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SOFTWARE FOR MICROPROCESSOR
CONTROLLED HPLC: PEAK AREA INTEGRATION

Ram P. Singhal and David B. Smoll

Department of Chemistry
The Wichita State University
Wichita, Kansas 67208

ABSTRACT

Programs are described for determination of peak areas and
peak retention times from the chromatographic data obtained by a
dual-microprocessor data handling microcomputer (DHC). The programs
provide the necessary equipment testing and calibration routines
for an accurate reproduction of a recorded chromatogram, and they
are written to be merged with the data acquisition programs to
provide a true "real-time" integrator. The integration is perform-

*This Series of publications is dedicated with gratitude and admiration to Dr,
Waldo E. Cohn, Oak Ridge National Laboratory on the occasion of his 76th birthday
for his pioneering work in liquid chromatography, chemistry, and nomenclature of
nucleic acids.

Address _all _ correspondence _to RPS. Inquire RPS for availability of complete
program listings on floppy disk or hard copy (Tel: 316-689-3120). Program listings
are also described in the dissertation of D, B. Smoll, it can be loaned from Ablah
Library, The Wichita State University, Wichita, KS 67208. This is the fourth paper
in this series (see ref. 1 through 3 for first three papers),

Abbreviations: A/D, analog-to-digital; D/A, digital-to-analog; HPLC, Hplc, High-
Performance Liquid Chromatography; DHC, data handling microcomputer; see text for
other abbreviations.

Note: Apple is a registered trademark of Apple Computer, Inc., and Explorer-85 is
a registered irademark of Newtronics Research and Development, Ltd.
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ed with baseline stabilization and automatic peak splitting. These
features make the integrator applicable to gradient elution chroma-
tography, as well as for the integration of complex chromatograms
with overlapping peaks. The integrated chromatogram can be dis-
played with the 1imits of integration for each peak. Results of
peak area integration of simple and complex chromatograms demon-
strate satisfactorily accurate and consistant results that are
independent of chromatographic conditions and shape of the peaks.
INTRODUCTION

Our previous publications have dealt with the hardware and in-
terfacing of microcomputers with conventional Hplc equipment, a
software operating system for the microcomputers, and software con-
trolled chromatographic data acquisition (1-3). The data collected
by the microcomputer equipment is a digital representation of the
chromatogram produced by the Hplc equipment. It is a series of A/D
conversions of the UV monitor analog outputs (acquired at the rate
of one second); when played back at the same rate, they produce a
true reproduction of the chromatogram. The application program
described here makes use of this data to integrate the peaks and
determine peak retention times of the chromatogram. The integra-
tion program is written in order to allow merging with the data
acquisition programs to produce a true "real time" integrator.

Many of the commercially available integrators are written in
a "deferred time" general format (4,5). The chromatographic data
is acquired through a "real-time" format, and prior to integration,
additional information concerning baseline position and peak loca-
tion is furnished to the microcomputer by the investigator. True

*real-time" integrators have difficulty integrating chromatograms

with unpredictable baselines accurately and predictably. These in-
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tegrators generally resort to a fixed threshold and integrate all
area above this arbitrary baseline without considering fluctuations
in the actual baseline (6,7); hence, they cannot be used satisfac-
torily for gradient elution, where the baseline can fluctuate
throughout the chromatography. The DHC-integrator described here,
on the other hand, can be employed easily for gradient elution of
Hplc. The baseline is stabilized by compensating drifts and shifts
in the baseline without the use of a fixed integration threshold.
Conventional manual determination of peak area is an approxi-
mation at best. The oldest and earliest manual method involves
weighing of a cutout peak. A more sophisticated method of approxi-
mation is the use of a theoretical guassian distribution curve [A =

(anéoH](8), and the relationship of the width at 50 % of the maxi-

mum peak height to the distributicn coefficient [N% (an%5/1.065]
to determine the area (9,10). A simpler approximation method,
though restricted to specific chromatography conditions, has been
developed (11). The latter method takes advantage of the constant
relationship between the distribution constant (Kd) and the distri-
bution coefficient (o), and relates peak height to peak area with
an experimentally determined standard curve. Accuracy of a manual
integration method depends on a theoretical fit of the peak to a
guassian curve; and as a result it can yield erroneous results for
overlapping and skewed peaks.

To avoid these problems, the DHC integrator employs numerical

quadrature integration methods (12). These integration methods are

inherently more accurate than the manual methods since approxima-
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tions are confined to smaller units (subintervals), and they are
not based on any assumptions concerning the shape or size of the
peak. Three basic quadrature algorithms are commonly used for num-
erical integration: the Retangular Rule, the Trapezoidal Rule, and
Simpson's Rule. O0f these three the Rectangular Rule is the least
accurate, especially for steep or complex curves, since it cannot
approximate inclines accurately. In contrast, Simpson's Rule is
the most accurate for nonlinear data but is the most difficult to
program. For our application, we have used the simplest method
which can provide satisfactory results to conserve processing time.
Here, a comparison of peak areas is made between the microcomputer
method (DHC integration) and several conventional manual methods.
Satisfactory performance of the software programs is demonstrated
by comparison of the DHC-integrated Hplc data with those determined

by other methods available to us.

MATERIALS AND METHODS

A. Computer and Hplc Equipment

The computer and Hplc equipment were the same as described
earlier (1-3). Samples were applied to a RP-LC column with a cali-
brated sample Toop. The water jacketed reversed-phase (C-18) Hplc
column was maintained at 40°C with a constant temperature water
bath. The effluent w3 monitored with UV monitors which were con-
nected to the A/D converters of the Explorer microcontroller. The
chromatographic data was collected and displayed on a strip-chart
recorder using a data acquisition program in the Explorer. The
data was transferred to an Apple II computer for storage on floppy

disk after completion of the chromatography.
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TABLE 1. ELUTION GRADIENT PROGRAMS for Hplc PUMP

Gradient Program A

SECTOR TIME FLOW RATE RESERVOIRS(%) GRADIENT

(min)  (m1/min) A B C

1 15.0 1.5 95.0 3.0 2.0 concave

2 15.0 1.5 85.0 9.0 6.0 concave

3 10.0 1.5 75.0 15.0 10.0 linear

4 10.0 1.5 25.0 45.0 30.0 linear

5 10.0 1.5 0.0 60.0 40.0 Tinear

6 5.0 1.5 0.0 60.0 40.0

Reservoirs: A; 0.25 M Ammonium Acetate, pH 6.00;
By DistiTled Water, C; Acetonitrile

Gradient Program B

SECTOR TIME  FLOW RATE RESERVOIRS(%) GRADIENT
(min)  (m1/min) A B
1 9.0 1.0 97.5 2.5
2 10.0 1.0 90.0 10.0 Tinear
3 15.0 1.0 80.0 20.0 step

Reservoirs: A; 10.0 mM Ammonium Phosphate, pH 5.30
B: Methanol

B. Gradient Programs

Elution gradients for the chromatography were produced using a
microprocessor-controllied liquid chromatography pump (Perkin-Elmer,
model Series 4). The elution programs used for this work are shown
in Table I. The RP-LC columns were equilibrated and stored over-
night in a mixture of 75.0 % methanol and 25.0 % water.
C. Calculations

1. Peak Area Integration

The peak area calculated by Manual Method A is based on a

gaussian curve approximation for a peak. The basic equation for



15: 43 24 January 2011

Downl oaded At:

2724 SINGHAL AND SMOLL

the area is derived from the area equation for a theoretical gaus-
sian curve and the relationship of the width at 50 % maximum peak
height to the distribution coefficient (see Introduction). Vatlues
for the maximum peak height in absorbance (H) and the width at 50 %
peak height (Wi) are substituted directly into the resulting equa-
tion: A = 1.065(Wy)(H). The calculated peak area is then corrected
for difference in flow cell volume and the sample loop volume by
multiplying by a unitiess "flow-cell-dilution factor”: DBil. Factor
= flow-cell volume/sample loop volume. The final peak area value
is a zero-dilution area expressed in absorbance units.

2. Percent Mole Fraction

The percent mole fraction calculations used in Method C uses
a peak area determined from a linear standard curve of peak height
versus peak area (11). The peak area in zero-dilution absorbance
units is converted to moles by dividing by the molar extinction for
each nucleoside corrected for absorbance at 254 nm. The final per-

cent mole fractions are then calculated by the normal procedure.

DESIGN OF SOFTWARE FOR PEAK INTEGRATION

The microcomputer operating system software was essentially
the same as that described in earlier publications (2,3). The
Turnkey Program -- operated from the Apple Il -- provided the oper-
ator interface for the Explorer microcontroller programs. The
Turnkey automatically loaded the System Supervisor Operating Pro-
gram as well as the "patched" version of the Apple II disk operat-

ing system (DOS 3.3) used by the system. The initialization of the
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Explorer, loading and running of the Explorer programs, and storage
and retrieval of the chromatographic data were achieved with the
help of these programs.

A. Description of Peak Area Integration Programs

A machine~language program, called "CHART REPRQ", was used by
the Explorer to integrate the chromatograms. The program-flow dia-
gram is shown in Scheme I. This program accepted data and pointers
produced by two data acquisition programs described in an ealier
publication, and used the same storage buffers ($0F00 - $2FFF) for
data stroage (3). The data values in these storage buffers were
not altered during the integration process, but were corrected for
baseline drift and baseline shifts prior to their display on a
strip-chart recorder. The integration was computed on the basis of
this corrected version using the Trapezoidal Rule. Each integra-
tion value was an accumulation of the sum of the value displayed
minus the "baseline-correction factor", and one-half the change
from the last data value (i.e., previous minus present data value)
over the limits for the peak. Units of integration were relative
to the attenuation of the UV monitor used and were in (AUFS/255) X
sec units. These values were converted to absorbance units after
their transfer to the Apple computer.

The program integrated both monitor channels simultaneously
{Channel Q and Channel 1). Integration values were stored in two
buffers, $GF00 to $OF7F for Channel 0, and $0F80 to $0FBF for Chan-
nel 1, as a 16-bit unsigned integers conforming to the rules for

machine-language variables (i.e., LS-Byte first, immediately fol-
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INTEGRATOR
(see Scheme la)

2727

Exit to Read Cmd.

(see Scheme la)

4

Rinto
Bsin

Set Bkigh
Dspy Code

Yoa Set Bsin
Dspy Code

Update
Bsin Crictr

Data Value

Read Next

Update
Chg Buf

Correct
Data for

Set Pk Dwn
Dspy Code

Scheme 1b.

utility command.

Display
|Date -

Accumulate
Integration

Set Pk Dwn
Ospy Code

Flow Diagram of Data Integration Program:

1b. Integration
Routine.  The data integration routine is entered through the plct

The principal function of the routine is to inte-

grate the digitalized version of the chromatogram produced by the
data acquisiton program (3).
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lowed by MS-Byte). Integration values for each peak were stored in
consecutive locations in the order the peaks were eluted. These
hexadecimal values could have any value from $0000 to $FFFE. The
value $FFFF was reserved to indicate an "Integration-Value Over-
flow" (i.e., when an integration value exceeded the range of a 16-
bit binary number), but the value was otherwise meaningless. The
maximum number of peaks that could be integrated per integration
was limited to 32 due to the limited size of the integration buf-
fers. If this number was exceeded, an "Integration-Buffer Over-
flow" message was displayed. Integration of chromatograms having
more than 32 peaks required dividing the data into sections, each
section containing no more than 32 peaks.

Data-count values for the maximum of peaks (related to peak
retention factor, Rf) were stored in a buffer between $0FCO and
$OFFF in Tocations correlating with the integration value for the
corresponding peak. The value of this count could be any hexadeci-
mal number from $0001 to $1000 computed in units of seconds.

A "Chart Speed Multiplier" parameter was provided which speci-
fied the rate at which the data was output to the strip-chart
recorder, This parameter accelerated the rate at which the integra-
tion was performed relative to the rate at which it was collected
{e.g., a multiplier of four reproduced the chromatogram in one-
fourth the time it took to collect it). The multiplier had a range
from 1 to 10, limited by the response speed of the strip-chart
recorder. The higher speeds were most commonly used as a matter of

convenience.



15: 43 24 January 2011

Downl oaded At:

PEAK AREA INTEGRATION 2729

An additional option of the program included reproducing the
chromatogram without integration and baseline stabilization. This
byte-for-byte reproduction of the chromatogram can be used to check
the integrity of the data saved on a disk and to locate sections of
the data using the Marking Buffer for examination. An accelerated
rate of display for this option was also available.

1. Utility Commands

The necessary utility commands required to perform the inte-
gration were included in the integration software. A Tist of uti-
lity commands was dispiayed when the program was entered and could
be recalled at any time. Commands were entered only in response to
a prompt ("."). Consequently, old commands had to be terminated
before a new command could be issued. Only legal commands were de-
coded and illegal entries resulted in a default action, designated
by a question mark which always aborted the command.

Many of these commands were similar to those used in the data
acquisition programs and a similar procedure was followed to con-
duct the integration (3). The strip-chart recorders were calibra-
ted by loading values directly into the D/A converters, However,
the calibration command invoived in the calibration of the A/D con-
verters were not included in this program since these converters
were not used. After calibration was completed, integration para-
meters were assigned using a parameter assignment command. These
parameters determined: (a) the data range and baseline value to be
used for display, (b) the chart-speed multiplier, (c) whether the

data was integrated and displayed with baseline stabilization or
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reproduced byte-for-byte without integration, and (d) whether or
not to display the 1imits of integration for each peak.

The chromatographic data was integrated and displayed as spec-
ified by the parameters when a plot command was issued. The limits
of integration for each peak (i.e., the start and end of integra-
tion for a peak) were designated on the strip-chart recorder with
an event mark if the integrator was instructed to do so. After
completing the integration, the program was exited and the data was
transferred to the Apple computer for further pracessing.

2. Mafking Buffer

The data count was saved in a Marking Buffer when the "I" key
of the Explorer was pressed. This command did not disrupt the in-
tegration or display process, although event-mark instructions were
issued to the strip-chart recorder to mark the position of the data
count. The Marking Buffer resided in memory from $0F20 to $OF2F
and could save a maximum of eight marks. After filling this data
buffer, the data count was no langer saved, but event-mark in-
structions were still issued. This procedure was used to determine
the data range for different sections of the chromatogram.

3. Integration Overflow

Integration and peak-location buffers were large enough to
hold data for a maximum of 32 peaks. When the integrator started
integrating the 32nd peak, the message "Integration Qverflow Alert"
was transmitted to the Apple computer. Integration of this peak
was completed; however, the message "Integration Qverflow" was dis-

played if another peak was encountered. Plotting and integration
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of the remainder of the data was aborted, and program control was
transferred to the Explorer System Monitor.
B. Description of Turnkey Operation

The Turnkey Program provided the same control functions as de-
scribed in the previous paper (3). The Explorer was initialized
and all programs and data were loaded by it. However, the Turnkey
program was modified to load "CHART REPRQ", and an additional sec-
tion was added to it specifically designed to process the integra-
tion data from the Explorer.

This new Turnkey routine was executed after the integration
data was transferred to the Apple computer from the Explorer. The
final peak area value was calculated as a zero-dilution area using
the same "flow-cell-dilution factor" as in Method A (see Materials
and Methods). However, the peak area was determined from the DHC
integration value by multiplying it by monitor attenuation divided
by 255 (AUFS/255) and the flow rate (ml/sec). On the other hand,
the percent mole fractions of each component were calculated di-
rectly from the DHC integration value by dividing by the molar
extinction coefficient without converting to absorbance units or
moles:

% mole = (integration value/ec at 254 nm) X 100%
Z(integration value/e at 254 nm)

These values along with K (retention time) and X' (retention
factor) values -- derived from the peak retention time and void
volume of the column -- were printed out. A new program or new data

could then be loaded into the Explorer and the process repeated.
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RESULTS
A. Accuracy of Peak Area Determination

1. Model Ribonucleoside Mixture

A mixture of cytidine and uridine of known concentration was
applied to a reversed~phase column and data was collected by DHC at
three different full-scale monitor expansions (attenuations). The
results were displayed on a strip-chart recorder using different
chart speeds and three samples derived from the same solution for
each full-scale (monitor) expansion. Peak area of each component,
reflecting concentration of the solute, was determined by the usual
manual methods (8-10) and by the DHC. A comparison of the two in-
tegration methods is made in Table II. The results shown in absorb-
ance units are corrected for flow-cell volume and are compared to
the actual amount of each applied to the column. The manual inte-
gration method (Method A) produced 17 % and 19 % losses of uridine
and cytidine, respectively, when the most sensitive scale (AUFS)
and slowest chart speed were used. Similarly, about 10-13 % losses
were observed when the least sensitive scale and fastest chart
speed were used. In contrast, integration by DHC (Method B) yielded
variation within 2.0 % range for cytidine and from +0.9 to -2.7 %
for uridine irrespective of monitor sensitivity or chart speed,

2. Separation of Nucleosides Derived from a tRNA

Three identical samples of pre-determined amounts of nucleo-
sides derived from a tRNA sample using enzymatic hydrolysis were
applied to a reversed-phase column and eluted with a programmed

gradient (Program A) under identical conditions. DHC results were
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TABLE III

COMPARISON OF PEAK AREA DETERMINATION BY TWO INTEGRATION
METHODS FOR A tRNA ANALYSES®

Peak Area
in Absorbance Units at 254 nm (x 102)

Peak No. Method AP Method B¢

1 0.84 (£0.07)4 0.90 (£0.04)
2 1.90 (£0.27) 2.36 (+0.12)
3 4.06 (40.14) 4.60 (+0.10)
4 0.14 (40.03) 0.14 (+0.02)
5 2.25 ($0.14) 2.16 (+0.09)
6 8.84 (10.50) 9.15 (+0.31)
7 0.33 (40.07) 0.40 (+0.04)
8 3.82 (0.29) 3.94 (40.17)
9 0.62 (+0.04) 0.89 (+0.03)
10 0.14 {+0.04) 0.21 (+0.02)
Total® 22.9 (+1.04) 24.7 (+0.74)

8Three 15 pl samples of a transfer RNA hydrolyzate were
applied to a C-18 reversed-phase column (0.4 x 25 cm,
Rainin Microsorb), and eluted with gradient program A
at 45°C, and 1.5 ml/min; the effluent was monitored at
0.1 AUFS, 254 nm.

b/Cgee Methods and Material section for details of peak
area integration by Method A (manual) or Method B (Data
Handling System).

dStandard deviation of data from mean.

€Total absorbance units (at 254 nm) applied to the
column was 0.249.

reproduced via strip-chart recorder and integrated by the manual
method and the DHC method. The integrations of different peaks for
each method are listed in Table III in the order of their elution.
The results were consistantly low for the manual-integration method
than those for the DHC method by as much as 35 % for peak 10 and as

1ittle as 3.4 % for peak 6. Only the integration value for peak 5
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exceeded (4.2 %) the DHC value. The total recovery of material as
determined by the manual-integration method was 8.0 % less than the
total amount of solutes applied to the column (0.249 absorbance
Units at 254 nm), while the DHC method showed a Toss of only 0.8 %.
Futhermore, the standard deviation of the DHC data was one-half of
the standard deviation observed for the manual method. These re-
sults are consistant with those noted earlier for model compounds.

3. Model Deoxyribonucleoside Mixture

A mixture of five deoxyribonucleosides (amounts pre-determin-
ed) was applied to a reversed-phase column and eluted with a pro-
grammed gradient (Program B). The mole fraction of a nucleoside
was determined by two methods (Table 1V): (a) the peak-height-
measurement method, the determination of concentration from peak
height and a standard curve (concentration versus peak height)(11);
and (b) the DHC integration method. Results of the DHC method are
in complete agreement with the other method for peaks 1, 4, and 5,
but slightly lower for peak 2 and higher for peak 3. Furthermore,
the DHC method produced a more consistant analysis for the majority
of the peaks than the other method.

B. Application of DHC for Chromatographic Analysis

1.Determination of Nucleoside Composition i

a Model Mixture

A complex mixture of the four common and 14 modified ribonuc-
leosides was applied to a reversed-phase column and eluted with
gradient program A. The DHC was connected to the monitor, and the
digitalized chromatogram was stored on a floppy disk. Integration

values -- obtained from DHC in hexadecimal notation (third column)
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and converted to decimal equivalent (forth column) -- are listed in
Table V in the order they were eluted from the column. Final cal-
culation of peak area (in absorbance units, last column) is based
on full-scale expansion of the detector (254 nm; 0.1 AUFS) and flow
rate (1.5 ml/min), and is corrected for dilution of the sample (15
microliter) caused by the volume of the flow cell (19 microliter).
The results indicate that the total absorbance (sum of all peak
areas) determined by the DHC method was 1.4 % less than the amount
applied to the column. The peak characterization of the nucleo-
sides was based on our earlier work and those of others (13).
2.Determination of DNA Composition

An enzymatic hydrolyzate of a DNA sample was applied to a RP
column and eluted with gradient program B. The chromatography was
followed by DHC connected to the UV monitors (254 nm and 280 nm).
The results expressed as percent mole (deoxynucleoside) composi-
tion were calculated from DHC integration values using the appro-
priate molar extinction coefficient derived at 254 nm for each
deoxynucleoside. A second peak identified as deoxyinosine (dIno,
an artifact produced by deaminase contaminant of the hydrolyzing
enzyme, DNAse I) was established from the reference compound (14).
Ratio of dCyd plus 5MedCyd to dGuc was 1.1, while the ratio of dThd
to dAdo plus dIno was 1.01. The same material analyzed using
different columns and using the peak-height-measurement method
yielded siightly Tower ratios (dCyd + 5MedCyd/dGuo: 1.05 and
dThd/dAdo: 0.97; Singhal et al, 1986 unpublished results).

In Figure 1, an actual separation of this DNA hydrolyzate is

shown. In this particular experiment, in addition to dIno, another
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TABLE V

COMPOSITION OF A COMPLEX MIXTURE
OF RIBONUCLEOSIDES3

Peak Area Integqration by DHC

HexadecimalP DecimalbP Converted into
Peak No. Nucleosides (Explorer) (Apple II) A254Units°
(x 102)

1 Yrd OFOQF 3855 5.1
2 Cyd op18 3352 4.4
3 Urd 1133 4403 5.7
4 5MeCyd ODF9 3577 4.7
5 1MeAdo 019E 414 0.5
6 2 'MeCyd 087C 2172 2.8
7 Guo + SMeUrd 0B60 2912 3.9
8 7MeGuo OA3F 2623 3.5
9 2'MeUrd 099A 2458 3.2
10 2'MeGuo +

1MeGuo 243D 9277 12.1
11 Ado 097F 2458 3.2
12 2Me,Guo 085B 2139 2.8
13 2 'MeAdo 01F2 498 0.7
14 2MeAdo 0751 1873 2.4
15 6MeAdo 1311 4881 6.4
16 6Me >Ado 118A 4489 5.9

Total 67.3

a8a 15 pl sample of four major and 14 minor modified ribonucleo-
sides were applied to a C-18 reversed-phase column (0.4 x 25 cm,
Rainin Microsorb) and eluted with gradient program A at 45°C and
1.5 ml/min; the effluent monitored with 0.1 AUFS, 254 nm and the
results recorded by DHC. The nucleoside mixture applied to the
column contained a total of 0.685 Ajgy units.

bIntegration values reported as obtained directly from DHC. The
Explorer or the decimal equivalent of the hexadecimal value pro-
duced by the Apple II computer.

CIntegration values converted to Ajgg units: Peak area (in Ajgy
nm units) = [integration value] x [AUFS/255] x [elution flow
rate (in ml/min)/60 sec] x [flow cell dilution factor (flow cell
volume/sample volume)}. (See Materials and Methods.)
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Figure 1. Integration of a Chromatography of DNA Hydrolyzate. An

enzymatic DNA hydrolyzate (0.26 Abs. units at 254 nm) was applied
to a pre-equilibrated C-18 RP-Hplc column (4.5 X 250 mm) and eluted
with buffer A (10 mM ammonium phosphate, 2.5 % ethanol v/v, pH 5.3)
for 5 min followed by elution with a linear gradient to 82.1 % buf-
fer A and 17.9 % ethanol for 25 min. at 40°C. Integration values
in absorbance units (at 254 nm) are shown above each peak with mole
percent designated in parenthesis for appropriate peaks.
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peak {peak 5) corresponding to deoxyuridine was found. (It is ap-
parently derived from deamination of dCyd, peak 3.) Other peaks:
1, 2, 4, 10, and 11 were found to be due to salts and hydrolytic
enzymes. A1l peaks were integrated and the results were converted
to absorbance units. However, only DNA components were used to cal-
culate the mole percent composition of the DNA sample. The re-
sults of three independent analyses gave ratios of: dCyd + dUrd +

5MedCyd/dGuo, 1.00 and dThd/dAdo + dIno, 0.99.

DISCUSSION

Liquid chromatography (LC) not only offers isolation and puri-
fication of the components in a compiex mixture, but also furnishes
quantitative and qualitative information about each constituent of
the mixture. This can be achieved in a single chromatography pro-
vided peak monitoring is carefully linked to a data-acquistion and
retrieval system. To simplify and facilitate data collection,
storage, retrieval, quantitation, and characterization, we have
interfaced a typical Hplc system to a dual-microprocessor control-
led data-handling system (DHC).

The major goal of this work is to provide a convenient and
practical means of peak integration for chromatograms of any com-
plexity. The integration program ("CHART REPRQ") of the Explorer
is written for this purpose and can be merged with the data acqui-
sition programs -- described earlier -- to produce a true "real-
time" integrator. Baseline stabilization routines and automatic
peak-splitting features are included in the integrator to simplify

operations while maintaining a high degree of accuracy.
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A. Peak Area Integration by Data-Handling Computers
1. Advantages

Evaluation of the data by DHC is undoubtedly superior to man-
ual methods. For example, peak areas determined by the microcom-
puters are consistantly accurate as shown in Tables II and III due
to the high precision used for acquistion of the chromatographic
data by these computers. On the other hand, manual methods are de~
pendent on subjective measurements and approximations, and conse-
quently, the values determined by these methods are Tess reliable.

Integration by computers is convenient and fast. An average
of five minutes is needed by this method to integrate ten chromato-
graphy peaks, including conversion of DHC integration units to ab-
sorbance units, and print-out of the results. Such a chromatogram
required approximately three hours by the manual methods.

2. Qverlapping Peaks

A major reason for this system's consistancy and accuracy is
its ability to recognize and analyze irregularities in the chroma-
togram (such as peak-overlap and baseline drift). As shown in Fig-
ure 2, two overlapping peaks contain solute from the neighboring
peak. Assumming two closely eluting peaks have common symmetry,
the triangle produced by their overlap (ABC) should be approximate-
ly isosceles. Hence, by suspending peak integration of the first
peak and starting integration of the second peak at the cross over
point (B), the integration of each peak is compensated for the in-
trusion of the adjacent peak. Also, as a consequence, a smaller
portion of the peak is required to determine its entire area then

is required by the manual methods.
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Figure 2. Representation of Two Hypothetical Overlapping Peaks, X
an% Y. The isosceles triangle, ABC, produced from the overlap of
the two peaks is divided into two equal triangles, ABB' and BB'C,
by the perpendicular line, BB' from the crossover point, B. The
observed absorbance (Abs-obs) is the sum of the absorbance of each
component in this region.

3. Baseline Fluctuations

Changes in the baseline involving a gradual loss ("drift") or
an abrupt increase ("shift") from a constant value are the result
of changes in the effluent absorbance. These baseline fluctuations

often cause errors in the integration of especially smaller peaks.
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To avoid or to minimize these errors, the DHC continuously sub-
tracts a "baseline-correction factor" from all data points of a
peak. This procedure essentially shifts the chromatogram to a
constant baseline value and thus eliminates the baseline drift in
the chromatogram. The “"baseline-correction factor" at any time
during the integration is based on the baseline value of the prev-
jous 32 seconds. The integrator, however, fails to correct immed-
jately for baseline shifts. It initially tends to interpret a
shift as a peak. If the baseline is not re-established within the
next 64 seconds, a "shift factor" is included in the "baseline-
correction factor" in order to accelerate return to the baseiine.
For peaks having a shift within their boundaries, the effect is the
same as that expected from increasing the incline of the baseline.
Peaks having no baseline shift and narrower than 64 seconds are not
affected at all.

A baseline fluctuation is encountered when a column is eluted
with one void volume. This "breakthrough" is the result of an a-
brupt solvent (refractive index) change in the flow cell resulting
in a sudden absorbance change; however, unlike baseline shift, the
absorbance returns to the initial baseline value. The integration
program can normally handle a "breakthrough" baseline fluctuation.
However, at lTower monitor sensitivities, the absorbance may not
change significantly enough for the program to detect a sudden drop
due to the "breakthrough”. Consequently, the program recalculates
the "baseline-correction factor" to shift the baseline-date value

down instead of jumping to the "breakthrough display" routine. The
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integrator, as a result, interprets the subsequent return to base-
Tine as the start of a new peak bearing an incorrect baseline. How-
ever, this problem was normally corrected by allowing the integra-
tor to naturally re-establish the baseline via the "baseline-cor-
rection factor", or by manually erasing the "breakthrough" from the
chromatographic data if it interfered with the integration.

4. Integration of Peak Area by Calibration Curve

Peak area determination using a calibration curve proposed by
Singhal (1986, ms. submitted) improves accuracy and reproducibility
over the other manual method, i.e., approximation by a gaussian
curve -- a procedure used here as a reference for the integration
method (9,10). A comparison of peak integration by DHC and the
calibration curve method as shown in Table IV indicates that the
results are in good agreement {(with the exception of peak 2). The
calibration curve method, however, is not a practical method since
curves cannot be constructed for unknown solutes or used universal-
1y since the equilibrium constant (Kd) of the solute depends on LC
conditions. The DHC integration method, however, is free of these
limitations.

B. Application of Integration by DHC

A complex chromatogram is integrated in Table V. Here the DHC
integrator identified and integrated 21 peaks, including one peak
due to "breakthrough" and four peaks identified as contaminates/ar-
tifacts of the buffer and sample. Though extensive overlapping of
peaks is encountered, total absorbance units of the solutes, as de-
termined from the sum of the integrations by DHC, is 98.6 % of that

applied.
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CONCLUSION

Use of the integration value obtained directly from DHC sim-
plifies the calculations for percent mole composition (for example
see Tables IV and Figure 1). The agreement in the base pair ratios
[{dCyd + 5MedCyd + dUrd)/(dGuc) and (dThd)/{dAdo + dIno)] with the
expected value of 1.00 indicates consistancy of integration of the
peaks regardless of peak size or geometry. These results demon-
strate the ability of the LC-DHC system to detect and assay even
minor, modified components present in very minute amounts in var-
ious RNA's and DNA's. In many instances, this degree of accuracy
in data processing is not possible or practical by conventional
manual methods.

The ability of DHC to record and integrate two detector chan-
nels simultaneously makes it feasible to redress errors inherent in
the integration of the small peaks. This error, which is inversely
proportional to the size of the peak, can be reduced by monitoring
effluent simultaneously at two different detector sensitivities for
a common wavelength, and by substituting the scaled-down integra-
tion value for the smailer peaks. Error in small peaks can thus be
reduced by the ratio of the two detector attenuations.

To compensate for the baseline shifts and to discriminate for
“breakthroughs” in the chromatogram is difficult since both events
are unpredictable. An aiternative, though, is to remove these ir-
regularities from the chromatogram prior to the integration. As
discussed earlier, baseline drift, baseline shift, and "break-

through" are the result of effluent changes inherent to the gra-
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dient program; hence, they are also present when a control blank is
injected and the column is eluted as usual. This yields a "con-
trol" chromatogram which can be subtracted from the actual “experi-
mental" chromatogram. Thus, correction of a chromatogram with a
“control" can simplify baseline stabilization and improve the accu-
racy of integration. A “control" can also be used to delete peaks

of artifacts found in the sample and buffer.
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