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We have designed two programs for use with an inexpensive programmable calculator
which rapidly and accurately convert raw data generated from enzyme-linked immuno-
sorbent assays directly into antigen The first prog: and compares
effective doses (EDjo)’s between a slandard and each unknown sample assayed. The EDgq
from the unknown sample is then multiplied by a concentration factor which yields the un-
Kknown concentration. The sccond program linearizes the sigmoidal enzyme-linked im-
munosorbent assay titration curve using a logit-log transformation of the data in order to
compute unknown concentration values. Both programs employ stringent limit conditions

to decrease “‘nonsense” calculations. Data are then processed by a least-squares best-fit

linear regression analysis.

Enzyme-linked immunosorbent assays
(ELISA)' are now used routinely for the
quantitative determination of a wide variety
of antibodies and soluble antigens (1,2).
The sensitivity of this immunoassay is de-
pendent upon the affinity of the antibody
to its specific antigen and, under the best
of conditions, can rival that of the better
known radioimmunoassay (3). ELISAs are
usually performed in a 96-well microtiter
plate to which either the antigen or antibody
has been attached. Basically, the assay is
begun by binding a monospecific antibody
to the microtiter plate, then exposing the
bound antibody to serial dilutions of a
solution containing an unknown concen-
tration of the antigen to which the bound
antibody is directed. The microtiter plate
containing the antigen—antibody mixture is
incubated and then washed thoroughly to

! Abbreviations used: ELISA, enzyme-linked im-
assay: PBS, buffered saline;
MAS, minimum acceptable slope.

remove excess unbound antigen. At this
point either an enzyme-antibody or an
enzyme-antigen label is added. After in-
cubation the bound conjugate is quantitated
by the addition of an appropriate substrate
which yields a chromogenic product. The
amount of chromogen produced is either
directly or inversely (depending on the type
of conjugate used) related to the amount of
antigen bound to the specific antibody. The
concentration of the unknown is determined
by a graphic transformation of the ab-
sorbance readings, and then this curve is
compared to that derived from absorbances
of known concentrations of the antigen
treated in an identical way.

The widespread use and acceptance of
this procedure is attested to by the recent
development and marketing of spectro-
photometers for measuring absorbances
directly from microtiter plates. These in-
struments can easily be connected to low-
cost programmable calculators. Although
the programs described in this paper were
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written specifically for the Texas Instru-
ments TI-59 (cost $200), similar programs
could be written for other low-cost pro-
gr ble calculators that have equi

data handling and storage capacitics. We
have designed two simple programs for use
with an ELISA plate spectrophotometer
directly interfaced with a TI-59 calculator;
which allow the conversion of absorbance
measurements (from either direct or indirect
enzyme immunoassays) into antigen con-
centrations. Each program processes the
absorbance as it is relayed into the cal-
culator. Once the necessary constants
obtained from a standard curve are properly
stored in the calculator using either pro-
gram, unknown antigen concentrations can
be obtained in a matter of minutes. These
constants dictate some of the stringent
limit conditions by which the data are
subsequently accepted or rejected fortinear-
regression analysis. These limited con-
ditions decrease the chances of obtaining
erroneous resulis and thereby reduce the
necessity of manually graphing each data
point.

MATERIALS AND METHODS

Monospecific goat anti-rat fibrinogen,
antibody- coated mlcromer p]ates and fi-
bri h
were prepared as prevxously described by
Kwan et al. (4).

Immunosorbent assay. The immuno-
assays were performed in 96-well round-
bottom microtiter plates (Dynatech Labora-
tories, Inc.) coated with monospecific goat
anti-rat fibrinogen (Kwan et al. (4)). Briefly,
0.2 ml (5 pg/ml) of rat fibrinogen (E}%,,

= 15.9; Apax 280 nm (5)) in PBS~Tween
(0.85% NaCl, 0.05wm pt h 0.05%

(0.85% NaCl; 0.05% Tween 20) were
made to rows B through G.
tained only PBS-Tween throughout the
course of the assay. The plates were tightly
sealed with cellophane tape and shaken
for 2.5 h at 25°C. Unbound antigen was
then removed by washing with Tween—
saline and antigen—enzyme conjugate (fi-
brinogen~alkaline phosphatase) was added.
The plates were again incubated for 2.5 h,
washed with Tween-saline, then incubated
with substrate (p-nitrophenyl phosphate).
The enzymatic reaction was terminated
after 15 min by the addition of 0.025 ml of
2 N NaOH. The absorbance of the yellow
product, p-nitrophenol, was measured at
405 nm with an ELISA plate spectro-
photometer (Dynatech).

Calculator-CompuPrint system. The
spectrophotometer is interfaced with a
CompuPrint 700 (Artek). A Texas Instru-
ments TI-59 programmable calculator,
mounted on a PC-100C printer and con-
nected to the CompuPrint, completed the
system.

RESULTS

Program I Analysis

When serial twofold dilutions of a 5 ug/ml
fibrinogen solution were assayed by the
enzyme-linked immunoassay method, a sig-
moidal curve relating absorbance to log
dilution (i.e., actual concentration) could be
drawn through the data (Fig. 1). The general

. form of the logistic equation which car be

used as a model for this relationship may
be expressed as
a-—d

Y= ————+d, 1

1+ (X/c) i

where Y i is the response; X, the arithmetic
a, the whenX = O;

Tween 20, pH 7.1) were placed in row A
columns 1 and 2. Samples containing
fibrinogen (2-14 pg/ml) were then added
(0.2 ml/well) in duplicate or triplicate to
row A columns 3-12. Two plates were

d, the response for ““infinite’ concentration;
c, the EDy, i.e., the concentration resulting
from a response halfway between a and d;
and b, a ‘‘slope factor’ that determines
the steepness of the curve (6,7). This “‘slope

required for 10 samples plus two dard:
Serial twofold dlluuons in Tween-. salmc

factor” corr to the slope of a logit-
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that the absolute concentration of a sample
changes the placement of the curve (i.e., to
the right or left) but not its shape. Thus, two
or more curves may be characterized sepa-
rately when compared in terms of slopes
and ED;’s. Program I takes advantage of
this fact in the following ways: after reading
the absorbances from™a known fibrinogen
standard, the user determines from the
program print-out the median absorbance
(¢), minimum acceptable slope (MAS), and
concentration factor (see Appendix I, step
4.1), then enters these values into the
appropriate program storage registers. When
reading an unknown, slopes between suc-
cessive dilutions are calculated auto-
matically, then compared with the slope
(MAS) obtained for the standard. Once
these two slopes match one another, the
ED;, of the unknown curve is calculated,
then multiplied by a conceitration factor
to give the concentration of the unknown
sample.

When known fibrinogen standards were

08 T —
29,4
05 YETEF Z
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b= 2382
© 04 c=0285
=0,
3 osf
o
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01
0
1 2 4 8 18 32 64
DILUTION
A B C DO E F G

FiG. 1. Standard curve for fibrinogen determination.
Plates were coated with 6 pg/ml of monospecific
goat anti-rat fibrinogen. Serial twofold dilutions were
made (using PBS-Tween) with a rat fibrinogen
standard (5.0 pg/ml) from row A through row G. Ex-
perimental data (@); theoretical data obtained from
Eq. {1] (O): b corresponds to the slope of the logit-
log plot (Fig. 2).
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* Fig. 2. Logit transformation of absorbances from

Fig. 1. Data points from rows A, B. and G (O) were
omitted from the linear-regression analysis since they
were either less than 3% or greater than 97% of the
maximum absorbance (see Discussion). The line de-
scribing the binding of enzyme-antigen conjugate
was obtained by linear-regression analysis of the four
remaining points (®). The correlation coefficient for
this line is 0.9906.

assayed and then analyzed with this pro-
gram, a linear relationship (r = 0.9957) be-
tween actual versus assayed values was
obtained (Fig. 3A). The slope of the linear
regression curve was 1.17. Within this range
of fibrinogen concentrations the maximum
slopes obtained from all samples differed
from that of the known calibration standard
by 3.4-32.5% (15.5 = 9.3%, mean * stand-
ard deviation; N = 10).

The accuracy of this method is not
diminished when the maximum slope ob-
tained from an unknown sample differs by
large values from that obtained from a
calibration standard. This is attested to
by the absolute errors derived from dupli-
cate samples having slopes which are dif-
ferent from a known calibration standard
by 3.4 versus 32.5%. These duplicate
samples had absolute errors of 1.03 and
0.48 pg/ml, respectively. However, since
the majority of unknown samples have
maximum slopes which are within +20% of
the calibration standards, we routinely
climinate from analysis all unknown slopes
which are less than 80% of that obtained
from the standard. This is accomplished
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Fi6. 3. Comparison of standard curves with known fibrinogen standards using Programs [ and II.

Using E{%

= 15.9 for rat fibrinogen, standards containing between 2 and 14 ug/ml were assayed in

duplicate. The resultant absorbances were then converted to fibrinogen concentration (relative to a
5 pg/ml standard) using either Program I (A) or Program 11 (B). A best-fit linear-regression line has

been drawn through each set of data.

automatically with Program I by selecting
the appropriate value for a minimum accept-
able slope (MAS: see Appendix I, step 4.4).
The average absolute error obtained from
the fibrinogen values (2 to 14 ug/ml) depicted
in Fig. 3A was 0.85 ug/ml. The average
absolute error is defined herc as the sum
of the deviations of the experimental values
from the actual values divided by the
number of determinations.

Program II Analysis

Program II was written so that the logistic
model could be utilized in estimating the
concentrations of unknowns. Absorbance
measurements were transformed into logit
units and then plotted as logit versus log
dilution. In this plot a straight line can be
drawn through data which the logistic model
fits. The logit transformation is given
in Eq. [2]: -

. Y
Li Y) = —_
ot (1) = n [ ] - @

where Y is the percent response. In this
equation Y is defined as

oD, ]
ODpax |

Y= (100)[

where OD; is the sample absorbance at di-
lution i and ODy,y is the absorbance at in-
finite antigen dilution. Equation [2] may be
rewritten as a function of OD; as follows:

0Dy

oDy =In | ——m——| . 3
JoD) “[ODm.,x—OD,] El

ELISA Program II was designed to obtain
a linear regression best-fit analysis from the
relationship

41

where a is the ordinate intercept and b is
the slope. These constants are determined
for each regression analysis. A typical logit
versus log plot of the data from Fig. 1 is
shown in Fig. 2. When the slope, b, from
Fig. 2 (obtained from the program print-out
for each sample) was entered into Eq. [1],
a theoretical sigmoidal curve was obtained
which closely approximated the curve ob-
tained from the assay (see Fig. 1). To obtain
the slope, the program accepts and averages
from one to three absorbance measurements

f(OD)) = (b) In (dilution)) + a,

from each row, eliminates values outside *

of the 3~97% OD;ax range, then converts
the remaining values into logit units. The
dilutions of known and unknown samples
at which the logit equal to zero (as calculated
by a least-square linear regression subpro-
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gram) are then compated to determine the
concentration of the unknown.

When the same set of known fibrinogen
standards were analyzed by this program,
a linear relationship (r = 0.9977; slope
= 1.11) between actual versus experi-
mentally determined values was obtained
(Fig. 3B). The average absolute error ob-

tained from Fig. 3B by this method of

analysis for rat fibrinogen was 0.46 ug
fibrinogen/ml.
DISCUSSION

We have described two simple computer
programs each of which is capable of simul-

taneously analyzing data from enzyme im- .

munoassays while their absorbances are
being measured. While both programs are
fully automatic when d to the

from the logit analysis pefformed by Pro-
gram II, the operator need only measure
as many absorbances as necessary to reach
an acceptable slope. At this point the
concentration is immediately obtained and
the next sample can then be analyzed. Thus,
plates containing samples having relatively
low antigen concentrations may be read in
as little as 5-7 min. For this reason, this
program is particularly well designed for
large-scale screening studies.

Program 1II calculates antigen concentra-
tion by converting absorbances into logit
units which are then automatically analyzed
by a least-squares linear regression sub-
program. One feature of this program is that
absorbances outside the range of 3-97% of
the maximum observed absorbance are

ically omitted from further analysis.

spectrophotometer-calculator system  de-

scribed in this report, each can be used

manually with absorbances being entered
through the keyboard followed by keying
R/S. Thus, data obtained from any type of
spectrophotometer can be rapidly and ac-
curately analyzed using either of these
programs. When connected to a spectro-
photometer ELISA plate reader, however,
the elimination of all manual data manipu-
Jations results in a substantial savings in
time, as well as preventing operator errors.

Program 1 utilizes only two points to
determine a concentration value. Because
the program will automatically extrapolate
the line between any two points to the
median absorbance (keyed in by the user),
erroncous dilution values and consequently
erroneous concentration values may be
generated. Program I, however, allows the
operator to choose an appropriate minimum
slope (also obtained from the standard and
keyed in by the operator) against which
each slope from the unknown is compared.
The program then automatically searches
the unknown curve for a matching slope
before calculating the correct unknown
concentration. While the overali accuracy
of this program is less than that obtained

The elimination of these data prevent minor
differences in blank absorbances from pro-
foundly affecting the outcome. Generally,
five to six points are used for the least-
squares best-fit curve. This more detailed
method of data analysis results in an in-
crease in accuracy when compared to Pro-
gram 1. Another feature of this program is
that the correlation coefficient and slope
of each line from the logit plot (for both
the standard and all unknowns) are printed.
This information allows the operator to re-
ject a calculated sample concentration if
discrepancies exist between the unknown in
question and the standard. For example, if
a correlation coefficient less than 0.95 is ob-
tained for a given sample, the sample should
be reassayed. Alternatively, the data may
be manually graphed using logit-log paper.
If, by visual inspection, a data point was
found to deviate significantly from those
falling within the 3-97% range, the re-
maining data points could be manually
keyed into the program. Such a procedure
would raise the correlation coefficient and
improve the accuracy of the calculated
antigen concentration. However, this ma-
nipulation must be done taking Chauvenet's
criterion into consideration (8). This type of
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absorbance error can result from differences
in the optical path caused by the nonuni-
form thickness of each plastic well bottom.
We have found that both flat-bottom as well
as round-bottom plates give similar results.
When these extraneous absorbances are
accepted into the program, a best-fit line
with one or more points substantially de-
viating from the least-squares curve could.
be obtained. Thus differences in slopes
and low correlation coefficients should then
alert the operator to reassay the sample.
This type of problem is also prone to occur
when the unknown antigen concentration
substantially deviates from the concen-
tration of the standard.

In summary, we have written two pro-
grams for analysis of data from enzyme-
linked immunoassays. Each of the programs
contain important constraints which are im-
posed upon the data in order to assure
accurate and reliable data conversion from
absorbances and dilutions into concentra-
tion units. Both programs are written for
use on the TI-59 calculator, an inexpensive
calculator that is universally available and
easy to use. The use of ELISAs is rapidly
increasing in popularity and when used with
a system for data analysis as described
here is a very convenient and easy approach
for the determination of antigen concen-
trations.

APPENDIX I: DETAILED DESCRIPTION OF PROGRAM | OPERATION

In Table 1, the individual steps for this program are listed. The 462 steps
are stored on both sides of one magnetic card. Programming and storage of the
program on the magnetic card is peiformed as described by the manufacturer.

Notes
1.1 Partition calculator to 479.59 by pressing 6; 2nd; Op; 17.
2.1 Insert program card side 1 after pressing INV; 2nd; FIX; CLR. Again press

CLR and insert card side 2.
2.2 Press RST; R/S to start program.

3.1 Key in sample number, then press PRINT on printer.
4.1 Enter concentration factor, median absorbance, and minimum acceptable

slope as follows:

4.2 Median Absorbance: This is equal
obtained from the standard curve.
andards enter 1 then press STO; 21. For

4.3 Concentration factor (C.F.); for st

to one-half the maximum absorbance
Enter this value and press STO 22.

unknown C.F. = (standard)/dilution; where the dilution is obtained from
the standard curve. For example, from Fig. 1, the program calculated a
dilution of 16.0. Therefore, C.F..= 5+ 16 = 0.313. -

4.4 Minimum acceptable slope (MAS):

The slope will vary from antigen to anti-
gen. For fibrinogen the slope is

0.4. For most indirect immunoassays

0.1 can be used initially. Press 0.1; STO 23. Slopes greater than 0.1 will
then be printed for each dilution of the standard. From these values the
maximum slope is obtained. The MAS = 0.8xmax slope. Enter this value
for unknown samples and press STO 23.

4.5 These numbers may all be record
printer prior to keying in each of

proceeding.
S

ed on tape by pressing TRACE key on
f the numbers. Release TRACE before

Before reading absorbances press R/S.
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