 

The effect of sample cup geometry was determined by placing selected 

volumes of distilled water into various types of tared sample cups and then 

weighing them at designated times to determine evaporative losses. Between 

weighings, the sample cups were covered unless specified. The cups that 

were studied and their critical dimensions and volumes are listed in 

Table 2.19. Cross-sectional views of the cups are illustrated in Fig. 2.39. 

The evaporation rates obtained for these cups and the environmental 

conditions under which they were measured are summarized in Table 2.21. In 

general, the rate of evaporation was proportional to the surface area of 

the liquid and inversely proportional to the vertical height of the stagnant 

air mass that is located between the liquid surface and the top of the 

sample cup. 
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Fig. 2.39. Cross-sectional views and diameters for seven sample 
cups used in evaporation studies. 



Table 2.21. Knvironmental conditions and estimated vs measured evaporation rates for several sample cups 

Cupa 

Ambient 
temperature 

<°C) 

Relat ive 
humidity 

(*) 

Barometric 
pressure 
{mm Hg) 

D i f f u s i v i t y b 

(cm2/sec) 

Vapo v 
pressure 

(mm fig) 

Evaporation 
predicted 

ra te ( | . l / h r ) 
Measured 

Relative 
l o s s 

()./hr • 

AB-50 25.1) 53 736.6 0.2660 2)4.29)4 3.7 5.5 11.0 

:-::-l500 22.3 3Q 752.9 0.251(7 20. Hi? 16.0 16 .2 1.1 

MT-50 25.1 56 736.6 0.261.2 23.977 0.5 0.5 1 .0 
-100 0 /1 O.c o.fc 
-150 0 / ' 1 . 1 
-200 l.i" 1.5 0.:' 
-250 2 . 
-300 U.O 3 . 2 l . l 

"1-1000 22.3 38 752.? 0.25)17 20.1'i? 17.2 22.' ' -l 
SM-1000 23.? 63 7^6.6 0.2593 22.2143 2.7 2.9 0 . ; 

-2000 3.7 3.7 0 .2 
-3000 5.U 5 . 3 0 .2 
-)|U,0 ? . 7 8 . 2 0 .2 

TC-500 22.3 33 752.0 0.25)47 20.1ii9 12.? 12 .? 2 . 6 

UC-100 22.3 36 ->Uk.5 0.2601 20. 111? I4.U I4.9 
-200 5.2 5.9 3.0 
-300 3 .0 8 .2 L. 
-!)00 H . 5 11.1 •5 # 1 

UC-300d Z2.1 3S 752.9 0.25U7 20.1I4C. - 1U.0 U.o 

aSee Table 2 . I f ' f o r i d e n t i f i c a t i o n and sources of the individual sample cups. 

^ O i f f u s i v i t y ca lcu la ted from the r e l a t i o n s h i p 

T 1 > 7 5 f o D = (0 .220)(—) ( -£ ) , T0 P 
where T = ambient temperature, K; TQ - ?73 K; r = 760 mm ilg; I' = barometric pressure , mm lie (1 mm He 13? :a). 
Reference: W. P. Boynton and W. H. Bra l t a in , I n t e r d i f f u s i o n of Gases and Vapors. 

V a l u e s obtained from R. H. Perry e id C. H. Chilton, Chemical rlnginecrs Handbook, 5th e d . , p. Mcr,raw-Hill, 
I!ew York, 1973< 

^Sample cups were uncovered durinc the e n t i r e experiment. 
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Results of the experiments summarized in Table 2,21 indicated that 
evaporative loss is dependent on the type of sample cup used. Since a 
gravimetric study is laborious and time-consuming and there are literally 
hundreds of different types of sample cups, it was desirable to develop a 
model which could be used to predict evaporative loss for any cup of known 
geometry under specific environmental conditions. Consequently, the model 
described previously was developed to serve this purpose. 

The predictive capabilities of the model were evaluated by comparing 
the evaporative losses measured gravimetrically for the seven cups studied 
with those calculated by the model. These comparisons are listed in 
Table 2.21. In general, the agreement is good, indicating that the model 
is approximately correct. Note that the discrepancies encountered always 
occurred when the liquid level was near the top of the cup. Under these 
conditions, differences between the predicted and measured values can be 
attributed to convective air currents ana measurement errors. When the 
liquid level is near the top of the cup, convective air currents may sweep 
into the cups. Since the model is based on diffusion of a vapor through a 
stagnant air mass, air convection would be expected to decrease the predic-
tive power of the model, which is consistent with the data obtained in our 
study. In addition, when the liquid level is near the top of the cup, it 
is more difficult to measure the depth of the stagnant air mass; hence the 
predictive value of the model is more subject to error and uncertainties 
under these conditions. 

The results of these experiments and those predicted by the model 
indicated a direct relationship between the volume of liquid placed in a 
sample cup of a particular design and the absolute quantity of liquid lost 
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"by evaporation. For example, when the evaporation data obtained'from the 
UC cup are plotted as a function of time ana sanaple volume (Fig. 2.401, the 
largest quantitative loss was observed with the 400-j.il sample, with lesser 
losses observed for the 300-, 200-, and 100-pl samples. Similar results 
were also obtained with the various volumes placed in the other types of 
sample cups (Table 2.21, Figs. 2.41-2.43). 

Evaporative loss, when related to its effect on analytical error, can 
be demonstrated to be proportional to the relative loss of liquid from the 
sample. For example, the initial concentration of a given solute can be 
expressed as: 

Co = f < o 
where 

C = initial concentration of solute, o ' 
q = quantity of substance, 
Vq = initial volume of sample. 

After a finite time (t) in which an evaporative volume loss of has 
occurred, the concentration of the solute then becomes: 

cf = H h r • (21) o e 
Relating the initial to the final concentration, it can be shown that: 

C V 
= 2 . (22) 

Cp V - V v ' f o e 
Thus the change in concentration of the substance is proportional to the 
relative loss of liquid from the example. 
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Fig. 2.1+0. Evaporative loss as a function of cup volume and time 
for the Union Carbide sample cup. 
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for several different types of sample cups. 
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Fig. 2.42. Evaporative loss as a function of cup volume and time 
for the Micro-Tube sample cup. 
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Fig. 2.U3. Evaporative loss as a function of cup volume and time 

for the SMAC sample cup. 
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When the data shown in Fig. 2.ko are replotted as a relative evapora-
tive loss vs time and sample volume (Fig. 2.44), the 10CH.1 sample -was 
found to have the greatest percentage loss, followed "by the 400-, 200-, 
and 300-^1 samples. Thus one would expect the analytical error due to 
evaporation to be greater in the 100-^1 sample than in the 400-, 200-, and 
300-1*1 samples. This expectation was confirmed experimentally by analyzing 
various volumes of an aqueous glucose solution for glucose content as a 
function of time. The data obtained in this experiment (Table 2.22) are 
consistent with the above observation and indicate a greater analytical 
error due to evaporation for the 100-ul sample: the smallest error was 
observed for the 300-p.l sample. Therefore, when the problem of evaporation 
is considered, one should relate the quantitative evaporative loss to the 
starting volume since the analytical error is proportional to the relative 
loss instead of the quantitative loss. Consequently, the relative evapora-
tive losses determined for the various sample cups are also listed in 
Table 2.21 and shown graphically in Figs. 2.45-2.47. 

The experiments discussed above demonstrated that evaporative loss 
should be expressed on a percentage or fractional basis in order to relate 
it to analytical error. This fractional loss can also be expressed in 
terms of the change in depth of tne liquid sample as evaporation occurs. 
For example, for a cup of constant diameter (Fig. 2 . 3 3 ) , the fractional 
loss (F) can be expressed as: 

h f h. 1 F = h i (23) 
o 
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2 3 4 
TIME (HOURS ) 

Fig. 2,kh. Relative evaporative loss as a function of cup volume 

and time for the Union Carbide sample cup. 



Table 2.22. Effect of sample cup volume on the magnitude of analytical 
error in glucose measurements3 due to evaporation 

Sample cup volume 
100 nl 200 pi 300 ill 400 nl 

Time 
(hr) 

Cone. 
(mg/i) 

Error 
m 

Cone. 
(mg/A) 

Error 
(f) 

Cone. 
(mg/jI) 

Error 
do) 

Cone, 
(ffig/i) 

Error (*) 

0 1911 0.0 1907 0.0 1907 0.0 1904 0.0 

0.9 1970 3.1 1936 1.5 1928 1.1 1940 1.9 

1.7 2040 6.8 1982 3.9 1972 1990 4.5 

3.5 2187 2058 7.9 2023 6.1 2055 7.9 

6.0 2405 25.9 2176 lU.l 2080 9.1 2102 10.4 
cL 
Glucose concentration measured under the following analytical conditions: 
sample assay volume = 2 pi; reaction volume - 122 pi- wavelength = 3^0 nm; 
temperature = 30.0°G; reaction time 6 min; type of assay = equilibrium, 
with sample blank correction. 
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3 4 
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Fig. 2.1+5• Relative evaporative loss as a function of cup volume 
and time for several different types of sample cups. 
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Fig. 2.1*6. Relative evaporative loss as a function of cup volume 
and time for the Micro-Tube sample cup. 
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Fig. 2.1+7. Relative evaporative loss as a function of cup volume 

and time for the SMA.C sample cup. 
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where 

F = fraction of liquid lost; 

hQ = initial depth of liquid; 

hp = height of stagnant air mass after evaporation; 

h^ = initial height of stagnant air mass. 

As shown earlier in Eq. (19) of the evaporation model, the final height of 

the stagnant air mass is given, after rearrangement, "by the equation 

hf = Jh* + 2Ct = /l + . (21+) 
hl 

The square-root term for this expression can he expanded into a power 
2Ct series, and for small evaporative losses (e.g., when — « 1 ) the final 
hi2 

height of the stagnant air mass is approximately: 

h f = h l + ( 2 5 ) 

Substituting this expression for hf into Eq. (23), the fractional loss of 
liquid becomes: 

* / V 
The initial depth of the liquid (hQ) can be measured directly or calculated 
using the relationship: 

where 

Vq = initial volume of sample, 

d = diameter of the cylindrical section of the cup. 
It should also be noted that this expression can be used to obtain an 
effective depth of liquid in the event the cup should contain a conical 
bottom. 
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F « — * ^ , (26) o 

which reduces to 

~ h h ' v ' ' l o 

Note ̂ hat Eq. (27) predicts 
that the fraction cf liquid loss will increase 

linearly with time, and for a given cup will depend on the product of the 

initial depth of the liquid in the cup and the height of the stagnant air 

mass located over it as well as the atmospheric parameters included in the 

constant C. The height of the stagnant air mass can also he related to the 

depth of liquid "by the expression: 
h = h + h_ , (28) o 1 ' 

where 

h = the height of the sample cup. 
Then the rate of fractional liquid loss, R, for short times (small losses) 
is: 

^ c ^gO^O-air Pair2 
R = dt = (h - h )h = (h - h )irr—RT ' l n (29) 

o' o v o' o H„G rairn 
2 1 

In addition to predicting the evaporation rate for a given cup, 
Sq. (29) also suggests an optimum depth for filling the cup with liquid 
to reduce the effects of evaporation. As noted, R is a function of hQ and 
is a minimum when the denominator of Eq. (29) is a maximum. This occurs 
when: 



that is, when 
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d[(h - h ) h ] 
d h ^ " = 0 = h - 2h j (30) 
o 

ho - I • (31) 

Thus, to minimize the evaporative loss from a sample cup, the cup 

initially should he only half full. This somewhat surprising relationship 

has "been confirmed experimentally as shown by the data listed in Table 2.21. 

For example, when the fractional evaporative losses obtained from the. MT 

sample cups were plotted as a function of cup capacity (Fig. 2.1+8), the 

minimum loss occurred when the cups were approximately 50% full. Similar 

curves were also obtained for the UC (Fig. 2.1+9) and SMA.C (Fig. 2.50) cups. 

The data also suggest that, for a given sample cup, a useful volumetric 

range to minimize evaporation would be from 25 to 75% of the cup capacity. 

Sample volumes below or above this range would be severely affected by 

evaporation. 

(Sample properties). The chemical and physical properties of a sample 

will affect evaporative loss. For example, the properties of the solvent 

in which the solutes of the sample are dissolved or suspended are important 

in determining the magnitude of the loss. In biological samples, this 

solvent is water: therefore, evaporation from such samples is a function 

of the physical properties of water, including vapor pressure, diffusivity, 

density, molecular weight, etc. When a liquid other than water is used as 

the solvent (e.g., an organic solvent from an extractive process), its 

physical properties will be different and the rate of evaporation will be 

affected accordingly. In most cases, the organic solvent will have a 

greater vapor pressure than water and a greater evaporative loss. 
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Fig. 2.48. Relative evaporative loss as a function of cup capacity 

for the Micro-Tube sample cup. 
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Fig. 2.4-9. Relative evaporative loss as a function of cap capacity 
for the Union Carbide sample cup. 
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Pig. 2.50. Relative evaporative loss as a function of cup capacity 
for the SiMA.C sample cup. 
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The inter- and intramolecular forces exerted bet-ween the solutes and 

solvent of a liquid sample will also affect evaporative loss. For example;, 

it has been reported that evaporation of water was more rapid from buffered 

solutions or ovalbumin or hemoglobin than from solutions of various 
68 

surface-active agents or from buffer alone. In a gravimetric study of 
the comparative evaporative losses of water vs serum samples as a function, 
of volume size, we found the evaporative loss from serum samples to be 
consistently higher than those from water samples (Fig. 2.51). 

There is also an interaction between the surface properties of the 
sample and the material used to fabricate the sample cup. If the surface 
of the cup is wet by the sample, the resulting larger meniscus may provide 
additional surface for evaporation. If the surface of the cup is non-
wettable, the sample will have a smaller meniscus. This will result in 
relatively less evaporative loss than from a similar cup fabricated from 
a wettable material. Thus, one means by which evaporative less can be 
decreased is to use cups fabricated from nonwettable material. 

(Instrumental factors). Several instrumental factors, for example, 
the type of instrument used and the method of operation, will influence 
the analytical error due to evaporation. In a continuous-flow or discrete-
type analyzer which is electronically calibrated against the chemical 
responses obtained from reference standards, evaporative loss may not be 
a problem, especially if the reference and patient samples are treated 
exactly the same. Under these conditions, a similar volume of liquid is 
lost from each as evaporation occurs; thus the analytical error due to 
evaporation would be masked due to the ratioing mode in which the machine 
is calibrated. One should be aware that since evaporation will occur at 
different rates for serum and aqueous samples (see Fig. 2.51), evaporation 
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Fig. 2.51. Evaporative loss as a function of cup volume and time 

for both serum and water samples. 
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may cause analytical problems when aqueous solutions of standards are 
used for calibration and sera obtained from patients are the samples being 
analyzed. In addition, to minimize the effects of evaporation, similar 
volumes of standards and of sera from patient should be placed into the 
sample cups. 

The instruments in which evaporation can potentially cause the 
greatest analytical error are the discrete-type analyzers which are 
operated in the batch mode, offer microvolume capabilities, and use 
stoichiometric factors instead of chemical calibration factors. For 
example, with these instruments, small volumes of samples (usually 500 ul 
or less) are poured into cups which are subsequently placed into a 
carousel. During the course of the day, aliquots of sample are repeti-
tively sampled from these cups as the technologist performs several 
different chemical analyses on them, sequentially and batchwise. Hence, 
the samples may remain in the cups for periods up to several hours. Under 
these conditions, progressive evaporation of solvent from the small 
volumes involved will significantly increase the concentration of the 
dissolved analytes, especially if preventive measures are not taken. 

Previously we have discussed the role that environmental factors have 
on the magnitude of evaporative loss. The manner in which an instrument 
maintains temperature control can also influence evaporative loss if it 
changes the immediate or proximal environment of the samples. For 
example, evaporative loss will be increased in a machine which maintains 
the samples at an ele-yated temperature such as 30°C or 37°C. In addition, 
if an open water bath is used to maintain temperature, it may increase 
the relative humidity and thus decrease evaporative loss. 
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A fourth factor in governing the evaporative loss that might "be 

expected from a particular instrument is the technique or means used to 

prevent or minimize evaporation. In most instruments, this consists of 

a cover which fits over the sample carousel and thereby protects the 

surface of the sample. However, one should be aware that appreciable 

evaporative loss can occur even if the sample cup is covered and convective 

air currents are eliminated. This loss is predicted by the evaporation 

model and confirmed experimentally by measuring the evaporative loss from 

both covered and uncovered UC cups which contained 300-pl aliquots of 

water. In this study, the covered and uncovered sample cups had evapora-

tive losses of 2.8% and 4.9% per hour, respectively (Table 2.21). Thus 

evaporative loss was retarded by covering the sample; however, the loss 

even from the covered cup was appreciable. 

(Technique). Another factor that influences the magnitude of 

evaporative loss is the technique of the operator. For the most part, 

technique involves the use of common sense and good laboratory practice. 

For example, if the system requires sample covers, the operator should make 

a conscientious effort to use them, even though it may delay his work 

schedule slightly. In addition, he should not place a loaded sample 

carousel in an area where a draft exists or in a sunny location near a 

window. In general, the evaporative loss due to technique can be held at 

a minimum if the operator is aware of the problem and exercises care in 

his work. 

Minimizing evaporative loss. These studies have shown that evaporative 

loss is a serious analytical problem and must be minimized. Several solu-

tions to achieve this goal are possible: 
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(1) Control and maintenance of the laboratory environment. The three 

factors that may be controlled to minimize evaporative loss are 

temperature, relative humidity, and air flow. As in most situations, 

a compromise must be made since the environmental conditions that 

would result in decreased evaporative loss (i.e., low ambient 

temperature, high relative humidity, and decreased air flow) would 

be very uncomfortable for the operator and might also result in 

operating problems with the system. It becomes obvious, then, that 

a compromise must be made between comfort and minimized evaporative 

loss, which, under these conditions, might mean an air-conditioned 

laboratory having an ambient temperature of 21°C (70°F) and 50% 

relative humidity. 
e 

If fluctuations in the laboratory environment become a problem, oni 

possible solution* is the use of a chamber in which the samples are 

maintained at a reduced temperature and at an increased relative 

humidity during the time they are not actively in the loading 

process. However, care should be taken that water does not actually 

diffuse into the sample, or that condensation, which would collect 

on the walls and ceiling of the chamber, does not fall into the 

sample cups and dilute their contents. A simple alternative to the 

use of an environmental chamber would be to place the sample carousel 

in a refrigerator between loadings. 

(2) Covering of the sample. Theoretically, evaporation could be minimized 

by keeping the sample covered at all times and by minimizing the 
* 

Suggested by Dr. James Penton, Institute for Health Research, San 
Francisco, California. 
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volume of the stagnant air mass located "between the liquid level of 
the sample and the cover. However, since aliquots of the sample 
must be taken for analysis, this is often not a practical solution 
unless a means of sampling through the cover is available. Two 
options are available for this: (a) the cover could be of a rigid, 
semirigid, or permeable membrane that is punctured by the sampling 
probe; or (b) the cover could be an immiscible liquid such as a 
silicone fluid which is layered over the top of the sample and through 
which the probe can easily pass. Both of these options have dis-
advantages; the first requires a strong and inflexible probe, the 
availability of which is limited especially for 1- to 10-pl volumes 
of sample, while the second risks contaminating the sample probe with 
the silicone fluid. Also, as shown in Fig. 2.52, care must be taken 
to ensure that an adequate volume of silicone fluid is used; otherwise, 
part of the surface of the sample will be exposed and evaporative loss 
will still occur. 

(3) Selection of sample cup with desired features. As demonstrated earlier 
in the data listed in Table 2.21, evaporative loss occurs at different 
rates from cups having different cross-sectional designs. In general, 
evaporative loss is less for tall cups (cups 1, 2, and 6) and greater 
for short cups (cups 3, 4, 5, and 7). Thus evaporative loss can be 
minimized by the use of a particular cup design having a relatively 
large height-to-diameter ratio. This condition is fulfilled by the 
0.2-ml Micro-Tube (cup 1, Fig. 2.39). The validity of this selection 
is predicted by the mathematical model and has also been confirmed 
experimentally (Fig. 2.48, Table 2.21). 
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The minimal evaporative loss from the Micro-Tube led. us to consider 

using this type of cup in the sample-reagent loader which has been developed 

fcr use with the miniature Centrifugal Fast Analyzer. When selecting a 

sample cup, one has to consider both theoretical and practical aspects. 

For example, our experimental results, as well as the mathematical model, 

indicated that evaporative loss can be minimized by decreasing the diameter 

of a cup relative to its height. However, there is a practical limitation 

to the benefit gained by this approach since filling of the cup with 

sample becomes a problem as the diameter of the cup is decreased. In 

addition, the sampling probe that is inserted into the cup may also impose 

a practical limitation on the minimum diameter of the cup. These problems 

were considered specifically with regard to the dimensions of the Micro-Tube 

cup. It was found that samples could be very easily introduced into this 

cup via a disposable pipette or a similar type of pipetting device. In 

addition, we found that it was possible, with the assistance of a probe 

guide, to position a sampling probe over the cup and then direct the probe 

into its contents for sampling. Consequently, the turntable of the sample-

reagent loader was modified to accept a carousel which holds 17 of the 

Micro-Tubes (Fig. 2 . 5 3 ) . 

To demonstrate that the use of Micro-Tubes will minimize the analytical 

effects of evaporation, an experiment was conducted in which various volumes 

of an aqueous standard solution of glucose were placed into Micro-Tubes and 

their glucose content measured as a function of time. The volumes studied 

were 50, 100, and 200 |il, with four replicate samples being assayed for 

each volume. For reference purposes, four tubes were filled with 200 p.1 

each and capped between loadings. The other tubes remained open during 
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Fig. 2.53. Modification of carousel of sample-reagent loader to 

accept Micro-Tube sample cups. A. Micro-Tube sample cup used in 

modified loader. Height = ~2„5 cm; working capacity = 20 to 200 pi; may 

be capped between samplings. B. Carousel of sample-reagent loader which 

has been modified to hold 17 Micro-Tube sample cups. C. Guide which is 

placed over the sample carousel containing the Micro-Tubes. Note the 

beveled edge of each aperture which serves to guide the sampling probe 

downward into the contents of each Micro-Tube. 
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the entire experiment. The results, which are summarized in Table 2.23, 

indicate that very little evaporation occurred.. For example, the 8-hr 

loss was only 3-5% for the 50-pl sample, while the losses for the 100- and 

200-pl samples were hardly detectable. The samples were also assayed 2k hr 

after the experiment had been initiated. At this time, evaporation had 

begun to have a noticeable effect on the glucose concentration of the 

uncapped samples; however, this would not present a problem in routine 

analyses since samples are not normally allowed to remain in their cups 

that long. 

This study with the Micro-Tubes pointed out an additional advantage 

which was gained by using these cups; that is, sample volumes as small as 

50 p.1 could be used and processed. In fact, by positioning the sample 

probe to withdraw sample from the bottom of the tube, a 10-p.l aliquot can 

be obtained from a total volume as small as 20 pi. This low-volume 

capability should prove very useful in pediatric and small-animal clinical 

studies. 

In summary, current studies have demonstrated that the loss of liquid 

from a sample due to evaporation can be a serious problem, especially when 

microliter volumes are involved. The magnitude of this loss is determined 

by the interrelationship of a complex set of variables which include 

environmental, instrumental, and operational factors as well as the chemical 

and physical properties of the sample and its container. Since the error 

due to evaporation can, in some instances, be as high as 25 to 50$, steps 

must be undertaken to minimize its effect. Evaporative loss can be 

minimized by controlling the laboratory environment, selecting a sample 

cup of a favorable design, filling the cup only one-half full of sample, 



Table 2.23. Effect of evaporation on the glucose content 
of samples placed in Micro-Tube sample cups 

Sample volume 
50 n: T_ 100 |ii 200 |ii 200 nl + cap 

Time RSD RSD RSD RSD 
(hr) Mean8, (*) Mean8, (*) Meana (*) Meana (%) 

0 2002 0.7 1997 0.9 1999 0.6 2000 0.6 

1 1996 0.5 2008 OA 1999 0.5 1997 l.l 

2 1997 oA 1996 0.7 1998 0.6 2002 0.6 

3 1989 1.3 2C08 0.6 199^ 0.9 1990 0.7 

k 2039 0.7 2026 0.8 2025 0.7 2005 0.5 

5 2030 0.1 2010 0.3 2037 0.5 2008 0.6 

6 2031 0.9 2030 0.5 2033 0.5 1999 1.5 

7 2057 OA 2007 0.6 2022 0.9 1995 O.H 

8 2070 0.2 2017 0.6 2027 0.6 1985 0.8 

2b 23II 0.6 2176 0.9 2180 0.6 2019 1.1 

Glucose concentration in mg/liter; mean of four measurements at each 
time. 
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using effective sample covers, and following good laboratory practice. In 
this way, the analytical error, even with microliter volumes of sample, 
can be held to 1 to 2$ o r less. 

2.4.4 Biochemical markers of cancer — kinetic analysis for 
serum /-glutamyl transpeptidase 

69 r 

Batsakis et al. have defined a group of enzymes (./-glutamyl trans-
peptidase (GGTP), leucine aminopeptidase (LAP), and 51-nucleotidase] as 
"biliary tract enzymes," whose elevated activities in serum reflect, to 

varying degrees, obstruction, proliferation, inflammation, and malignancy 
70 

involving the bile duct system of the liver. Each of these enzymes 
parallels, usually with greater sensitivity and specificity, the activity 
of nonspecific alkaline phosphatase (AP) in hepatobiliary disease. Several 71 72 variant isoenzymes of serum AP, including the Nagao, the Regan, and the 

73 Regan Variant have been associated with neoplasia; and, at least for 
hepatic malignancy, GGTP is the most frequent and sensitive indicator of 

74 
an abnormality. 

The sensitivity of the enzyme to liver disorders, its marked storage 
stability, and the simplicity of its determination make plasma measurements 74 
of GGTP the best available means of screening for liver disease. The 

availability of a reagent kit* for kinetic measurement of GGTP activity 

and its ready adaptability to use on the Centrifugal Fast Analyzer made it 

highly desirable to develop a kinetic measurement of GGTP and to evaluate 

this enzyme as a potential biochemical marker of hepatic cancer. 

* 
Worthington Statzyme 7-GTP, marketed by the Worthington Biochemical 
Company, Freehold, New Jersey. 
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Introduction. The enzyme GGTP (EC 2.3.2.1) catalyzes a reaction 

between glutathione and any one of a number of amino acids to form the 

corresponding 7-glutanyl-amino acid and cysteinyl glycine. The enzyme 

can also catalyze transpeptidation reactions involving 7-glutamyl-amino 

acids other than glutathione. Its activity toward y-glutamyl-p-nitroanilide 

forms the basis for the currently used clinical estimations of serum GGTP 
75 

activity; the reaction involved is as follows: 7-glutamyl-£-nitroanilide 
GGT̂ 3 

+ glycylglycine — > o-nitroaniline + 7-glutamylglycylglycine. 
Released p-nitroaniline absorbs at 1+00 nm, and the enzyme activity is 
proportional to the increase in absorbance at this wavelength. 

Absorbance linearity on the CFA. The response of the CFA optical 
system to p-nitroaniline using the 1+00-nm filter is illustrated in Fig. 2.5!+. A linear response was observed for absorbances from 0.1 to 

- 6 -1+ 

1.9} covering a range of concentrations from 5 x 10 to 2.05 x 10 M. 

The nonzero intercept resulted from the use of a water reference rather 

than a reagent blank. The molar absorptivity of p-nitroaniline was 

determined to be S900 using the 1+00-nm filter on the CFA.. 
Assay method. The Worthington kit contains the lyophilized reagents 

as listed in Table 2.2b. Reconstitution is achieved by the addition of 

3.0 ml of distilled water, and dissolution is effected by placing the 

reconstituted reagent in a constant-temperature bath at 37SC for 10 min. 

Glycylglycine in the reagent kit serves as the acceptor of the 7-glutamyl 

group upon enzymatic hydrolysis. 'Glutamate is present at approximately 

86 times the concentration which normal serum would contribute (free 
76 

glutamate) in order to mask any enhancing effect of extraneous glutamate 
on apparent GGTP activity. 
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p-Nitroaniline C o n e . ( M . x l 0 5 ) 

Fig. 2.54. Linearity of absorbance measurements for p-nitroaniline 

at 400 nm on the Centrifugal Fast Analyzer. 
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Table 2.24. Reagents contained in the 
Worthington Statzyme y-GTP Kit 

Reagent 
Concentration3-
(micromoles /'ml) 

7-Glutanyl-p-nitroanilide 

Glycylglycine 

Glutamate 

4.14 

41.33 
1.03 

Tris, pH 8.1 191.1 
£L 
After the reagent has "been reconstituted by the 
addition of 3.0 ml of distilled water. 

The procedure devised for use with the automated loading station of 

the CFA employs a reagent volume of 120 |il with no reagent diluent and a 

serum volume of 5 pi with 15 ul of water diluent. Analytical precision 

could be improved by making the reagent more concentrated and adding 

reagent diluent; however, difficulties encountered with reagent solu-

bility at higher concentrations made this impossible. 

After the samples and reagents had been n±xed by accelerating and 

braking the rotor, optical density measurements were taken every 15 sec 

during the interval 2 to 6 min after initiation of the reaction. Each 

15-sec measurement was the average of absorbances taken over 20 successive 

revolutions of the CFA rotor. A linear least-squares analysis of the 

data (16 points per determination) was performed to determine the slope 

of the data (AA/min). The slope, when multiplied by the appropriate 

enzyme factor (determined individually for each rotor), yielded the GGTP 

activity in iu/liter at 30°C. 
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Four reruu samples were analyzed on two successive days Jr" the same 
rotor u.z:.cg different reagents. The samples were stored at refrigerator 
temperatures between ruocessive analyses. Although the data indicated a 
slight gain in activity on the second day (i.e., increases in activity of 
2 . 8 , 1 . 3 , 6.0. and 1 . 0 % ) , all the results vere well within the standard 
deviation ctV.o method. 

Under the indicated conditions, the cost of reagent per serum sample 
(analyzed in duplicate) is 33.8ft with each rotor (17-place) containing a 
reagent "blank and a standard serum sample in duplicate. In the absence of 
a standard and with only one analysis per serum sample, the reagent cost 
would be 15.8^ per analysis. This compares with a reagent cost of $3.15 
for one analysis using the suggested analytical procedure with the kit. 

Effect of freezing and thawing on GGTP activity. A brief study was 
made of the effect of sample freezing ;-nd thawing on GGTP activity. The 
results (see Table 2.25) indicate that the activity of the sample increases 
after the first freeze-thaw cycle and decreases (but not q"ite to the 
original value) after the second cycle. 

Table 2.25. Effect of freezing and thawing on GGTP activity 

Serum sample 
As collected Frozen once Frozen twice 

Number of analyse 16 8 8 

GGTP, IU/liter 

C.V.,a % 

95% range 

6.1k 7.79 6 . 6 9 

5.0 

5.53 to 6.76 

l+.U 5-5 

5.95 to 7-^3 7.11 to 8.1+8 
Q Coefficient of variation. 
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Linearity of the enzyme method, /-n experimental serum control* 
sample having a relatively high GGTP activity (257 iu/liter at 30 °C) was 
analyzed at several dilutions to evaluate the linearity of response ever 
a relatively wide range of enzyme activities. Figure 2.55 shows that the 
enzyme activity is linear over the range 16.9 to 2 5 7 . 3 IU/liter at 30°C. 
The 'Worthington Biochemical Company recommends dilution of samples •with 
activities greater than 313 IU/liter when their reagent kit is used vith 
a final substrate concentration in the reaction mixture of 4.0 milliseoles/ 
liter; however, the final concentration used in our studies was 3.55 milli-
moles/liter. 

Evaluation of precision and accuracy of kinetic GGTP analysis. The 

precision of the kinetic analysis of GGTP was evaluated by using analytical 
— „— control sera obtained over a period of two days 

in which 26 analyses were performed in 13 rotor loadings. The mean 
activity was 9.27 IU/liter with a C.V. of 12.%. Such a C.V. is not 
impressive; however, a low GGTP activity and an extremely low V (0.0088 max 
absorbance unit/min for this control serum) are contributing factors to the 
high value obtained. The mean activity measured by the CFA compares very 
well with the activity measured by Worthington and reported on the control 
sheet (9.2 ± 1.4). 

The analyses of 178 serum samples were performed in triplicate and the 
C.V. of each determined. The mean C.V. for this sample population was 

* Samples obtained through the courtesy of Dr. J. Giegel, Dade Division of 
the American Hospital Supply Corporation, Miami, Florida. 

* * Obtained from the Worthington Biochemical Company. 
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RELATIVE ENZYME CONCENTRATION 

Fig. 2.55. Linearity of /-glutamyl transpeptidase activity vith 
dilution, using a high-activity (257-IU/liter) control serum. 
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3.27%, with a standard deviation of 3-16. The samples were drawn from the 
ORNL population and, in general, were representative of normal subjects. 

Analytical results for apparently normal subjects. Serum samples 

from apparently normal subjects (male and female) from the ORNL population 

were analyzed for GGTP activity. The results, classified according to sex 

and age, are listed in Table 2.26. They suggest a slightly skewed distribu-

tion, as evidenced by the difference between the mean and median for all 

groups. 

There appeared to be no significant change in GGTP activity with age. 

Although men 20 to 29 years old had slightly lower activities and those 

older than 60 had slightly higher activities, the statistical significance 

of these differences is questionable because of the small population in 

these two groups. Women had lower GGTP activities than men, as has been 
77 78 

reported by others, ' and no significant change was noted for women 20 

to 1+9 years old; however, women over 50 showed increased GGTP activities 

comparable to those of men in the combined age groups 30 to 59- Here again 

the statistical significance of these data is questionable because of the 

relatively small population examined. 

Frequency disxributions for GGTP activities of all subjects are shown 

in Fig. 2.56. Fourteen of 2U3 apparently normal subjects had serum GGTP 

activities greater than k5 IU/liter; six of these exceeded 85. The latter 

subjects had various abnormalities, including diabetes (or a family history 

of diabetes), "but no known liver dysfunction. Wo significant difference in 

average GGTP activity was observed with respect to the day of the week on 

which samples were collected. 
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Table 2.2o. Serum 7-glutamyl transpeptidase activities 
for apparently normal human subjects 

"roup 
description 

Number of 
subjects 

GGTP activity (IU/liter at 30°C) "roup 
description 

Number of 
subjects Mean Median Range 

All 237 17.1 14.6 O.0-30.4 

Males 177 17.9 16.0 8.2-38.4 
20-29 years f* O 14.2 10.8 8.2-28.1 
30-39 .wars 30 18.2 14.0 3.6-36.8 
4o-4a years 58 17.7 15.6 8.5-32.2 
50-59 years 60 17.1 15.1 8.4-33.4 
>60 years 14 19.8 17.4 12.9-29.6 

Fsmales 49 13-3 H.5 8.2-38.3 
20-29 years 10 11.4 9-8 6.9-27.6 
30-39 years 10 11.9 11.5 6.6-23.2 
40-49 y 8 a r s 10 10. 9 9.2 6.8-19.7 
50-59 years 13 17.4 13.3 8.8~5b.3 
>60 years 3 17.0 15.7 15.6-19.5 
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GGTP activities in cancer patients -with hepatic involvement. Serum 
samples from 139 cancer patients with hepatic involvement were analyzed 
for GGTP activity on the CFA. Ninety-two of these patients had activities 
greater than 100 Hi/liter, with 25 exceeding 500 iu/liter and 9 exceeding 
1000 lU/liter. Also, 20 patients had GG-TP activities less than ho iu/liter, 
which might be considered at the upper end (+2<j) of the normal range. The 
frequency distribution of activities for these individuals is shown in 
Fig. 2.57. More complete data regarding clinical diagnoses and conditions 
of the patients are being collected. 

Serum GGTP activities for monkeys with hepatomas induced by diethyl-
nitrosamine. Serum samples* from 11 monkeys were analyzed for GGTP 
activity on the CFA. Each of the monkeys had been sampled over a 1- to 
2-year period. Ten of them had been given dosages of carcinogenic diethyl-
nitrosamine (DEM) ranging from 1 to 1+0 mg. Paired sets of two monkeys, 
born within a fe.,- days of each other, were given 1, 5, 10, and 1+0 mg of 
DEKA. One monkey, Leo, whose age was not specified, served as a control. 
Two other monkeys (913L and 877K), not paired, also had received 1+0 mg of 
DEM; however, samples obtained for these monkeys did not cover the period 
prior to neoplastic development as measured by a positive ct-fetoprotein 
test (see Table 2.27). 

Figures 2.58-2.62 depict the variation in GGTF activity with time 
for Leo (the control) and the four sets of paired monkeys. The control 
monkey appears to be manifesting a gradual increase in activity with tine 
(see Fig. 2.58). The reason for this is unknown; however, it might be an 

aging phenomenon. 

* Obtained from the National Cancer Institute. 



10 
ORNL DWG 75-8889 
I 

V) H 
Z UJ 
I 
oc 
UJ o 
z < 
u 
u. 
o 
o 
z 

5 • Inn 

X 

7 patients had GGTP activities 
above 1250 IU/l i ter 

i n n n n n jin . n . n . n 
100 200 300 400 500 600 700 800 900 1000 

SERUM GGTP ACTIVITY ( IU / l i t e r at 30°C) 

Fig. 2.57. Frequency distribution of 7-glutamyl transpeptidase 

activities for cancer patients with known hepatic involvement. 

100 1200 



Tab le 2 . 2 7 , A n a l y s i s o f :;erum / - g l u t a m y l t r a n s p e p t i d a s e In monkeyu t r e a t e d w i t h d t e t h y l n i t r o o a m l n e 

1 ing DHM 5 DEW 10 ma Dr.IlA 1*0 mfi Df.IlA 

' , 'ont rol 
( b i r t h d a t e , 

902L 
( b i r t h d a t e , 

5 / 1 0 / 7 2 ) 

903 L 
( b i r t h d a t e , 

5 / 1 2 / 7 2 1 

951M 
( b i r t h d a t e , 

4 / 1 6 / 7 3 ) 

952H 
( b i r t h d a t e , 

l* /22 /73) 

960C. 
( b i r t h d a t e , 

7 / 2 5 / 7 3 ) 

962M 
( b i r t h d a t e , 

7 / 2 7 / 7 3 ) 

993M 
( b i r t h d a t e , 

1 2 / 2 8 / 7 3 ) 

99I1M 
( b i r t h d a t e , 

1 2 / 2 0 / 7 3 ) 

913L® 
( M r t h d a t e , 

6 / 1 2 / 7 2 ) 

877 K.b 

( b i r t h d a t e , 
9 / 2 7 / 7 1 ) 

saciple GG1? 
d a t e ( I U / V 

Sample GGTP 
d a t e ( J U / i ) 

Sample CGTP 
d a t e ( l U / i ) 

Sample GGTP 
d a t e ( I U / 1 ) 

Sample GCTI' 
d a t e ( I l l / t ) 

Sample 09TP 
d a t e ( I U / 1 ) 

Sample TOT! 
d a t e (IV ft) 

Sample WT f 
d a t e ( l U / i ) 

Sample TGTr 
d a t e (IU/tl Sample P 

! d a t e ( I U / i ) 
Sample GWI' 

d a t e ( I U / « ) 

i£2i. 
2 - 1 8 3-15 
6 - 7 
6-11* 
5 - 2 1 
7 - 1 2 
7 - 1 a 

10 -25 
I??? 
'-21 •>-22 
5 - 9 
5 - 2 1 5-2P 
6 - 4 6-25 

62.2 
7 1 . 0 
7 3 . 0 
5 8 . 9 
7 ? . 5 
5 9 . 2 
61* .8 
66.6 
7 2 . 9 

61*.3 eo.o 
92. n eo.i 
7 9 . 7 
9 4 . 6 
90.7 

niii 
8-31 
9-11* 
10-25 

1071* 
6-20 
8-1 
8-28 
9-26 
10-2U 
11-21 
12-5 

1075 
2 - 6 
3 - 2 0 
5 - 2 8 
6-25 

3 2 - 9 
3 6 . 1 
2 7 . 9 

•32.1 
2 7 . 7 
3 0 . 3 
2.8.3 
3 3 . 9 
3 8 . 7 
3 1 . 8 

3 8 . 1 
2 9 . 1 
2 7 . 1 
2 6 . 5 

1222 
8 - 3 1 
10-25 

322il 

6-20 
8 - 1 
9-26 
10-21* 
11-21 
12-5 

1275 

2-6 3-20 lt-1* 
5-28 
6 - 2 5 
7 - 2 3 

17.1* 
22.f i 

24.0 2l*.3 21*.8 
2 5 . 8 
2 2 . 7 
2 9 . 3 

22 .2 
2 4 . 5 
2 8 . 7 
26.6 
26.1* 
2 7 . 2 

mi 
8 - 1 7 
9-11* 
10-26 

197U 
6 - 2 0 
7 - 3 
8-28 

•9-26 
10-21* 

1275 
I t -I t 

9 3 . 1 81.6 
9 3 . 6 

77.6 83.9 
8 7 . 9 
6 3 . I 
9 7 . 3 

7 4 . 6 

12s 
8 - 3 1 

9-14 
157I1 
6 - 2 0 
8 - 1 1 
9-26 
10-21* 
11-21 
12-5 

MS 
3 - 6 
It-it 
6 - 2 5 

8 0 . 6 
7 7 . 1 

6 5 . 5 
7 2 . 0 
53-2 
5 7 . 2 
5 9 . 5 
52. 4 

3 5 . 2 
5 0 . 0 1*7.3 

1272 
8 - 1 7 
10-26 

±274 
6-20 
8-1 
6 - 2 8 
9 - 2 6 
10-21* 
11-21 
1 2 - 5 

mi 
2-6 
3 - 6 
3 - 2 0 
5-28 
6 - 2 5 

1274 1571* l g W 1974 197U 

7 4 . 3 6 - 2 0 6 4 . 0 6 - 2 0 9 4 . 3 6 - 2 0 1 0 7 . 2 7 - 1 9 188 .7 2 - 2 6 1 4 2 5 . 4 

6 8 . 3 8 - 2 8 7 4 . 1 8 - 2 8 1 0 1 . 5 7 - 5 1 1 7 . 3 3-23 2 5 0 . 7 3 - 5 2092 ,9 6 8 . 3 
9 - 2 6 7 2 . 3 9 - 2 6 9 7 . 4 8 - 2 8 8 9 . 8 9 - 2 7 2 u 5 . 5 1U2B.5 
1 0 - 2 4 7 7 . 4 1 0 - 2 4 9 9 . 2 9-26 9 0 . 3 1 0 - 2 5 3 1 1 . n 4 - 1 2 11137.9 

11-21 2 8 . 8 1 1 - 2 1 0 5 . 4 1 0 - 2 4 4 9 . 3 11-22 3 3 1 . i 5 - 1 0 8 8 4 . 6 

6 6 . 2 1 2 - 5 5 4 . 1 1 2 - 5 8 9 . 7 1 1 - 2 1 9 6 . 6 1 2 - 6 2 7 5 . 1 

6 2 . 0 1 2 - 5 100 .6 
61*. 2 1275 

1275 
I 2 Z S 

5 3 - 6 1275 
3 - 2 8 3 0 5 . 5 7 6 . 7 2 -6 6 0 . 1 1 - 2 3 8 6 . 0 

1275 
3 - 2 8 3 0 5 . 5 

6 0 . 6 3 - 2 0 6 7 . 0 8 - 6 1 1 5 . 9 C 2 - 6 1 1 3 . 9 i t - r 301. c 

6 3 . 9 4 - 4 6 5 . 5 3 - 6 1 1 1 . 0 3 - 6 90. s c 5 - z e 2 6 5 . b 6 3 . 9 6 5 . 5 
3 - 2 6 1 0 2 . 8 5 - 2 8 136 .4 6 - 2 5 3 5 9 . 3 

5 - 2 8 107.1 . 6 - 2 5 1 9 7 . 1 
6 - 2 5 1 1 2 . 0 

5 0 . 1 
6 2 . 7 
5 8 . 6 
7 8 . 6 
7 4 . 6 

3-E«-tor>roteiii became p o s i t i v e on Oc tobe r 12 , 1973, 

b I - F e t o p r o t e i n became p o s i t i v e on November 9 , 1972 . 

c ; t - y e t o p r o t e i n p o s i t i v e . 

O 



SAMPLE DATE {month) 
Fig. 2.58. Variation of /-glutamyl transpeptidase activity with 

time for an untreated control monkey. 
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Fig. 2.59. Variation of /-glutamyl transpeptidase activity with 

time for two monkeys treated with 1 mg of diethylnitrosamine. 
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Fig. 2.61. Variation of /-glutamyl transpeptidase activity with 

time for two monkeys treated with 10 mg of diethylnitrosamine. 
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Fig. 2.62. Variation of 7-glutamyl transpeptidase activity with 

time for two monkeys treated with mg of diethylnitrosamine. Note 

the dates when CC-fetoprotein tests became positive. 
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The two animals (902L and 903L, see Pig. 2.59) who were treated with 

1 rig of EZNA. show relatively constant activities throughout The entire 

sampling period. It is interesting that the activity levels of GGTP for 

these animals are much lower than those for any of the other animals. 

Possible species differences have not been documented at this time. 

a-Fetoprotein assays have remained negative for $021, and 9^3 L. 

The activities of the two animals (95IM and Q?2M) who received 5 mg 

of DENA have shown a slight downward trend with time (see Fig. 2,6o). This 

trend seems to be somewhat stronger for 952M than for 951M. a-Fetoprotein 

assays have remained negative. 

Results for the monkeys receiving 10 mg of DENA show some rather 

abrupt variations in activity beginning in about August 197* ( see Fig. 2.61 ">. 

Unfortunately, early samples for 962M were not available to determine 

whether the base-line GGTP activity was as constant as that for 96OM. 

Again, the a-fetoprotein assays have remained negative. 

Both of the two monkeys (993M and 99^M) who received bo mg of DENA. 

manifested a positive response for a-fetoprotein, one in Feoruary and the 

other in March of 1975 (see Fig. 2.62). In general, the GGTP activity for 

99I+M went through some rather steep changes; a rather large increase was 

observed after the positive G-fetoprotein assay. An increase from an 

activity of 86 IU/liter to 116 IU/liter was observed for 993M (see 

Fig. 2.62); however, the activity diminished slightly thereafter. 

The remaining two animals (913L and 877K) had manifested a positive 

a-fetoprotein response prior to any of the samples we analyzed (see 

Table 2.27). Both animals had elevated GGTP activities, and 877K (earliest 

positive a-fetoprotein) had very high activities (ranging from 885 to 

2093 IU/liter) which were a factor of 10 to 20 times the normal value. 
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Mora information will "be forthcoming with regard to the times at 
which DEHA was administered to these monkeys and the general clinical 
symptoms that were observed. 

Evaluation of K and V for GGTP. Both a (l-Iichaelis-Menton m max m 
constants) and Y^ (maximum enzyme velocity) values were determined for 
GGTP in sera from a human subject with malignant liver involvement, from 
monkeys with chemically induced hepatoma, and from two enzyme control 
preparations.* The data (K and V ) were measured only as a function ^ • m max " 
of substrate concentration (7-glutamyl-£-nitroaniiide) at pH 8.1. The 

results, shown in Table 2.28, were obtained with all dilutions of sub-

strate performed on the automated rotor-loading system and show reasonably 

good precision. 

Differences in the constants and maximum reaction velocities shown in 

Table 2.28 apparently reflect differences in enzyme sources. The experi-

mental control sera from Dade contain GGTF activity isolated from ̂ eef 

kidney, whereas the Statzyme control sera from Worthington contain GGTP 

from human serum. 
79 

Azzopardi and Jayle have separated five zones of GGTP activity fro::n 
normal human sera by aerylamide gel electrophoresis. Sephadex gel filtra-
tion has enabled the separation of at least three components, indicating 
that GGTP isoenzymes of serum may reflect differences not only in charge Qq Qg 
but also in molecular weight.1 ' ' Miyazaki and Okumura reported 

three zones of activity for serum GGTP by agar gel electrophoresis and indicated that the middle zone (GT-Il) was enhanced in all malignant lesions 

* 
Statzyme enzyme control from the Worthington Biochemical Company and an 
experimental enzyme control preparation from Dade Division of American 
Hospital Supply Corporation. 
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Table 2.28. Michaelis constants and maximum velocities for 
GGTP from several sources at 30°C 

GGTP source K m 
C.V. 
(%) V max 

C.V. 
(%) 

p p n -' 1 1 j „ 
activity 
(IU/liter) 

Human serum3. O.8U5 
O.838 

20.0 
11-3 

0.213 
0.192 

8.2 
x.o 

2023° 

Monkey serum (99UM)C O.616 k.8 0.2H5 1.5 197.1 
Monkey serum (913L) 0.650 10.9 O.237 3-5 188.7 
Dade control O.671 7.1 0.303 2.7 257.0 
Statzyme control 0.16U Ul.6 0.0088 0 1 9.3d 
3» 
Malignancy with hepatic involvement; two different measurements. 
Diluted 1:10 with normal saline. c Chemically induced hepatoma. 
Average of 26 analyses in 13 different rotors; listed as ± on 
Worthington control sheet. 
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involving the hepatobiliary and/or pancreatic areas. These literature 

data ana a comparison of the K and V values for a human with cancer m max 
with those for other human sera (compare Statzyme control sera, with sera 
from a patient with a malignancy, Table 2.28) may indicate exploitable 
differences in GGTP isoenzymes between sera from normal subjects and sera 
from cancer patients. Further studies of K and V for normal sera are m max 
needed since preparation of the standard control serum (lyophilization) 
may have perturbed the structure of this enzyme in some manner to yield 

K and V values as different as are shown in Table 2.28 for the human m max 
sources of GGTP. 

Z.k.5 Measurement of genetic variation: adaptation and development 
of a computer program for enzyme parameter measurement 

In a program funded by the Energy Research and Development Administra-

tion and conducted in collaboration with the Department of Human Genetics 

of the University of Michigan, Ann Arbor, we have been investigating 

kinetic spectrophotometric procedures that can be adapted to a miniature 

CFA for genetic monitoring of isoenzymes on variant hemoglobins. (As 

described in Sect. 2.1 of this report, an analytical system to transfer 

the technology generated by this program is being fabricated for use at 

the University of Michigan.) 
50 

In an earlier project, a computer program was developed for the 
GeMSAEC CFA:PDP-8/i analytical system to use in the measurements of kinetic 
enzyme parameters such as K and V values. Since these types of m max ~ 
measurements will be advantageous in the genetic screening program, this 

computer program has been adapted for use with the miniature CFA:PDP-8/e 

system. 
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The computer program originally was contained in five program files 
and has provisions for displaying the data on a programmable display scope. 
Since the miniature CFA:PDP-8/e system does not contain this type of scope, 
the program can be condensed into three files. The program texts for each 
of these files are listed in Tables 2.29-2.3I. The sequence of operation 
and the functions contained in each of these files are summarized in the 
paragraphs that follow. 

File 1. In this file, information relative to general identification 
is entered (Fig. 2.63) and the experimental matrix for a particular 
analytical run is set by entering the desired variables (Fig. 2.6U). After 
the experimental matrix has been set, the millimolar substrate concentra-
tions are entered for the designated cuvets (Fig. 2.65). In the example 
shown in Figs. 2.63-2.65, one substrate was analyzed at eight different 
substrate concentrations in duplicate. Next, a known substrate factor can 
be entered or one can be calculated by entering the necessary information 
(Fig. 2.66). File 2 is then automatically entered into the computer. 

File 2. In this file, the variables are entered for acquiring da'oa 
at a specified rate and at designated intervals (Fig. 2.67). Data are 
then acquired when the initiation signal- is received from the analyzer. 
The resulting data are subsequently processed by a quadratic curve-fitting 
algorithm, summarized, and printed in a cuvet—substrate-concentration— 
reaction-rate format (Fig. 2.68). File 3 is then automatically entered 
into the computer. 

File 3. In this file the data generated by file 2 are processed using 
Qo 

an algorithm developed by Wilkinson to statistically evaluate kinetic 
steady-state data. The resulting data are then printed in the format shown 
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Table Text of kinetic enzyme parameter program - Part 1 
01 .01 C-KJ^ KINEiIC PROGRAM-PART 1 
01 ."0 2 T !!!! "ENZYME .KINETIC PROGRAM FOR T-IE EVALUATION OF X 
01 .03 E 
01 .04 S DY--J-"DAY( 0 ) • S T=FTIM( 0) J S 3R=FI TRC T/360 0 > 
01 .06 s KV=FITR< (T-3600»HR)/60); S SC-FIT!l(T-3600JMR-60 *MN ) 
01 .'03 T !! !"DAY"2 3* DY*" TIME"22*iR*" : "M.J* " : "SC 
01 .09 T !! "ENTER 1 . D. INFORMATI 0>'~ 
01 .10 A !" ENZYME "* P* !* " BUFFER "*P* !* " MOLALITY 
01 .12 A !*" PH -P*!- OPERATOR "P 
01 .14 A !" VAVELENGT.Hl "P 
01 .23 D 9 
01 .30 D 5 
01 .'32 D 2 
01 .'40 A !!~IS EVZYME FACTOR KNOWN (YES OR NO)"A 
01 .42 1 tA-0YES)1.44*1.50*1.44 
01 .44 I (A-ONO)1.40*1.60*1.40 
01 .50 A •"ENTER ENZYME FACTOR"SF 
01 ."52 L G 12* G 1.01 
01 .'60 D 1 0 
01 .'62 G 1 .52 
02.01 C -OBTAIN SUBSTRATE CONCEPTRATIONS 
02.02 F I = 1*VS;T !! "EXPERIMENT #"*22.i;D 2. 04 
02.0 3 R 
Q2.Q4 S 11 = 2+ <l-l)»NS*NRJ S 12=11+NR*NS-NR; D 31 
02.90 " 
05.01 C-SET EXPERIMENTAL MATRIX 
05.10 T !!"ENTER VARIABLES THAT SET EXPERIMENTAL MATRIX" 
05.12 A !" NUMBER OF EXPERIMENTS PER ROTOR. "US 
05.14 A !" NUMBER OF SUBSTRATE CONCENTRATIONS PER EXPERIMENT "MS 
05.16 A !" NUMBER; OF REPLICATES ASSAYED PER SUBSTRATE CONCENTRATION "MR 
05-20 I (NC-NR»NS)5.22*5.24., 5.24 
05.22 T !"ILLEGAL EXPERIMENT MATRIX";G 5.14 
05.24 I (NC-NR*NS*VS)5.26*5.90*5.90 
05.26 T ! "ILLEGAL RUN MATRIX"* G -5.12 
05.9 0 R 
09.01 C-UNIT SELECTION 
09 . 24 A f"GEMSAEC UNIT"UN*'S NC=FITRCUN); I (NC-17)9.24*9.90*9 . 24 
09.'25 S ST=(FITR((U:N-NC)*10+0.5)-l)»64 
09.26 I (ST>9. 24*I C512-ST)9.24; I CMC-17)9.24 
09.9 0 R 
10.01 C-CALCULATION OF ENZYME FACTOR. 
10.02 T !"CALCULATION OF ENZYME FACTOR" 
10.10 A !"MOLAR ABSORPTIVITY ' "*MA 
10.15 A ! "ENZYME VOLUME (UL) "*EV 
10.20 A !"TOTAL REACTION VOLUME (UL) "RV 
10.30 A !"CUVET PATHLSNGTH (CM) "PL 
10.40 S SF= (RV*10 00)/tMA*EV»PL) 
I0.'50 T !26.04* "MILL I MOLAR ENZYME FACTOR : "* SF* ! 
10.99 R 
31.04 F J= I 1 *NR* 12* D 31.06;D 31.0? 
31.05 R 
31. 06 T ! ! " SUBS. CONC. (MM 0L) FOR CUVETS"; S XL = J; F L=XL*XL+NR-1; T 22* L* " J' 
31 .'08 A S<J);S XL = j;F L-XL* XL + NR- 1; S S(L) = SCJ);R 
31.09 R 
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Table 2.30. Text of kinetic enzyme parameter program - i'art 2 
01.0 1 C-ENZYME KINETIC PROGRAM -PART 2J3/E ADAPTATION-CABC3-22-75) 01 .03 D 6 
04-0 1 C - SET UP AMD TA.iE DATA 
04.06 S D=FCLK(, . ̂  * >; S D-FTA.<( , , MC ) i S D= FTAX ( SC, MI , N C) ; D 27 
04.11 S ZZ = FCNK2);T ! "COMPUTER IS READY!"! 
04.16 I <FC 11(2) )4. 16, 4.26;Q 
04.26 S C"FCLK<MD, CD,r-!I,CY, 1 ) 
05.01 C-CALCULATION OF REACTION RATE 
05.10 D 8 
05.20 F XL=J,VS;D 5. 35; D 25. 1 0; D 5.4 
05.22 F J=2^ VS*MR;»MS+1 ; D 25.2 
05.25 L G 1 3J G 1.1 
05.35 S 11=2+CXL-1>»MS*MRSS 12= I 1+ N S*MR-MR 
05.40 F J= II* MR* NRSM S*XL + 1 J D 26 
05 9 0 Q 
06.01 C-SF.T DATA ACQUISITION MAT".* 
06.10 T f'EMTER VARIABLES FOP. ACHUIRIMC DATA" 
06 .12 A ! " DELAY I NTE'-IVAL. - •• Sr.C " DIJ I C60D-ni)6.1^ 
05.14 A ! " OBSERVATION I.MTE!?VÂ -SEC"SE; I (60-S-)6. 14; I CSK-D6.14 
06.16 S SI = SE;S MU=FITRC Dl/60); S CD-604'C DI-60:MD)> S MI = 0;S CY=60*SE 
06.17 S IM = FITRC?63/t2»FITRCNC/2«-l)]> 
06.13 T !" NUMBER OF OBSERVATIONS CMOTE "JT S3.IM 
06.20 T " MAXIMUM)"1A NI 
06.24 I CMI-1 )6.13;I (IM-NI>6.13 
06.26 A !" NUMBER OF REVOLUTIONS AVERAGED"SC< I C100-SC)6.25 
06.23 S DT^CY/3600 
06. 3 0 D 27 
06.9 0 R 
07.01 C-A353R3ANCE CALCULATION 
07.10 S S1=FGETCN,0);S S2=FGETCN,1>-S1;J (-S2)7.3;T- !"3LAM< ERROR"!; Q 
07.30 S SM = FGETCM^J)-Sl;I C-SM)7.5; S A3CJ) =-9 . 99 ; R 
07.50 S A3CJ)=.4343*FLOGCS2/CSM*FSTRCST+J))) 
07.60 R 
03.01 C-HEADING FOR DATA OUTPUT 
03.15 T !!"CUVET SUBSTRATE COMC. REACTION RATE" 
03 . 20 T !" # CMMOL > CABS./MIN.) CMM3L/MIM . )" 
03.99 R 
25.10 F J=I1,XL»NR*NS+1;S Y1=Q;S Y2=0;S Y3=0;D 29; D 23 
25.12 G 1.5 
25.16 R 
25.20 T !,Z2,J,~ 33 . 0 4, SC J > * " 26. 0 4, A1 (.J ) , " "» D 25.21 
25.21 T X3.04,AV<J) 
26.01 C-CALCULATION OF AVE. RATE PER CS3 
26." 1 0 S I=j; S VV=0 
26.20 F L=I,I+NR-i;D £6.5 
26 . 30 S W( J )=VV/NR 
26.40 R 
26.50 S VV=VV+AV(L);R 
27.01 C-DL FOR DETERMINANT 27 . 06 S X0 = Ni;S X1=NI»(.MI + 1 )/2; S X2 = X1*C2*NI + 1 )/3 
27.11 S X3=X1"2;S X4=X2»< 3*MI"2+3*.NI-1 )/5 
27. 16 S DL=X0»CX2»X4-X3*X3)-X1 *<X1 *X4-X2»X3)+X2»C"n»X3-X2»:<2> 
27 . 21 R 
23.01 C-CALCULATION OF SLOPE AMD ACTIVITY 
23 ."1 1 S Al C J)=CX0»<Y2*X4-X3»Y3>-Xi*CYl»X4-X2»Y3)+X2»CYl »<3-X2»Y2) l/( DL»DT 
23.12 s avcj>=akj)*sf;r 
23 .29 R 
29.91 F N=1,MI;D 7-i S Y1=Y1+ABCJ>;S V2=Y2 + AB(J)»M; S Y 3 = Y 3 + A3C J ) *M* 2 
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Table 2.31. Text of kinetic enzyme parameter program - Part 3 
01.0 1 C-ENZYME KINETIC PHD :.n.A;-J-PA*IT 3 - "A RA F.T E R EVAL'JATI 1 J-FILE 13 
oi.io f xl = i,vs;d 6; d 3; d 3 
01 .23 T ! ! ! ; Q 
02.10 S AA=AA*\W J>"3; S BB=BB+VVCJ ) "4* 5 CC=Cw+ C VVf J) " 3)/SC J ) 1 
02.20 S DD-DD*CVV< J)*4)/SC J); S KK=:<X+ C ( VVC ~ 2 >/S C J ) 1 "2 
02.22 R 
03.01 C -ITERATIVE ADJUSTMENT OF KM AND VMAt 
03.10 F 1=1.10 ;D 4 
03.12 S SE=FSQTC C LL-B1 *CC-B2»:<X)/( NS-2 > 3 J > SK= ( SE/B1 ) *FS0TC AA/DE) 
03.14 S SV=CVO»SE>*FSQTCDD/DE> 
03.16 T Z6.04,!"OPTIMIZED KM = "*KO 
03.17 T " OPTIMIZED VMAX = VO 
C3.13 T 5"STD. ERROR FOR KM = -,SX*" STD. ERROR FOR VMAX = SV 
03.20 T !"REL. STD. ERRORC Z> ="*Z5.02/CSX/KOJ•100 
03.22 T " REL. STD. ERP.ORCZ) C SV/VO) *1 00 
03.40 T <!"# OF ITERATIONS = D'J 
03.44 T !"B2 = -*X3.06*B2 
04.10 s aa=ojs bb=qjs cc=o»s dd=ojs kk=o;s ll=o;f j=iunr. 12; d 5 
04.12 S DE=AA»DD-BB*BBJ S B1=CDD*CC-BB~XX>/DE 
04.14 S B2=<AA*KK-BB»CC)/DS;I C.0000100-FA3S C B2)>4.$6*4.20*4.20 
04.16 S VO=Bl»VOJS K0=K0+32/Bl 
04.18 R 
04.20 S DU=i;S 1 = 1 1JR 
05.10 S AA=AA+CV0*SCJ)/CS(J>+K0)>~2 
05.12 £ BB=BB+CVD*SCJ>/CS(J)+:<0) )*C-(U0»SCJ)/CSCJ>+:<0)"2)1 
05.14 S CC=CC+VVCJ>»(VO»S<J>/CSCJ)+KO>> 
05.16 S DD=DD+C-CVO*S<J>/<SCJ)+X0)"2)J~2 
05.18 S KK=XK«-VV< J>*t-<VO«SC J>/C SC J>+XO>"2)3 ; S LL=LL+CVVCJ)"2> 
06.01 C-CALCULATION OF PROVISIONAL KM AND VMAX 
06.05 T {.'"EXPERIMENT # "*X2*XL 
06.12 S I1 = 2+CXL-1)»NS#NU;S I 2=I 1+NR»NS-NR 
06.14 s aa=o;s bb=o;s cc=o;s dd=o; s ,kx=o; s de=o 
06.16 F J=IS*NR*12;D 2 
06.18 S DS=AA*KK-.C*DD 
06.20 S KO=<BB*CC-AA»DD)/DE 
06.22 '5- VQ=(BB»KK-DD*DD)/DE 
06 ."24 T ! J ! "PROVISIONAL KM = -,Z6.84*KO 
06. 25 T " PROVISIONAL VMAX = -* VO 
06.99 R 
03.01 C-SUMMARY OF DATA FOR LATER PLOTTING 
08.10 T 1 ! "DATA SUMMARY" 
08.20 T !!" CSJ V i/V 1/CS3 
03.21 T " CS3/V V/CSJ-
03.40 F J=Il*NR*XL*NR»NS+i;D 8.30 
03 . 50 R 
03.30 T I * Z8.04* * SC J ) * " "*VVCJ>*" "*1/VVCJ>*" -*1/S<.J>.." -;DS>32 
03.32 T SCJ>/VVCJ>*" VVCJ>/SCJ> 



ORNL DWG 75-8925 
ENZYMF K I N E T I C PROGRAM FOR THF F V A L U A T I O N OF KM AND VMAX 

DAY 3 T I M E P.3 i 4 1 : A7 

E.NTFR I . D . I N F O R M A T I O N 
FNZYME : G G T P 
PUFFER : T R I S 
M O L A R I T Y : . \ 9 1 
PH : 8 . 1 
OPERATOR : J M 
WAVELENGTH ; 4 0 0 

GEMSAEC U N I T : 1 7 . 1 

Fig. 2.63. Format for entering identification information for the 

statistical evaluation of Kj,, and . Underlined values are those 

entered "by the operator. 
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F N T F K V A R I A B L F S THAT S F T FX PF.R I M F M T A L M A T R I X 
NL'MRFR OF F X P F R I M F N T S PFR ROTOR :J_ 

NUMBFR OF S U R S T R A T F COMCFMTRATTONS PFR F X P F R T MFMT 
NLJMRFR OF R F P L T C A T F S A S S A Y F D PFR S U P S T P A T F CONOFNJTRATI DM 

Fig. 2.6k. Format used to set experimental matrix in the 

statistical evaluation of Km and V program. Underlined values are 

those entered by the operator. 
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E X P F R I M F N T » 1 

SUBS. CONC. (MMFLL) FOR CUVFTS 3> • ? 9 5 7 

SUBS. CONC. CMM0L) FOR CUVFTS At 5* • 5 J 7 5 

SUBS. CONC. (MMFLL) FOR CUVFTS 6> It « 7 3 9 3 

SUBS. CONC. CMM0L) FOR CUVFTS 9, 1 . 0 3 5 0 

SUBS. CONC. ( M M P L ) FOR CUVFTS 1 1 . 1 . 4 7 R 6 

S U P S . CONC. CMM0L) FOR CUVFTS 13, £> . C 7 0 0 

SUBS. CONC. ( M M 0 L ) FOR C U V F T S , 1 A, 15 > ? . 6 M 4 

S U B S . CONC. CMM0L) FOR CUVFTS 1 6* 1 7 > 3 . P 5 P K 

Fig. 2.65. Format used to enter substrate concentrations in the 

statistical evaluation of K„, and „ program. Underlined values are in max 
those entered by the operator. 



ORNL DWG 75-8928 
I S ENZYME FACTOR KNOV.N ( Y F S OR NO) T NO 
C A L C U L A T I O N OF FNZYMF FACTOR 
MOLAR A B S O R P T I V I T Y 
FNZYMF VOLUME CUL) 
TOTAL R F A C T I O N VOLUME ( U L ) 
CUVET PATHLENGTH ( C M ) 
W I L L I M O L A R FNZYMF FACTOR 

5. 
Ta0 
» 5 0 9 6 

6 ® 1 7 3 F 

Fig. 2,66. Format used to enter enzyme factor in the statistical 

evaluation ox1 and Vmax program. Underlined values are those entered 

"by the operator. 



ORNL DWG 75-8929 
ENTER V A R I A B L F S FOR A C Q U I R I N G DATA 

DFLAY I N T F R V A L - - S F C : 1 0 
O B S E R V A T I O N I N T F R V A L - S F C : JJJ. 
NUMBER OF O B S E R V A T I O N S ( N O T F 5 3 MAX I MUM) : PA 
NUMBER OF R E V O L U T I O N S AVFRAGFD:PFT 

COMPUTER I S R E A D Y ! 

Fig, 2.67. Format used to set data acquisition matrix in the 

statistical evaluation of and Vmax program. Underlined values are 

those entered by the operator. 



ORNL DWG 75-8930 
CUVFT SURSTRATF CONC. RFAC1 RATF 

# CMMOL) CARS./MIN.) (MMOL/MIN. 
2 0.2957 0.0110 0.067* 
3 0.2957 0.0111 0.0683 
4 0.5175 0.0170 0. 105 1 
5 0.5175 0.0168 0.1035 
6 0.7393 0.0197 0.12 13 
7 0.7393 0.0205 0. 1263 
8 1.0350 0.023 1 0.1426 
9 1.0350 0.0228 0.1408 
IP! 1.4786 0.0266 0.1641 
1 1 1.4786 0.0251 0.1551 
12 2.0700 0.027 7 0.1709 
13 2.0700 0.0292 0.1803 
1 4 2.66 14 0.0292 0 e 1 R00 
15 2.6614 0.0292 0 C 1R 0 4 

16 3.2528 0.0304 0.1877 
17 3.2.528 0.0303 0.1870 

Fig. 2.68. Typical summary of data produced by the statistical 

evaluation of K and V program. 
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in Fig- 2.69. The substrate concentrations and velocities are also 
printed in the forme coKT'.only used "by kineticists to plot such data 
(Fig. 2.70). If necessary, the operator can call an additional file to 
list in a tabular form all of the absorbancc data acquired in the experi-
ment. For convenience, file 3 (Table 2.32) has also been modified to 
allow the manual entry of kinetic data followed by its processing with 
the Wilkinson algorithm. 

2.U.6 Development of rotors preloaded vith reagent 

One of the ultimate objectives of the CFA Program is to develop rotors 

that contain preloaded quantities of reagent in each cuvet. With this type 

of rotor, the reagents would be dissolved and reconstituted at the time of 

analysis by the dynamic introduction of water or buffer. Results of a 
2 23 

series of feasibility studies0' - made previously demonstrated that reagents 

can be successfully lyophilized within the cuvets of the rotor and then 

dynamically reconstituted and used for assay. 

With the successful conclusion of the feasibility studies, our next 

step was to pursue a collaborative study with one or mere of the commercial 

reagent manufacturers. Such an arrangement would couple the ORNL Fast 

Analyzer tschnology with the in-house reagent technology of the commercial 

firm(s). Consequently, a report describing our objectives, past experiences, 

and future plans was prepared and submitted to seven reagent manufacturers. 

All of them expressed interest in such a project; therefore, a proposal 

for a subcontract calling for delivery of several rotors containing pre-

loaded reagents was supplied to each of the firms. Subsequent subcontracts 

were awarded to the Worthington Biochemical Corporation, Freehold, New 

Jersey, and to Smith Kline Instruments, Inc., Sunnyvale, California. 
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Fig. 2.70. Typical substrate concentration and velocity data 

produced by the statistical evaluation of K^ and V m a x program for 

plotting purposes. 
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•Table 2.32. Text of kinetic enzyme parameter program: 
Manual entry of data 

01.01 E: C-MAN'JAL EUTRY OF DATA FOR KM CALCULATION 
01.02 T ! ! "MANUAL ENTRY OF DATA FOR iCM CALCULATION" 
01.03 A !"NUMBER OF SUBSTRATE CONCENTRATIONS A5SAYED"NS 
01.09 S vs=i;s MR=1 
01.11 F J=I,NS;T !"tSUBSTRATE!CMM0L)"*X3*J; A SCJ+UJD 1.14 
01.12 F XL=1JD 6;D 3JD 8;T !!!!;Q 
01.14 T "ACTIVITY < MM OL/MIN) "; A VVCJ+!) 
01 . 23 T ! ! ! * Q 
02.10 S AA=AA+VV< J) "3; S B8=3B+VlK J ) " 4J S CC=CC+ C WCJ ) *3)/SCJ)J 
02.20 S DD= DD+ C VVC J > * 4) /.SC J ) J S K!<=XX +[ < Wt •J)"2)/S(J)3"2 
02.22 R 
03.01 C -ITERATIVE ADJUSTMENT OF KM AND VMAX 
03. 10 F 1 = 1* 10;D 4 
03.12 S SE=FSQT£ C LL-B1 * CC-»B2»KX> /CMS-2> U S SX=C SE/B1 ) ttFSGlTf AA/DE) 
03.14 S SV=CVO*SE) *FSi3TC DD/DE) 
03.16 T X6.04* '"OPTIMIZED KM = "*!CO 
03.17 T " OPTIMIZED VMAX = "* VO 
03." 18 T I "STD. &RROR FOR KM = -* SK* - STD. ERROR FOR VMAX = SV 
03 . 20 T ! "RSL. STD. ERRORCX) = "* X5. 02* C SK/XO) » 1 0 0 
03.22 T " REL.STD. ERR3RCX> ="*CSV/V3)* 100 
0340 T i f f OF ITERATIONS = "*'X2*DU 
03.44 T !"B2 = ~*X3.06* B2 
04.10 s aa=o;s bb=o;s cc=o;s dd=o;s kx=o;s ll=o;F j=ii*nr*i2;d 5 
04.12 s DE=AA*DD-BB*B3; S B1 = CDDBCC-B3»K:<)/DE 
04.14 S B2=CAA*XK-BB*CC)/DE; I C . 0 0 0 0 1 00-FABSC B2) >4.16*4.20*'' 20 
04.16 S VO=Bl*VO;S KG=KO+B2/Bl 
04.18 R 
04.20 S'DU=US 1 = 11* R 
05.10 S AA=AA+CVO»SCJ>/CSCJJ+KQ))*2 
05.12 S BB=BB+CV0*5CJ)/<SCJ)+K0>)*C-{V0»S<J)/CSCJ)+X0)"2>1 
05.14 S CC=CC+VVCJ)»CV0*S<J)/CStJ)+K0>) 
05.16 S DD=DD+C - £ VO*SCJ>/< SC,J) +KO) "2 ) 1 '2 
05.18 S KK=KK*VVCJ)*£-<V0»S<J)/CS<J)4-K0)"2)i; S LL=LL+ C VVC J > "2) 

06.01 C-CALCULATIOM OF PROVI SIOtffiL KM'AND VMAX 
06.*05 T !! "EXPERIMENT # "*X2*XL 
06.12 S 11=2*CXL-1 )*,NS*M1U S I 2=11 +NR*NS-NR 
06.14 s aa=o;s bb=o;s cc=ojs pd=.o; svkk=0; s de=o 
06. 1 6 F J=I1*NR*I2;D 2 
06.18 S DE=AA»KK-CC*DD 
06.20 S KO=CBB*CC-AA*DD)/DE 
06.22 S VO=CBB*KK-DD»D£»/DE 
06*24 T I !I-PROVISIONAL KM = "tX6.04*KO 06.25 T " PROVISIONAL VMAX « "*VO 
06.99 R 
03.01 C-SUMMARY OF DATA FOR LATER PLOTTING 
03.10 T I!"DATA SUMMARY" 
03.20 T 1!" CS1 V J/V 1/tSl 
03.21 T CS3/V V/CS3" 
03.40 F J=II,nr*XL»NR*NS+I;D 8.3C 
OSiSO R 
03 *'3 0 T !* Z3 .04* * SC J )V" "*VV(vI)»" "*1/VV<U>*" "*1/SCJ>*" -JD3.32 
03."82 T S<J)/VVCJ>#" "*VVCJ)/SCJ> 
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Each firm will utilize a different approach in loading the reagents 

into the rotors. For example, Worthington will first load the reagents 

in liquid form into the cuvets and then lyophilize them in situ. Smith 

Kline, on the other hand, will provide the reagents in the form of tablets, 

one of which will be added to and sealed within an individual cuvet. 

These collaborative efforts will be conducted in two phases. In 

phase 1, which is already under way, we are interested in demonstrating 

multiple-sample:single-test rotors; in phase 2, multiple-sample:multiple-

test rotors will be demons'rated. 

Lyophilized reagents. Worthington has supplied us with a total of 40 

loaded rotors, 10 for each of four chemical assays (i.e., glucose, SGOT, 

alkaline phosphatase, and LDH-L), as a part of the phase 1 program. The 

rotors to be loaded were shipped from ORNL to Worthington in partially 

assembled fashion (i.e., the rotor body plus the bottom window as one 

component, and the top cover window as the second component). Worthington 

then prepared the reagents in liquid form and loaded them into the rotors 

by pipett ing an aliquot of the appropriate reagent, containing the 

necessary quantities of reactants, into cuvets 2 through 17. The reagents 

were subsequently lyophilized in situ, and a top cover window was placed 

onto each rotor and fastened with a rubber band. After each individual 

rotor had been inserted into a plastic bag containing a small bag of 

desiccant, the entire batch of rotors was shipped to ORNL. On arrival, 

they were assembled by bonding a cover window to the rotor body—bottom 

window component and then placed into individual bags which were stored in 

desiccators at 0°C. At desired intervals, the rotors were removed from 

the desiccators and evaluated by comparing the values obtained with the 
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lyophilized reagents with those for freshly prepared Worthington reagents 

(Statzyme kits). 

(Glucose). The rotors containing the hexokinase-glucose reagent were 

initially evaluated "by comparing results obtained with them with those 

obtained by using freshly prepared reagent. In each case, the lyophilized 

reagent "was reconstituted by loading 70 i_il of distilled water into each 

reagent chamber by means of the SRL. The rotor was subsequently placed on 

the analyzer and the aliquots of water transferred into their respective 

cuvets by acceleration of the rotor to 4-000 rpm. Using a strobe light, 

the dissolution of the reagent was observed to be almost instantaneous. 

The rotor was then allowed to coast to a stop, was repositioned into the 

SRL, and loaded with sample. After loading was complete, the rotor was 

placed on the analyzer again and the glucose content of the sample measured 
26 

using a combined kinetic-equilibrium procedure. The results from these 

comparison studies are summarized in Table 2.33. As may be seen, the data 

for the lyophilized and the freshly prepared reagents are generally in 

good agreement. 

To obtain the dynamic range of the lyophilized glucose reagent con-

tained within the rotors, a second series of analyses was performed in 

which aqueous glucose solutions of increasing concentration were assayed 

for glucose content using both lyophilized and freshly prepared reagents. 

The results, which are summarized in Table 2.34, show that the lyophilized 

and the freshly prepared reagents gave equivalent results up to a glucose 

concentration of 200 mg per 100 ml. At a concentration of 400 mg per 

100 ml, both the lyophilized and the freshly prepared Worthington reagents 

gave significantly lower values as compared with the Calbiochem reagent. 



186 

Table 2.33. Comparison of glucose data obtained from preloaded 
and freshly prepared Worthington glucose reagents 

Glucose concentration (mg/lOO ml) 
number 

U L-.tl 
number Reagent wa Mean S.D. R.S.D. 

252 1 I* 15 98.6 1.62 1.64 
265 2 L 16 96.8 2.09 2.16 
27b 3 L 16 97.7 2.03 2.08 
286 L lb 99.5 2.H9 2.51 
290 5 L lb 96.9 1-77 1.83 

Total L 75 97.9 2.21 2.26 

252 6 F c 16 102.5 1.26 1.22 
265 7 F 16 99-6 2.70 2.71 
274 8 F 33 98.1 1.82 1.85 
286 9 F 16 98.7 2.05 2.07 
290 10 F 16 96.8 3.42 3.52 

Total F 75 99-3 2.64 2.66 
Q 
N = number of observations. 

^Preloaded lyophilized reagent, 

freshly prepared reagent. 
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Table 2.34. Dynamic range of lyophilized (L) VS 
freshly prepared (F) Worthington glucose reagent 

Reagent 
absorbance 

Glucose concentration (mg/100 ml) 

Run Type of 
number reagent 

Reagent 
absorbance 100 200 400 Run Type of 

number reagent X C.V. X C.V. X C.V. X C.V. 

1 L 0.0401 10.91 97.9 2.03 198.3 1.74 318.8 7.29 
2 L 0.0353 5.82 99-7 0.58 197.9 1.02 323.7 2.42 

3 L 0.0272 21.40 105.5 0.22 208.8 0.60 316.2 4.17 

4 Fia 0.0236 6.92 102.4 0.80 197.7 2.80 206.9 0.42 

5 Flb 0.0452 1-53 102.2 0.77 195.6 0.30 202.2 0.20 
6 F2C 0.0239 5.89 103.7 0.40 204.5 1.73 395.1 0.91 

aReagent was prepared by dissolving the contents of a Worthington reagent vial 
(Statzyme-15) in 5 ml of distilled water. Reaction conditions: 20 nl of 
reagent, 2 of sample, 100 p.1 of diluent. 

Reagent was prepared by dissolving the contents of a Worthington reagent vial 
(Statzyme-15) in 5 ml of distilled water. Also 2.25 millimoles of NADP was 
added. Reaction conditions were the same as those for run 4. 

Reagent was prepared by dissolving the contents of a Calbiochem Glucose 
Stat-Pack in 2 ml of distilled water. Reaction conditions were the same 
as those for run 4. 
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This difference is obviously due to the quantity of reactants in the 

Worthington reagent, and additional quantities of Lhis reagent will be 

.^quested in phase 2 of the program. 

(SGOT). TO evaluate the rotors filled with lyophilized reagents for 

the SGOT assay (Henry method), the reagents were reconstituted as described 

in the previous subsection. For comparison values, Worthington SGOT-

Statzyme 15 reagent was prepared fresh at approximately the same concentra-

tion as the lyophilized reagent. As a representative sample, Worthington 

Statzyme with a stipulated value of 58 ± 3.5 IU/liter at 30°C and an 

acceptable range of 51 to 65 LU/liter was assayed by both types of reagents. 

The results are summarized in "able 2.35. When prepared at approximately 

the same concentration, the lyophilized (runs 1-3) and the freshly prepared 

reagents (run k) gave equivalent results. However, the mean of the result-

ing values (i.e., U9) was slightly outside the accepted range (51-65). 

When the reagent was freshly prepared at a higher concentration (run 5), 

the mean value fell within the accepted range. 

(Alkaline phosphatase). To evaluate the rotors filled with lyophilized 

reagents for the alkaline phosphatase assay (Bowert and McComb method), the 

reagents were reconstituted by adding Uo |al of MAP (2-amino-2-methyl-l-

propanol) buffer (as supplied by Worthington) and 30 ul °f diluent to each 

cuvet as described in the subsection on glucose. Then the Worthington 

Statzyme control, which had a labeled value of ̂  ± 4.2 units/liter, with 

a range of 35 to 52 IU/liter at 37°C, was repetitively assayed using both 

the lyophilized and freshly prepared reagents. The results are summarized 

in Table 2.36. Although the mean values obtained with the two types of 

reagents were generally comparable, each gave higher values than the listed 
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Table 2-35. Comparison of SCOT data obtained from preloaded (L) 
and freshly prepared (F) WortL:ngton SGOT reagents 

Run Type of Reagent absorbance Activity (IU/liter at 30°C) 
number reagent # X C.V. IS8, X C.V. 

1 L - - - 16 49.09 1.37 
2 L 4 0.3633 12.38 10 49.89 2.09 

3 L 4 0.3526 0.55 12 49.09 1.32 
h Flb b 0.3079 2.11 12 49.88 1.33 

5 F2 C 3 0.5621 0.60 13 52.58 1.60 
£L Kumber of observations. 

Reagent was prepared by dissolving the contents of a Worthington 
Statzyme-15 vial in 3-5 ml of water. Reaction conditions: 20 p.1 of 
reagent, 10 p.1 of sample, 100 pi of diluent. 
°Reagent was prepared by dissolving the contents of a Worthington 
Statzyme-15 vial in 2 ml of water. Reaction conditions were the same 
as those for run 4. 
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Table 2.36. Comparison of alkaline phosphatase data obtained 
from preloaded (L) and freshly prepared (F) 
Worthington alkaline phosphatase reagents 

Run Type of Reagent absorbance Activity (I'j/liter at SO^C) 
number reagent Na X C.V. N3, X C.V. 

1 L 5 0.^226 5.9^ 11 51. bO 1 . 1 6 

2 L b 0 . 5 6 0 8 5.05 12 57.26 1-35 

3 L b 0.1192 8 . 0 6 12 57.84 1.94 
b PI* b 0 . 3 0 3 8 5.11 10 52.59 0.87 

5 F2C b 0.1733 0.72 10 56.3b 1 . 2 3 

Q» Number of observations. 

^Reagent was prepared by dissolving the contents of a Worthington 
Statzyme-15 vial in 2 ml of Worthington buffer. Reaction conditions: 
4-0 t-il of reagent, 10 pi of sample, 80 of diluent. 

°Reagent was prepared by dissolving the contents of a Worthington 
Statzyme-15 vial in 4 ml of Worthington buffer. Reaction conditions 
were the same as those for run 
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range (35 to 52 ITJ,/liter) for the control serum; again, however, this may-
be related to reactant concentration. It was also observed that the 
lyophilized alkaline phosphatase reagent was very powdery and tended to 
sift out of the cuvets into other chambers of the rotor. This could cause 
a serious analytical problem, especially if some of the reagent "dust" 
should fall into the sample chamber. 

(LDH-L). In evaluating the rotors filled with reagents for the LDH-L 
assay, we had planned to follow the same procedure used for the glucose, 
SGOT, and alkaline phosphatase evaluations. However, when the rotors were 
removed from the freezer, the reagents showed evidence of deterioratior. 
(i.e., the contents of the cuv-ts had a yellowish-brown to brown appearance). 
This deterioration was confirmed analytically since a very low enzyme 
activity was obtained when these rotors were used to assay for LDH-L 
activity. For example, when these reagents were used to assay a sample 
known to have an LDH-L activity of 170 IU/liter at 30°C, an activity of less 
than 20 IU/liter was obtained. 

After consultation with Worthington, ten rotors were returned to them 
for reloading with LDH-L reagent. When the reloaded rotors were returned 
to Oak Ridge, they wore immediately stored in a desiccator which was placed 
in a freezer at 0°C. To complete the assembly of the rotors., two rotors 
were removed from the 0°C desiccator and placed in a 25°C desiccator, 
where they were allowed to remain until they reached ambient temperature. 
At this point, the rotors were removed from the desiccator, adhesive was 
applied to the top surface of the rotor-bodyrbottom-window components, and 
a top cover window was added to each rotor; the resulting assembled rotors 
were then placed in individual presses. Each press was placed in a 
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desiccator and stored for approximately 18 hr at U°C. At the end of this 
period, the rotors were removed from the presses, placed in individual 
plastic "bags, an<S stored in a desiccator at 0°C. 

After the rotors had "been stored for three days, their contents were 
reconstituted "by adding 70 pi of diluent to each cuvet as described in the 
subsection on glucose. Worthington Statzyme Control (labeled LDH-L, 
activity of 168 ± 12.6 lU/liter, acceptable range IU3 to 193 units/liter) 
was used as the reference sample. For comparative purposes, this reference 
sample was also assayed using freshly prepared Worthington Statzyme-15 
LDH-L reagent. The results, which are summarized in Table 2.37, show that 
low values were obtained from both rotors (runs 1 and 2) containing the 
lyophilized reagents. The rotors that contained freshly prepared reagent 
(runs 3-5) gave acceptable results. 

To determine whether the low values obtained with the lyophilized 
reagent was due to a loss in NAD or lactate, the two major reactants in 
this assay, an experiment was performed in which the lyophilized reagent 
was fortified with either freshly prepared WAD or lactate. Two rotors 
containing the LDH-L reagent were assembled as previously described. Sub-
sequently, the reagents of one rotor were reconstituted by adding 20 nl 
(0.5 micromole) of a freshly prepared NAD solution plus 50 pi of diluent 
to each reagent chamber and then transferring the contents as previously 
described in the glucose section. The same procedure was followed with 
the second rotor, except that 20 (il (10.8 micromoles) of freshly prepared 
solution of lactate was used instead of the NAD solution; Worthington 
Statzyme was used as the reference sample. The results are summarized in 
Table 2.38. Lower values were again obtained from the rotors in which 
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Table 2,37. Comparison of LDH-L data obtained from preloaded (L) 
and freshly prepared (F) Worthington LDH-L reagents 

Run 
mniber 

Type of 
reagent 

Reagent absorbance Activity (lU/liter at 50 Run 
mniber 

Type of 
reagent a N X C.V. a rr y C.V. 

1 L 4 0.2061 7.55 12 32.4 IO.85 
2 L h 0.242? 7.51 12 56.2 ?.4S 

3 £ k 0.138" 2.34 10 171.1 1.04 

4 FC 4 0.13^7 3.01 12 164.5 1.30 

5 Fb 4 0.1895 3-07 12 171.6 1.51 
Si Number of observations. 

Reagent "was prepared by dissolving the contents of an LDH-L Statzyme-15 
vial in 3 ml of water. Reaction conditions: 40 pi of reagent, 10 pi cf 
sample, 80 pi of diluent. 

Reagent was prepared by dissolving the contents of an LDH-L Statzyme-15 
vial in 4 ml of water. Reaction conditions were the same as those for 
runs 3 and 5. 
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Table 2.38. Comparison of LDH-L data obtained from fortified preloaded 
reagent (L) and freshly prepared (F) Worthington LDH-L reagents 

Run Reagent absorbance Activity (Itf/liter at 30°C) 
number Type of reagent X C.V. X C.V. 

1 L 0.2061 7.55 82.4 IO.85 

2 L 0.2429 7-51 56.2 9.48 

3 L + NAD 0.2909 3-07 70.0 8.41 
4 L + lactate 0.1716 10.73 94.5 7.81 
5 Fa 0.0806 3-41 183.9 0.52 
6 Fb 0.1283 3-52 172.6 0.71 

Reagent was prepared by dissolving the contents of a Calbiochem LDH-L 
Statpack in 2 ml of water. Reaction conditions: 20 |il of reagent, 
10 nl of sample, 100 |_il of diluent. 

Reagent was prepared by dissolving the contents of a Worthington LDH-L 
Statzyme-15 vial in 3 ml of water. Reaction conditions: 40 fil of 
reagent, 10 nl of sample, 80 |il of diluent. 
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the reagents were lyophilized, and fortification with either HAD or 

lactate failed to return the activities to levels observed for freshly 

prepared reagents. These results indicate that the LDH-L reagent is very 

unstable and that a different approach may have to be taken in loading the 

reagents for this assay. We had also experienced this problem with the 
•7 

LDH-L reagent in our feasibility studies,' but were able to circumvent it 

by lyophilizing the LDH-L reactants separately (i.e., the NAD was lyophi-

lized in the cuvets and the lactate in the reagent chambers). This 

approach will be discussed with Worthington. 

(Summary). These studies indicate that reagents can be lyophilized 

in the cuvets of a rotor in situ by the reagent manufacturer and that they 

can be subsequently easily reconstituted and used for analysis. Some 

difficulties were encountered with regard to the quantities of reagent used 

for the various assays, but they can probably be eliminated by increasing 

the concentration of each reagent prior to lyophilization. The instability 

of the LDH-L reagent also poses a problem; however, it is hoped that this 

problem can be minimized by lyophilizing the reactants for this reagent in 

separate chambers of the rotor. 

Reagents in tablet form. An alternative to in-situ lyophilization of 

the reagents is the use of reagent tablets. These tablets would be sealed 

into designated cuvets and reconstituted prior to analysis. Ease and 

flexibility in loading are the attractive features of this approach. In 

addition to the general chemical problems expected to be encountered, 

potential physical problem areas with this approach would include dissolu-

tion time, difficulties associated with the manufacture and quality control 

of the small tablets (10 mg), and the extremely small quantities of 
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reactants that they -would, contain. Smith Kline instruments chose to 

follow this approach because they routinely manufacture and raarkf t the 

Sskalab line of reagent tablets and thus have had considerable experience 

•with reagent tablet technology. 

Smith Kline has produced two types of placebo tablets, containing 

different buffer formulations, for use in determining some of the physical 

problems we might encounter with small tablets. In addition, each tablet 

contains a given quantity of WADH, which will act as an optical marker to 

allow the properties of the tablet to be studied. The first type of tablet 

supplied was an effervescent (E) formulation (let 30-3-89) which incorpo-

rated EaHCO^ to effect effervescence to enhance dissolution of the tablet. 

Each tablet, which weighed approximately 10 mg,, was formulated to give an 

absorbance of 1.0 at 3^0 nm when dissolved in 130 pi of water. The second 

type of tablet was a noneffervescent (NTS) formulation (lot 30-3-90) having 

the same specifications as the E tablets. 

To evaluate these tablets, four rotors were filled with each type of 

formulation by using tweezers to place individual tablets into cuvets 2 

through 17 of the rotors. The top cover windows were then bonded v.o the 

rotor body (the bottom window had previously been bonded to the rotor body), 

the entire rotor was placed in a press, and the adhesive was allowed to cure 

overnight at ambient conditions. Subsequently, the rotors were placed in 

plastic bags, which, in turn, were placed in desiccators at 0°C until used. 

The tablets were reconstituted by using the SRL to load a total of 

130 pi of water into the sample and reagent chambers (i.e., 60 pi in the 

sample chamber and 70 pi in the reagent chamber). The rotor was then 

placed on the analyzer and the contents of the chambers transferred into 
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their respective cuvets by increasing the rotor speed. Both the transfer 

operation and the subsequent dissolution were visibly observed with the use 

of a stroboscope. The dissolution time was found to be a minimum when the 

liquid was transferred by increasing the rotor speed to 700 rpm, followed 

by a decrease to 100 rpm or less until the tablets were dissolved. If 

the rotor speed used in the transfer or subsequent dissolution was too 

fast, any particulate matter present in the cuvets would sediment and pack 

against the peripheral walls and hence retard dissolution. After the 

tablets had dissolved, the solutions were mixed by one or more dynamic 

acceleration and braking cycles (i.e., rest — 4000 rpm — 0 rpm — 1000 rpm). 

The absorbances of the solutions were then measured at 3^0 nm at a rotor 

speed of 1000 rpm. For comparative purposes, fresh tablets were obtained 

from newly opened vials, dissolved in an appropriate quantity of water 

(20 tablets/2.6 ml), and the absorbance of the resulting solution measured 

at 3^0 nm. The data obtained in the initial study are summarized in 

Table 2.39. 

As shown in the table, the E tablets dissolved much faster than the 

HE tablets (2 min vs 15 min). However, each type of tablet had a signifi-

cantly lower absorbance than expected; decreases of' 83$ and 60$ were 

obtained for the E and NE tablets, respectively, when compared with fresh 

tablets. In addition, even the tablets that were stored in the vials 

exhibited a loss in absorbance when compared with Smith Kline values. 

Thus the data obtained in this initial evaluation indicate that both types 

of the NADH-containing tablets are unstable. The results also indicate 

that most of the NADH is lost during the rotor assembly step or during 

storage, or both. 



Table 2.39. Initial evaluation of placebo reagent tablets 

Run 
number 

Dissoliition 
time 
(min) 

Absorbance (3U0 nm, 0.5 cm) Run 
number Formulation 

Dissoliition 
time 
(min) Mean S.D. R.S.D. 

1 E 2.0 0.0695 0.0088 12.62 
2 E 2.0 0.0767 0.0152 19-84 

3 E 2.0 0.0576 0.0081 14.07 
4 E 2.0 0.0684 0.0058 8.46 

5 Ea 
- 0.3709 0.0039 1.05 

Eb 
- 0.436 0.003 0.70 

6 NE 15.0 0.1349 0.0352 26.09 
7 NE 5.0 0.1652 0.0181 10.97 

15-0 0.1701 0.0191 II.25 

30.0 0.1705 0.0192 11.25 
8 NE 15.0 0.1622 0.0121 7.45 

9 NEa - 0.4155 0.0046 1.10 
HE* — 0.436 0.0080 I.83 

Q -» 
Twenty tablets of either E or NE formulation were dissolved in 2.6 ml of 
water. Absorbances of l6 aliquots were measured at 340 nm at a path-
length of 0.5 cm. 
^Data supplied by Smith Kline. 
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To minimize loss of NADH during assembly and storage of the rotors, 
a new technique was developed in which fresh tablets were removed from 
newly opened vials and immediately placed in their respective cuvets. The 
adhesive was quickly applied to the rotor body, a top cover window placed 
upon it, and the assembled rotor put into a press. Each press and rotor 
were then immediately stored in a desiccator at 4°C for approximately 18 hr 
to allow the adhesive to cure. After curing, the rotors were removed from 
the presses and each placed in a plastic bag, which was then stored in a 
desiccator at 0°C until needed. At specified times, the rotors were 
removed from the freezer, the tablets dissolved as previously described, 
and the absorbances of the resulting solutions measured. The results from 
the second series of experiments are summarized in Table 2.40. The data 
indicate that less NADH was lost with the new assembly and storage 
procedure. Again, the E formulation was found to be less stable than the 

Table 2.40. Second evaluation of placebo reagent tablets 

Storage 
time 
(days) 

Absorbance (340 nm, 0.5 cm) Percent 
decrease Formulation 

Storage 
time 
(days) Mean S.D. R.S.D. 

Percent 
decrease 

E 0 0.3695 0.0088 2.39 -

1 O.33IO 0.0194 5.85 10.4 

27 0.2326 0.0144 6.19 37.0 
NE 0 o.4o4i 0.0076 1.88 -

1 0.39^3 0.0202 5.12 2.4 

27 0.3782 0.0141 3.71 7.4 
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NE; it lost 37$ of its NADH activity when stored 27 days, while the NE 
ic.rmulation lost only 7% during the same period. 

On discussion of these data with. Smith Kline personnel, it was 
mutually agreed that two additional types of placebo formulations should 
be tried. One type of tablet was a noneffervescent, placebo-FIPES (NE?) 
formulation (lot 30-3-104), with each 10-mg tablet formulated to yield an 
initial absorbance of 1.0 at 34-0 nm (1.0-cm cell) when dissolved in 130 i 1 
of water. The buffer used is PIPES (piperazine-N,N-bis-2-ethane sulfonic 
acid) monosodium salt, which eventually, when mixed with active raw 
materials, will constitute the glucose tablet. The second tablet was an 
effervescent (E-2) formulation (lot 30-3-103) with specifications similar 
to those of the NEP tablets. On receiving the new tablets, we loaded two 
rotors from each formulation using the new assembly and storage technique 
described previously. To evaluate the tablets, they were reconstituted 
as described, and the absorbances of the resulting solutions measured at 
340 nm. Fresh tablets from newly opened vials served as controls. The 
results are summarized in Table 2.4l. In general, the data obtained 
indicated that the NEP tablets were stable, while the E tablets were less 
stable and lost approximately 24% of their NADH content after only two 
days of storage. A large vial-to-vial variation was observed with the E 
tablets; a mean of 0.5901 ± 0.0449 (7.6%) was obtained when the data for 
runs 5-8 were statistically processed. A large within-rotor, tablet-to-
tablet variation was observed for both types of tablets (runs 3, 4, 9, 
and 10). Upon inspection of the raw data, it was obvious that the random 
high values (which were periodically obtained) were approximately twice or 
three times the mean value for a given rotor. This suggests that two or 
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Table 2.41. Initial evaluation of second batch 
cf placebo reagent tablets 

Hun 
number 

Storage 
time 
(days) 

Absorbance • (3^0 nm, 0.5 cm) Hun 
number Formulation 

Storage 
time 
(days) Mean S.D. R.S.L. 

1 NEP 0 0.5794 0.0016 0.28 

2 TEF 0 0.5558 0.0039 0.70 

3 NEP3- 2 o.6io4 O.I0I3 

4 NEpa 2 0.5710 0.1036 18.14 

5 E-2 0 o.644o 0.0038 0.56 

6 E-2 0 0.5741 0.0208 3.62 

7 E-2 0 0.6039 0.0032 0.53 
8 E-2 0 0.5383 0.0021 0.40 

9 E-2b 2 0.4610 0.1315 28.51 
10 E-2b 2 0.4491 0.0796 17.73 

s> Dissolution time = approximately 15 min. 

Dissolution time = approximately 2 min. 
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more tablets were inadvertently loaded per cuvet instead of the one 

tablet intended. Unfortunately, the small size of the individual tablets 

makes such an error difficult to detect and prevent when loading the rotors. 

The high relative standard deviations observed in runs 3, 4, S, and 10 

led us to perform an experiment to directly measure the tablet-to-tablet 

variation for fresh tablets. In this experiment, individual, fresh tablets 

were dissolved in 1.30 ml of water and the absorbances of the resulting 

solutions measured at 340 nm. The experiment was repeated on the following 

day. The results show (see Table 2.42) relatively high tablet-to-tablet 

variations of ±19.b% and ±30.9% for the E-2 and NEP formulations, 

respectively. Upon inspection of the raw data, several tablets gave 

absorbances that were a factor of 2 or 3 higher than the mean absorbance 

for a given rotor. Again, this is probably due to the inadvertent placing 

of more than one tablet in each vial; however, the technique used to 

manufacture the tablets may also be involved. 

The data obtained from the second batch of tablets were summarized 

and compared with specification data provided by Smith Kline (Table 2.4-3). 

In general, the measured absorbances of the tablets and vials measured by 

both groups agreed very well. The higher within-tablet variation observed 

in the ORNL evaluation was probably due to a loading error (as previously 

discussed). 

In summary, four different types of placebo tablet formulations have 

been provided by Smith Kline Instruments. In general, the effervescent 

formulations will dissolve in 2 min or less, while the noneffervescent 

one may require up to 15 min for complete dissolution. Reagent stability 

is a problem with the effervescent formulation since tablets of this type 
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Table 2.42. Within-tabiet variation of the 
second batch of placebo reagent tablets 

Absorbance (340 nm, 0.5 cm) 
Date 

nun 
number Formulation a N Mean S.D. R.S.D. 

9-H-75 1 E-2 16 O.0583 0.0077 13-4 
2 E-2 16 0.0575 O.OI65 28.7 

9-12-75 1 E-2 16 0.0556 0.0080 14.4 
2 E-2 16 0.0586 0.0092 15.7 

Combined E-2 64 0.0575 0.0112 19.4 

9-H-75 3 NEP 16 0.0597 0.0068 11.43 
4 NEP 16 0.0730 0.0315 43.1 

9-12-75 3 NEP 16 0.0539 O.OO89 16.6 
4 NEP 16 0.0562 0.0067 11.9 

Combined NEP 64 0.0608 0.0188 30.9 
dumber of observations. 

Table 2.4-3. Comparison of ORNL and Smith Kline evaluations 
of second batch of reagent tablets 

ORNL SK 
Formulation Mean S.D. R.S.D. Mean S.D. R.S. D. 

E-2 Within-tabiet 0.06 or 0.0188 30.89 0.059 0.009 15- 2 

Within-vial 0.5901 0.0449 7 .61 0.587 0.035 6. 00 

NEP Within-tabiet 0.0575 0.0112 19-37 0.059 0.0042 7. 03 

Within-vial 0.5676 0.0030 2.6 0.557 0.0175 3. 14 
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los" from 20 to 8o£ of their optical activity -when stored in the rotors 

for two days or more. An improved technique in the assembly and storage 

of the rotors that contain tablets has decreased the loss of optical 

activity, .specially in the case of the noneffervescent tablets. On the 

basis of this initial evaluation, a noneffervescent formulation is 

probably the preferred choice for future reagent tablets. This type of 

formulation requires a longer time for dissolution; however, the constitu-

ent reagent appears to be more stable. We are currently awaiting the 

shipment and arrival of glucose tablets in a noneffervescent formulation. 
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