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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  a r e  d e s c r i b e d  f o r  d e t e r m i n a t i o n  o f  peak  a r e a s  and  
peak r e t e n t i o n  t i m e s  f r o m  t h e  chromatographic  data ob ta ined  by a 
dua l -m ic rop rocesso r  data hand1 i n g  microcomputer  (DHC). The programs 
p r o v i d e  t h e  necessary equipment  t e s t i n g  and  c a l i b r a t i o n  r o u t i n e s  
f o r  an a c c u r a t e  r e p r o d u c t i o n  o f  a reco rded  chromatogram, and t h e y  
a r e  w r i t t e n  t o  b e  merged  w i t h  t h e  d a t a  a c q u i s i t i o n  p r o g r a m s  t o  
p r o v i d e  a t r u e  " r e a l - t i m e "  i n t e g r a t o r .  The i n t e g r a t i o n  i s  pe r fo rm-  

* 
This  Series o t  pub l i ca t i ons  i s  dedicated w i t h  g ra t i t ude  and admi ra t i on  t o  Dr. 

Waldo E. Cohn. Oak Ridge National Laboratory on the occasion o f  h i s  76th b i r t hday  
f o r  h i s  p ioneer ing work i n  1 i q u i d  chromatography, chemistry, and nomenclature o f  
nuc le i c  acids. 

Address a l l  correspondence t o  RPS. I nqu i re  RPS f o r , a v a i l a b i l i t y  o f  complete 
program l i s t i n g s  on f loppy d i sk  o r  hard copy (Tel: 316-689-3120). Program l i s t i n g s  
are a l so  described i n  the d i s s e r t a t i o n  of D. 6. Smoll, i t  can be loaned from Ablah 
L ibrary ,  The Wichi ta  State Univers i ty ,  Wichita, KS 67208. This  i s  the f o u r t h  paper 
i n  t h i s  se r ies  (see ref .  1 through 3 f o r  f i r s t  three papers). 

Abbreviat ions: A/D, analog- to-d ig i ta l ;  D/A, a ig i ta l - to-analog;  HPLC, Hplc. High- 
Performance L i q u i d  Chromatography; DHC, data handling microcomputer; see t e x t  f o r  
o ther  abbreviat ions. 
- Note: Apple i s  a reg i s te red  trademark o f  Apple Coniputer, Inc., and Explorer-85 i s  

a rey i s te red  trademark o f  Newtronics Research and Development, Ltd. 
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2720 SINGHAL AND SMOLL 

ed w i t h  b a s e l i n e  s t a b i l i z a t i o n  and a u t o m a t i c  peak s p l i t t i n g .  These 
f e a t u r e s  make t h e  i n t e g r a t o r  a p p l i c a b l e  t o  g r a d i e n t  e l u t i o n  chroma- 
tography, as w e l l  as f o r  t h e  i n t e g r a t i o n  o f  complex chromatograms 
w i t h  o v e r l a p p i n g  peaks. The i n t e g r a t e d  chromatogram can be d i s -  
p l a y e d  w i t h  t h e  l i m i t s  o f  i n t e g r a t i o n  f o r  each  peak. R e s u l t s  o f  
peak area i n t e g r a t i o n  of s i m p l e  and complex chromatograms demon- 
s t r a t e  s a t i s f a c t o r i l y  a c c u r a t e  and  c o n s i s t a n t  r e s u l t s  t h a t  a r e  
independent o f  chromatographic  c o n d i t i o n s  and shape o f  t h e  peaks. 

INTRODUCTION 

Our p r e v i o u s  p u b l i c a t i o n s  have d e a l t  w i t h  t h e  hardware and i n -  

t e r f a c i n g  o f  microcomputers w i t h  conven t iona l  Hplc equipment, a 

s o f t w a r e  o p e r a t i n g  system f o r  t h e  microcomputers,  and s o f t w a r e  con- 

t r o l l e d  chromatographic  da ta  a c q u i s i t i o n  (1-3). The data c o l l e c t e d  

b y  t h e  microcomputer  equipment i s  a d i g i t a l  r e p r e s e n t a t i o n  o f  t h e  

chromatograni produced b y  t h e  Hplc  equipment. 

conve rs ions  o f  t h e  UV m o n i t o r  analog o u t p u t s  (acqu i red  a t  t h e  r a t e  

o f  one second); when p layed  back a t  t h e  same r a t e ,  t h e y  produce a 

t r u e  r e p r o d u c t i o n  o f  t h e  chromatogram. 

desc r ibed  he re  makes use o f  t h i s  da ta  t o  i n t e g r a t e  t h e  peaks and 

de te rm ine  peak r e t e n t i o n  t i m e s  o f  t h e  chromatogram. 

t i o n  program 

a c q u i s i t i o n  programs t o  produce a t r u e  " r e a l  t i m e "  i n t e g r a t o r .  

I t  i s  a s e r i e s  o f  AJD 

The appl  i c a t i o n  program 

The i n t e g r a -  

i s  w r i t t e n  i n  o r d e r  t o  a l l o w  merg ing  w i t h  t h e  da ta  

Many o f  t h e  c o m m e r c i a l l y  a v a i l a b l e  i n t e g r a t o r s  a r e  w r i t t e n  i n  

a " d e f e r r e d  t i m e "  genera l  f o r m a t  (4,5). The chromatographic  data 

i s  a c q u i r e d  th rough  a " r e a l - t i m e "  fo rma t ,  and p r i o r  t o  i n t e g r a t i o n ,  

a d d i t i o n a l  i n f o r m a t i o n  concern ing b a s e l i n e  p o s i t i o n  and peak l oca -  

t i o n  i s  f u r n i s h e d  t o  t h e  m ic rocompu te r  b y  t h e  i n v e s t i g a t o r .  True 

" rea l  - t i m e "  i n t e g r a t o r s  have d i f f i c u l t y  i n t e g r a t i n g  chromatograms 

w i t h  u n p r e d i c t a b l e  base1 i n e s  a c c u r a t e l y  and p r e d i c t a b l y .  These i n -  
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PEAK AREA INTEGRATION 212 1 

t e g r a t o r s  g e n e r a l l y  r e s o r t  t o  a f i x e d  t h r e s h o l d  and i n t e g r a t e  a l l  

area above t h i s  a r b i t r a r y  b a s e l i n e  w i t h o u t  c o n s i d e r i n g  f l u c t u a t i o n s  

i n  t h e  a c t u a l  b a s e l i n e  ( 6 , 7 ) ;  hence, t h e y  cannot  be used s a t i s f a c -  

t o r i l y  f o r  g r a d i e n t  e l u t i o n ,  where t h e  b a s e l i n e  can f l u c t u a t e  

th roughou t  t h e  chromatography. 

on t h e  o t h e r  hand, can be employed e a s i l y  f o r  g r a d i e n t  e l u t i o n  o f  

Hplc. The b a s e l i n e  i s  s t a b i l i z e d  by  compensating d r i f t s  and s h i f t s  

i n  t h e  b a s e l i n e  w i t h o u t  t h e  use o f  a f i x e d  i n t e g r a t i o n  th resho ld .  

The DHC- integrator  desc r ibed  here, 

Convent ional  manual d e t e r m i n a t i o n  o f  peak area i s  an a p p r o x i -  

n ia t i on  a t  best. The o l d e s t  and e a r l i e s t  manual method i n v o l v e s  

we igh ing  o f  a c u t o u t  peak. A more s o p h i s t i c a t e d  method o f  a p p r o x i -  

m a t i o n  i s  t h e  use o f  a t h e o r e t i c a l  guass ian d i s t r i b u t i o n  cu rve  [ A  = 

(2npaH](8), and t h e  r e l a t i o n s h i p  o f  t h e  w i d t h  a t  50 % o f  t h e  maxi -  

mum peak h e i g h t  t o  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  [ W +  = (2nj43/1.065] 

t o  de te rm ine  t h e  area (9 , lO).  A s i m p l e r  app rox ima t ion  method, 

though r e s t r i c t e d  t o  s p e c i f i c  chromatography c o n d i t i o n s ,  has been 

developed (11). 

r e l a t i o n s h i p  between t h e  d i s t r i b u t i o n  cons tan t  (Kd) and t h e  d i s t r i -  

b u t i o n  c o e f f i c i e n t  (a), and r e l a t e s  peak h e i g h t  t o  peak area w i t h  

an e x p e r i m e n t a l l y  de te rm ined  s tandard  curve. Accuracy o f  a manua 

i n t e g r a t i o n  method depends on a t h e o r e t i c a l  f i t  o f  t h e  peak t o  a 

guass ian curve; and as a r e s u l t  i t  can y i e l d  erroneous r e s u l t s  f o  

ove r lapp ing  and skewed peaks. 

To a v o i d  these problems, t h e  DHC i n t e g r a t o r  employs numer i ca l  

The l a t t e r  method takes  advantage o f  t h e  cons tan t  

quadra tu re  i n t e g r a t i o n  methods (12). These i n t e g r a t i o n  methods a r e  

i n h e r e n t l y  more accu ra te  than  t h e  manual methods s i n c e  approxima- 
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2722 SINGHAL AND SMOLL 

t i ons  a r e  confined t o  smal le r  un i t s  ( subin terva ls ) ,  and they a re  

not based on any assumptions concerning the shape or s i z e  of the  

peak. 

e r i ca l  in tegra t ion :  the  Retangular Rule, the  Trapezoidal Rule, a n d  

Simpson's Rule. Of these th ree  the  Rectangular Rule i s  t he  l e a s t  

accurate,  e spec ia l ly  f o r  s teep  o r  complex curves, s ince  i t  cannot 

approximate inc l ines  accurately.  I n  con t r a s t ,  Simpson's Rule i s  

the  most accurate f o r  nonlinear data b u t  i s  the  most d i f f i c u l t  t o  

program. 

which can provide s a t i s f a c t o r y  r e s u l t s  t o  conserve processing time. 

Here, a comparison of peak areas  i s  made between the  microcomputer 

method (DHC in tegra t ion)  and several conventional manual methods. 

Sa t i s f ac to ry  performance of t he  software programs i s  demonstrated 

by comparison of the  DHC-integrated Hplc data with those determined 

by o ther  methods ava i lab le  t o  us. 

Three basic quadrature algorithms a r e  commonly used f o r  num- 

For our appl ica t ion ,  we have used the  s imples t  method 

MATERIALS AND METHODS -- 
A. Computer and Hplc Equipment 

The computer and Hplc equipment were the  same as  described 

e a r l i e r  (1-3). Samples were applied t o  a RP-LC column with a c a l i -  

brated sample loop. 

column was maintained a t  40°C w i t h  a constant temperature water 

ba th .  

nected t o  t he  A / D  converters of the  Explorer microcontroller.  

chromatographic data was co l lec ted  and displayed on a s t r ip -cha r t  

recorder using a data acquis i t ion  program in the  Explorer. The 

data was t ransfer red  t o  an Apple I 1  computer f o r  storage on floppy 

disk a f t e r  completion of the  chromatography. 

The water jacketed reversed-phase (C-18) Hplc 

The e f f l u e n t  w?; monitored w i t h  UV monitors which were con- 

The 
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PEAK AREA INTEGRATION 2123 

TABLE I. ELUTION GRADIENT PROGRAMS for Hplc PUMP 

Grad ien t  Prograni A 

SECTOR TIME FLOW RATE RESERVOIRS( %) GRAD1 ENT 

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 1 i n e a r  
4 10.0 1.5 25.0 45.0 30.0 1 i near 
5 10.0 1.5 0.0 60.0 40.0 1 i n e a r  
6 5.0 1.5 0.0 60.0 40.0 

(min)  (m l /m in )  A 6 C 

Reservo i r s :  A; 0.25 M Ammonium Acetate, pH 6.00; 
B; D i s t i T l e d  Water, C; A c e t o n i t r i l e  

Grad ien t  Program B - 
SECTOR TIME FLOW RATE RESERVOIRS(%) GRADIENT 

(min)  (m l /m in )  A 6 

1 9.0 1 .o 97.5 2.5 
2 10.0 1.0 90.0 10.0 1 i n e a r  
3 15.0 1 .o 80.0 20.0 s tep  

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

B. Gradient Programs 

E l u t i o n  g r a d i e n t s  f o r  t h e  chromatography were produced u s i n g  a 

m ic rop rocesso r -con t ro l  l e d  1 i q u i d  chromatography pump (Perk in -E l  mer, 

model Se r ies  4). The e l u t i o n  programs used f o r  t h i s  work a r e  shown 

i n  Table I. 

n i g h t  i n  a m i x t u r e  of 75.0 % methanol and 

C. Calculations 

1. Peak Area I n t e g r a t i o n  

The RP-LC columns were e q u i l i b r a t e d  and s t o r e d  over-  

25.0 % water. 

-- 
The peak area c a l c u l a t e d  b y  Manual Method A i s  based on a 

gauss ian cu rve  approx ima t ion  f o r  a peak. The b a s i c  equa t ion  f o r  
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2724 SiNGHAL AND SMOLL 

the  area i s  derived from the area equation f o r  a theore t ica l  gaus- 

s ian  curve a n d  the  re la t ionship  of t he  width a t  50 % maximum peak 

height t o  the  d i s t r ibu t ion  coe f f i c i en t  (see Introduction). Values 

f o r  t he  maximum peak height in absorbance (H) a n d  the width a t  50 % 

peak height (W+) are subs t i t u t ed  d i r e c t l y  in to  the  r e su l t i ng  equa- 

t ion :  A = 1.065(W+)(H). 

f o r  d i f fe rence  in flow c e l l  volume a n d  the  sample loop volume by 

multiplying by a u n i t l e s s  "flow-cell-dilution factor": Dil. Factor 

= flow-cell  volume/sample loop volume. The f ina l  peak area value 

i s  a zero-dilution area expressed in absorbance uni t s .  

2. Percent Mole Fraction 

The ca lcu la ted  peak area i s  then corrected 

~- 
The percent mole f r ac t ion  ca lcu la t ions  used in Method C uses 

a peak area determined from a l i n e a r  standard curve of peak height 

versus peak area (11). The peak area in zero-dilution absorbance 

un i t s  i s  converted t o  moles by dividing by the molar ex t inc t ion  f o r  

each nucleoside corrected f o r  absorbance a t  254 nm. The f i n a l  per- 

cen t  mole f r ac t ions  a r e  then ca lcu la ted  by the  normal procedure. 

DESIGN OF SOFTUARE FOR PEAK INTEGRATION -- 
The microcomputer operating system software was e s s e n t i a l l y  

the  same as  t h a t  described in e a r l i e r  publications (2,3). The 

Turnkey Program -- operated from the Apple I 1  -- provided the  oper- 

a t o r  i n t e r f ace  f o r  the Explorer microcontrol l e r  programs. The 

Turnkey au tomat ica l ly  loaded the  System Supervisor Operating Pro- 

Gram as  well a s  the  "patched" version of t he  Apple I1  disk operat- 

ing system (DOS 3.3) used by the  system. The i n i t i a l i z a t i o n  of the 
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PEAK AREA INTEGRATION 2125  

Exp lo re r ,  l o a d i n g  and r u n n i n g  o f  t h e  E x p l o r e r  programs, and s to rage  

and r e t r i e v a l  o f  t h e  chromatographic  da ta  were achieved w i t h  t h e  

h e l p  o f  t hese  programs. 

A. Description o f  Peak Area Integration Programs 

A machine-language program, ca7 led "CHART REPRO", was used by 

t h e  E x p l o r e r  t o  i n t e g r a t e  t h e  chromatograms. 

gram i s  shown i n  Scheme I. 

produced b y  t w o  da ta  a c q u i s i t i o n  programs desc r ibed  i n  an e a l i e r  

p u b l i c a t i o n ,  and used t h e  same s t o r a g e  b u f f e r s  ($OF00 - $2FFF)  f o r  

da ta  s t r o a g e  (3). 

n o t  a l t e r e d  d u r i n g  t h e  i n t e g r a t i o n  process, b u t  were c o r r e c t e d  f o r  

b a s e l i n e  d r i f t  and b a s e l i n e  s h i f t s  p r i o r  t o  t h e i r  d i s p l a y  on a 

s t r i p - c h a r t  reco rde r .  The i n t e g r a t i o n  was computed on t h e  b a s i s  o f  

t h i s  c o r r e c t e d  v e r s i o n  u s i n g  t h e  Trapezoidal  Rule. Each i n t e g r a -  

t i o n  va lue  was an accumu la t i on  o f  t h e  sum o f  t h e  v a l u e  d i s p l a y e d  

minus t h e  "base1 i n e - c o r r e c t i o n  fac to r ' ' ,  and one-ha l f  t h e  change 

f r o m  t h e  l a s t  data v a l u e  (i.e., p r e v i o u s  minus p r e s e n t  da ta  va lue )  

o v e r  t h e  l i m i t s  f o r  t h e  peak. 

t o  t h e  a t t e n u a t i o n  o f  t h e  UV m o n i t o r  used and were i n  (AUFS/255) X 

sec u n i t s .  These va lues were conver ted  t o  absorbance u n i t s  a f t e r  

t h e i r  t r a n s f e r  t o  t h e  Apple computer. 

The p rog ram- f l ow  d i a -  

T h i s  program accepted data and p o i n t e r s  

The da ta  va lues  i n  these s to rage  b u f f e r s  were 

U n i t s  o f  i n t e g r a t i o n  were r e l a t i v e  

The program i n t e g r a t e d  b o t h  rnoni t o r  channels s i m u l t a n e o u s l y  

(Channel 0 and Channel 1). I n t e g r a t i o n  va lues  were s t o r e d  i n  two 

buffers, $OF00 t o  $0F7F f o r  Channel 0, and $OF80 t o  $OFBF f o r  Chan- 

n e l  1, as a 1 6 - b i t  uns igned i n t e g e r s  con fo rm ing  t o  t h e  r u l e s  f o r  

machine-language v a r i a b l e s  (i.e., LS-Byte f i r s t ,  i m m e d i a t e l y  f o l -  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



N
 
4
 

N
 

m
 

Sc
he

m
e 

la
. 

Fl
ow

 d
ia

gr
am

 o
f 

D
at

a 
In

te
g

ra
ti

o
n

 P
ro

gr
am

: 
In

te
g

ra
ti

o
n

 
m

y
r

o
m

m
a

n
d

s
. 

U
ti

li
ty

 fu
nc

ti
on

s 
ar

e 
pr

ov
id

ed
 f

o
r 

eq
ui

pm
en

t 
ca

li
br

at
io

n,
 

te
st

in
g,

 
an

d 
e

n
tr

y 
in

to
 t

he
 d

at
a 

in
te

g
ra

ti
o

n
 r

ou
ti

ne
s.

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PEAK AREA INTEGRATION 2727 

INTEGRATOR 
(see Scheme la) 

1 
Bulld 

Change 
Butter 

b 
Read Next 

D a b  Value 
Update 
Chg Bul 

Exit to 
(see L 

id Cmd. 
me la) 

Update 
Drill Cllclr 

L / I 

Scheme lb. Flow Diagram o f  Data I n t e g r a t i o n  Program: I n t e g r a t i o n  
lGE%e.The data i n t e g r a t i o n  r o u t i n e  i s  entered through the p l o t  
u t i l i t y  command. The p r i n c i p a l  f unc t i on  o f  t he  r o u t i n e  i s  t o  i n t e -  
g ra te  the d i g i t a l i z e d  version o f  the chromatogram produced by the 
data acqu is i t on  program (3). 
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2128 SINGHAL AND SMOLL 

l owed  by  MS-Byte). 

consecu t i ve  l o c a t i o n s  i n  t h e  o r d e r  t h e  peaks were e lu ted .  

hexadecimal va lues  c o u l d  have any v a l u e  f rom $0000 t o  $FFFE. 

v a l u e  $FFFF was rese rved  t o  i n d i c a t e  an " I n t e g r a t i o n - V a l u e  Over- 

f l o w "  (i.e., when an i n t e g r a t i o n  v a l u e  exceeded t h e  range of a 16- 

b i t  b i n a r y  number), b u t  t h e  va lue  was o t h e r w i s e  meaningless. The 

maximum number o f  peaks t h a t  c o u l d  be i n t e g r a t e d  p e r  i n t e g r a t i o n  

was l i m i t e d  t o  32 due t o  t h e  l i m i t e d  s i z e  o f  t h e  i n t e g r a t i o n  b u f -  

f e r s .  I f  t h i s  number was exceeded, an " I n t e g r a t i o n - B u f f e r  Over- 

f l o w "  message was d i sp layed .  I n t e g r a t i o n  o f  chromatograms hav ing  

more t h a n  32 peaks r e q u i r e d  d i v i d i n g  t h e  da ta  i n t o  sec t i ons ,  each 

s e c t i o n  c o n t a i n i n g  no more t h a n  32 peaks. 

I n t e g r a t i o n  va lues f o r  each peak were s t o r e d  i n  

These 

The 

Data-count va lues f o r  t h e  maximum o f  peaks ( r e l a t e d  t o  peak 

r e t e n t i o n  f a c t o r ,  R f )  were s t o r e d  i n  a b u f f e r  between $OFCO and 

$OFFF i n  l o c a t i o n s  c o r r e l a t i n g  w i t h  t h e  i n t e g r a t i o n  v a l u e  f o r  t h e  

co r respond ing  peak. 

mal number f r o m  $0001 t o  $1000 computed i n  u n i t s  of seconds. 

A "Char t  Speed M u l t i p l i e r "  parameter  was p r o v i d e d  wh ich  spec i -  

The v a l u e  o f  t h i s  coun t  c o u l d  be any hexadeci -  

f i e d  t h e  r a t e  a t  wh ich  t h e  d a t a  was o u t p u t  t o  t h e  s t r i p - c h a r t  

recorder .  T h i s  parameter  a c c e l e r a t e d  t h e  r a t e  a t  wh ich  t h e  i n t e g r a -  

t i o n  was pe r fo rmed  r e l a t i v e  t o  t h e  r a t e  a t  wh ich  i t  was c o l l e c t e d  

(e,g., a m u l t i p l i e r  o f  f o u r  reproduced t h e  chromatogram i n  one- 

f o u r t h  t h e  t i m e  i t  t o o k  t o  c o l l e c t  it). 

f r o m  1 t o  10, l i m i t e d  b y  t h e  response speed of  t h e  s t r i p - c h a r t  

recorder .  

convenience. 

The m u l t i p l i e r  had a range 

The h i g h e r  speeds were most  commonly used as a m a t t e r  of 
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PEAK AREA INTEGRATION 2129 

A n  additional option of the  program included reproducing the 

chromatogram without in tegra t ion  a n d  baseline s t ab i l i za t ion .  

byte-for-byte reproduction of the  chromatogram can be used t o  check 

the  i n t e g r i t y  of the data saved on a disk a n d  t o  loca te  sec t ions  o f  

t he  data using the  Marking Buffer f o r  examination. An acce le ra ted  

r a t e  of d i sp lay  f o r  t h i s  option was a l so  available.  

1. Util i t y  Commands 

This 

The necessary u t i l i t y  commands required t o  perform the  in t e -  

gra t ion  were included i n  the  in tegra t ion  software. A l i s t  of u t i -  

l i t y  commands was displayed when the  program was entered and could 

be reca l led  a t  any time. 

a prompt ("."). Consequently, old commands had to  be terminated 

before a new command could be issued. 

coded and i l l e g a l  e n t r i e s  resu l ted  i n  a defau l t  ac t ion ,  designated 

by a question mark which always aborted the  command. 

Commands were entered only i n  response t o  

Only l e g a l  commands were de- 

Many of these  commands were s i m i l a r  t o  those used in the  data 

acquis i t ion  programs and  a s i m i l a r  procedure was followed t o  con- 

duct the  in tegra t ion  (3). The s t r ip -cha r t  recorders were ca l ib ra -  

ted by loading values d i r e c t l y  in to  the  D / A  converters. 

t he  ca l ib ra t ion  command involved i n  the  ca l ib ra t ion  of t he  A / D  con- 

ve r t e r s  were not included in th i s  program since these  converters 

were not used. 

meters were assigned using a parameter assignment command. These 

parameters determined: (a) the data range and  baseline value t o  be 

used f o r  display,  ( b )  the  chart-speed mul t ip l i e r ,  ( c )  whether the  

data was in tegra ted  and  displayed w i t h  base l ine  s t a b i l i z a t i o n  o r  

However, 

After ca l ib ra t ion  was completed, in tegra t ion  para- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2730 SINGHAL AND SMOLL 

reproduced b y t e - f o r - b y t e  w i t h o u t  i n t e g r a t i o n ,  and (d) whether  o r  

n o t  t o  d i s p l a y  t h e  l i m i t s  o f  i n t e g r a t i o n  f o r  each peak. 

The chromatographic  da ta  was i n t e g r a t e d  and d i s p l a y e d  as spec- 

The l i m i t s  i f i e d  by  t h e  parameters when a p l o t  command was issued. 

o f  i n t e g r a t i o n  f o r  each peak (i.e., t h e  s t a r t  and end o f  i n t e g r a -  

t i o n  f o r  a peak) were des igna ted  on t h e  s t r i p - c h a r t  r e c o r d e r  w i t h  

an even t  mark i f  t h e  i n t e g r a t o r  was i n s t r u c t e d  t o  do so. A f t e r  

c o m p l e t i n g  t h e  i n t e g r a t i o n ,  t h e  program was e x i t e d  and t h e  da ta  was 

t r a n s f e r r e d  t o  t h e  Apple computer f o r  f u r t h e r  process ing.  

2. Mark ing  B u f f e r  

The data coun t  was saved i n  a Mark ing  B u f f e r  when t h e  "I"  key 

T h i s  command d i d  n o t  d i s r u p t  t h e  i n -  o f  t h e  E x p l o r e r  was pressed. 

t e g r a t i o n  o r  d i s p l a y  process, a l t hough  event-mark i n s t r u c t i o n s  were 

i ssued  t o  t h e  s t r i p - c h a r t  r e c o r d e r  t o  mark t h e  p o s i t i o n  o f  t h e  data 

count. 

and c o u l d  save a maximum o f  e i g h t  marks. 

b u f f e r ,  t h e  da ta  coun t  was no l o n g e r  saved, b u t  event-mark i n -  

s t r u c t i o n s  were s t i l l  issued. T h i s  procedure was used t o  de te rm ine  

t h e  data range f o r  d i f f e r e n t  s e c t i o n s  o f  t h e  chromatogram. 

3. I n t e g r a t i o n  Over f l ow  

The Mark ing  B u f f e r  r e s i d e d  i n  memory f r o m  $OF20 t o  8OF2F 

A f t e r  f i l l i n g  t h i s  data 

I n t e g r a t i o n  and p e a k - l o c a t i o n  b u f f e r s  were l a r g e  enough t o  

h o l d  da ta  f o r  a maximum o f  32 peaks. 

i n t e g r a t i n g  t h e  32nd peak, t h e  message " I n t e g r a t i o n  O v e r f l o w  A l e r t "  

was t r a n s m i t t e d  t o  t h e  Apple computer. 

was completed; however, t h e  message " I n t e g r a t i o n  Over f low" was d i s -  

p layed  i f  ano the r  peak was encountered. 

When t h e  i n t e g r a t o r  s t a r t e d  

I n t e g r a t i o n  o f  t h i s  peak 

P l o t t i n g  and i n t e g r a t i o n  
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PEAK AREA INTEGRATION 2131 

o f  t h e  rema inder  o f  t h e  da ta  was abor ted,  and program c o n t r o l  was 

t r a n s f e r r e d  t o  t h e  E x p l o r e r  System Mon i to r .  

B. Descript ion o f  Turnkey Operation 

The Turnkey Program p r o v i d e d  t h e  same c o n t r o l  f u n c t i o n s  as de- 

s c r i b e d  i n  t h e  p rev ious  paper (3). The E x p l o r e r  was i n i t i a l i z e d  

and a l l  programs and da ta  were loaded b y  it. However, t h e  Turnkey 

program was m o d i f i e d  t o  l o a d  "CHART REPRO", and an a d d i t i o n a l  sec- 

t i o n  was added t o  i t  s p e c i f i c a l l y  designed t o  process t h e  i n t e g r a -  

t i o n  da ta  f r o m  t h e  Explorer .  

Th i s  new Turnkey r o u t i n e  was executed a f t e r  t h e  i n t e g r a t i o n  

da ta  was t r a n s f e r r e d  t o  t h e  Apple computer f r o m  t h e  Explorer .  The 

f i n a l  peak area v a l u e  was c a l c u l a t e d  as a z e r o - d i l u t i o n  area u s i n g  

t h e  same " f l o w - c e l l - d i l u t i o n  f a c t o r "  as i n  Method A (see M a t e r i a l s  

and Methods). 

i n t e g r a t i o n  v a l u e  b y  m u l t i p l y i n g  i t  b y  m o n i t o r  a t t e n u a t i o n  d i v i d e d  

b y  255 (AUFS/255) and t h e  f l o w  r a t e  (ml/sec). On t h e  o t h e r  hand, 

t h e  p e r c e n t  mole f r a c t i o n s  o f  each component were c a l c u l a t e d  d i -  

r e c t l y  f rom t h e  DHC i n t e g r a t i o n  va lue  b y  d i v i d i n g  by  t h e  m o l a r  

e x t i n c t i o n  c o e f f i c i e n t  w i t h o u t  c o n v e r t i n g  t o  absorbance u n i t s  o r  

mol es : 

However, t h e  peak area was determined f r o m  t h e  DHC 

I mole  = ( i n t e g r a t i o n  va lue / t l  a t  254 nm) X 100% 
Z ( i n t e g r a t i o n  v a l u e / €  a t  254 nm) 

These va lues  a long  w i t h  K ( r e t e n t i o n  t i m e )  and K' ( r e t e n t i o n  

f a c t o r )  va lues  -- d e r i v e d  f r o m  t h e  peak r e t e n t i o n  t i m e  and v o i d  

volume o f  t h e  column -- were p r i n t e d  out. A new program o r  new data 

c o u l d  then  be loaded i n t o  t h e  E x p l o r e r  and t h e  process repeated. 
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2732 SINGHAL AND SMOLL 

RESULTS 

A. 

1. Model Ribonucleos ide M i x t u r e  

Accuracy o f  Peak Area Determination 

A m i x t u r e  o f  c y t i d i n e  and u r i d i n e  o f  known c o n c e n t r a t i o n  was 

a p p l i e d  t o  a reversed-phase column and data was c o l l e c t e d  b y  DHC a t  

t h r e e  d i f f e r e n t  f u l l - s c a l e  m o n i t o r  expansions (a t tenua t ions ) .  

r e s u l t s  were d i s p l a y e d  on a s t r i p - c h a r t  r e c o r d e r  u s i n g  d i f f e r e n t  

c h a r t  speeds and t h r e e  samples d e r i v e d  f rom t h e  same s o l u t i o n  f o r  

each f u l l - s c a l e  ( m o n i t o r )  expansion. 

r e f l e c t i n g  c o n c e n t r a t i o n  o f  t h e  so lu te ,  was de te rm ined  by t h e  usual  

manual methods (8-10) and by  t h e  DHC. A compar ison o f  t h e  two  i n -  

t e g r a t i o n  methods i s  made i n  Table 11. The r e s u l t s  shown i n  absorb- 

ance u n i t s  a r e  c o r r e c t e d  f o r  f l o w - c e l l  volume and a r e  compared t o  

t h e  a c t u a l  amount o f  each a p p l i e d  t o  t h e  column. The manual i n t e -  

g r a t i o n  method (Method A) produced 1 7  X and 19 X l osses  o f  u r i d i n e  

and c y t i d i n e ,  r e s p e c t i v e l y ,  when t h e  most  s e n s i t i v e  s c a l e  (AUFS) 

and s l o w e s t  c h a r t  speed were used. S i m i l a r l y ,  about 10-13 % l o s s e s  

were observed when t h e  l e a s t  s e n s i t i v e  s c a l e  and f a s t e s t  c h a r t  

speed were used. I n  c o n t r a s t ,  i n t e g r a t i o n  by DHC (Method 6) y i e l d e d  

v a r i a t i o n  w i t h i n  k2.0 % range f o r  c y t i d i n e  and f r o m  +0.9 t o  -2.7 % 

f o r  u r i d i n e  i r r e s p e c t i v e  o f  m o n i t o r  s e n s i t i v i t y  o r  c h a r t  speed. 

2. 

The 

Peak area o f  each component, 

Separa t i on  f Nucleos ides Der i ved  f rom a t R N A  ~ - - -  
Three i d e n t i c a l  samples o f  pre-determined amounts o f  nuc leo-  

s ides  d e r i v e d  f r o m  a t R N A  sample u s i n g  enzymat ic  h y d r o l y s i s  were 

a p p l i e d  t o  a reversed-phase column and e l u t e d  w i t h  a programmed 

g r a d i e n t  (Program A) under  i d e n t i c a l  cond i t i ons .  DHC r e s u l t s  were 
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2734 SINGHAL AND SMOLL 

TABLE I11 

COMPARISON OF PEAK AREA DETERMINATION BY TWO INTEGRATION 
METHODS FOR A t R N A  ANALYSESe 

Peak  Area 
i n  A b s o r b a n c e  U n i t s  a t  254 nm ( x  l o 2 )  

Peak  N o .  Method Ab Method Bc 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

0.84 ( k 0 . 0 7 ) d  
1 . 9 0  ( f 0 . 2 7 )  
4.06 ( k 0 . 1 4 )  
0 .14  ( f 0 . 0 3 )  

8 .84  ( k 0 . 5 0 )  
0.33 ( f 0 . 0 7 )  

0 .62  ( 2 0 . 0 4 )  

2 . 2 5  ( f 0 . 1 4 )  

3 .82  ( k 0 . 2 9 )  

0 .14  ( f 0 . 0 4 )  

0.90 (fO.04) 
2 .36  ( f 0 . 1 2 )  
4 . 6 0  ( k 0 . 1 0 )  
0 . 1 4  ( f 0 . 0 2 )  
2 . 1 6  (ko.09) 
9 . 1 5  ( f 0 . 3 1 )  
0.40 ( f 0 . 0 4 )  
3 .94  ( k 0 . 1 7 )  
0.89 ( f 0 . 0 3 )  
0 . 2 1  ( f 0 . 0 2 )  

T o t a l e  22 .9  ( 2 1 . 0 4 )  24.7 ( k 0 . 7 4 )  

'Three 15 ~1 samples of a t r a n s f e r  RNA h y d r o l y z a t e  were 
a p p l i e d  to  a C-18 r e v e r s e d - p h a s e  co lumn (0 .4  x 2 5  c m ,  
R a i n i n  M i c r o s o r b ) ,  a n d  e l u t e d  w i t h  g r a d i e n t  program A 
a t  4SoC, a n d  1 . 5  ml/min; t h e  e f f l u e n t  w a s  m o n i t o r e d  a t  
0 . 1  AUFS, 254 nm. 

bfcSee M e t h o d s  a n d  Material s e c t i o n  for d e t a i l s  of peak 
area i n t e g r a t i o n  by  Method A ( m a n u a l )  or Method B (Data 
H a n d l i n g  S y s t e m ) .  

d S t a n d a r d  d e v i a t i o n  of d a t a  from mean. 
e T o t a l  a b s o r b a n c e  u n i t s  ( a t  254 nm) a p p l i e d  t o  t h e  

co lumn was 0 .249 .  

reproducea v i a  s t r i p - c h a r t  r e c o r d e r  and i n t e g r a t e d  by the manual 

method and t h e  DHC method. The i n t e g r a t i o n s  o f  d i f f e r e n t  peaks f o r  

each method a r e  l i s t e d  i n  Table I11 i n  t h e  o r d e r  o f  t h e i r  e l u t i o n .  

The r e s u l t s  were c o n s i s t a n t l y  l o w  f o r  t h e  m a n u a l - i n t e g r a t i o n  method 

than  those f o r  t h e  DHC method by as much as 35 % f o r  peak 10 and as 

l i t t l e  as 3.4 % f o r  peak 6. Only  t h e  i n t e g r a t i o n  va lue  f o r  peak 5 
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PEAK AREA INTEGRATION 2135 

exceeded (4.2 %) t h e  UHC value. The t o t a l  r e c o v e r y  of m a t e r i a l  as 

de te rm ined  b y  t h e  m a n u a l - i n t e g r a t i o n  method was 8.0 % l e s s  t h a n  t h e  

t o t a l  amount o f  s o l u t e s  a p p l i e d  t o  t h e  column (0.249 absorbance 

U n i t s  a t  254 nm), w h i l e  t h e  DHC method showed a l o s s  o f  o n l y  0.8 %. 

Futhermore, t h e  s tandard  d e v i a t i o n  o f  t h e  DHC data was one-ha l f  o f  

t h e  s tandard  d e v i a t i o n  observed f o r  t h e  manual method. These r e -  

s u l t s  a r e  c o n s i s t a n t  w i t h  those  no ted  e a r l i e r  f o r  model compounds. 

3. Model Deoxyr ibonucleos ide M i x t u r e  

A m i x t u r e  o f  f i v e  deoxy r ibonuc leos ides  (amounts p re -de te rm in -  

ed) was a p p l i e d  t o  a reversed-phase column and e l u t e d  w i t h  a p ro -  

grammed g r a d i e n t  (Program B). The mole f r a c t i o n  o f  a nuc leos ide  

was de te rm ined  b y  t w o  methods (Table I V ) :  (a) t h e  peak-height -  

measurement method, t h e  d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n  f r o m  peak 

h e i g h t  and a s tandard  cu rve  ( c o n c e n t r a t i o n  versus peak h e i g h t ) ( l l ) ;  

and (b) t h e  DHC i n t e g r a t i o n  method. Resu l t s  o f  t h e  DHC method a r e  

i n  complete agreement w i t h  t h e  o t h e r  method f o r  peaks 1, 4, and 5, 

b u t  s l i g h t l y  l o w e r  f o r  peak 2 and h i g h e r  f o r  peak 3. Fur thermore,  

t h e  DHC method produced a more c o n s i s t a n t  a n a l y s i s  f o r  t h e  m a j o r i t y  

o f  t h e  peaks than  t h e  o t h e r  method. 

B. Application o f  DHC f o r  Chromatographic Analysis 

1.Determinat ion o f  Nucleos ide Composi t ion &I d Model M i x t u r e  - -- 
A complex m i x t u r e  o f  t h e  f o u r  common and 14  m o d i f i e d  r i bonuc -  

l e o s i d e s  was a p p l i e d  t o  a reversed-phase column and e l u t e d  w i th  

g r a d i e n t  program A. The DHC was connected t o  t h e  mon i to r ,  and t h e  

d i g i t a l i z e d  chromatogram was s t o r e d  on a f l o p p y  disk. I n t e g r a t i o n  

va lues -- o b t a i n e d  f r o m  DHC i n  hexadecimal n o t a t i o n  ( t h i r d  column) 
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PEAK AREA INTEGRATION 2731 

and conver ted  t o  dec ima l  e q u i v a l e n t  ( f o r t h  column) -- a r e  l i s t e d  i n  

Table V i n  t h e  o r d e r  t h e y  were e l u t e d  f rom t h e  column. F i n a l  c a l -  

c u l a t i o n  o f  peak area ( i n  absorbance u n i t s ,  l a s t  column) i s  based 

on f u l l - s c a l e  expansion o f  t h e  d e t e c t o r  (254 nm; 0.1 AUFS) and f l o w  

r a t e  (1.5 ml/rnin), and i s  c o r r e c t e d  f o r  d i l u t i o n  o f  t h e  sample (15 

m i c r o l i t e r )  caused b y  t h e  volume o f  t h e  f l o w  c e l l  (19 m i c r o l i t e r ) .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  t o t a l  absorbance (sum o f  a l l  peak 

areas)  de te rm ined  b y  t h e  DHC method was 1.4 % l e s s  than  t h e  amount 

a p p l i e d  t o  t h e  column. 

s ides  was based on ou r  e a r l i e r  work and those o f  o t h e r s  (13). 

2 .Determinat ion -- o f  DNA Composi t ion 

The peak c h a r a c t e r i z a t i o n  o f  t h e  nuc leo-  

An enzymat ic  h y d r o l y z a t e  o f  a DNA sample was a p p l i e d  t o  a RP 

column and e l u t e d  w i t h  g r a d i e n t  program B. 

f o l l o w e d  b y  DHC connected t o  t h e  UV m o n i t o r s  (254 nm and 280 nm). 

The r e s u l t s  expressed as p e r c e n t  mole (deoxynucleos ide)  composi- 

t i o n  were c a l c u l a t e d  f r o m  DHC i n t e g r a t i o n  va lues u s i n g  t h e  appro- 

p r i a t e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  d e r i v e d  a t  254 nm f o r  each 

deoxynucleoside. A second peak i d e n t i f i e d  as deoxy inos ine  (dIno, 

an a r t i f a c t  produced b y  deaminase contaminant  o f  t h e  h y d r o l y z i n g  

enzyme, DNAse I )  was e s t a b l i s h e d  f r o m  t h e  r e f e r e n c e  compound (14). 

R a t i o  o f  dCyd p l u s  SMedCyd t o  dGuo was 1.1, w h i l e  t h e  r a t i o  o f  dThd 

t o  dAdo p l u s  d Ino  was 1.01. The same m a t e r i a l  analyzed u s i n g  

d i f f e r e n t  columns and u s i n g  t h e  peak-height-measurement method 

y i e l d e d  s l i g h t l y  l o w e r  r a t i o s  (dCyd t 5MedCyd/dGuo: 1.05 and 

dThd/dAdo: 0.97; S inghal  e t  a l ,  1986 unpub l i shed  r e s u l t s ) .  

The chromatography was 

I n  F i g u r e  1, an a c t u a l  s e p a r a t i o n  o f  t h i s  DNA h y d r o l y z a t e  i s  

shown. I n  t h i s  p a r t i c u l a r  exper iment ,  i n  a d d i t i o n  t o  dIno, ano the r  
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2738 SINGHAL AND SMOLL 

TABLE V 

COMPOSITION OF A COMPLEX MIXTURE 
OF XIBONUCLEOSIDES~ 

Peak Area Inteqration bv DHC 
Hexadec imalb Decimalb Converted into 

Peak No. Nucleosides (Explorer) (Apple 11) A254Unitsc 
(x 1 0 2 )  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 

Yrd 
CYd 
Urd 
5MeCyd 
lMeAdo 
2 ' MeC yd 
Guo + 5MeUrd 
7MeGuo 
Z'MeUrd 
2'MeGuo + 

Ado 
ZMe2Guo 
2 ' MeAdo 
2MeAdo 
6MeAdo 
6Me~Ado 

lMeGuo 

OFOF 
OD18 
1133 
ODF9 
019E 
087C 
OB60 
OA3F 
099A 

243D 
097F 
085B 
01F2 
0751 
1311 
118A 

3855 
3352 
4403 
3577 

4 1 4  
2172 
2912 
2623 
2458 

9277 
2458 
2139 
498 
1873 
4881 
4489 

5.1 
4.4 
5.7 
4.7 
0.5 
2 . 8  
3.9 
3.5 
3 . 2  

12.1 
3.2 
2 . 8  
0.7 
2.4 
6.4 
5.9 

Total 67.3 

aA 15 1-11 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 45OC 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 A254 units. 

The 
Explorer or the decimal equivalent of the hexadecimal value pro- 
duced by the Apple I1 computer. 
CIntegration values converted to A254 units: Peak area (in A254 
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.) 

bIntegration values reported as obtained directly from DHC. 
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Figure 1. Integration o f  a Chromatography o f  DNA Hydrolyzate. An 
enzymat ic  DNA h y d r o l y z a t e  (0.26 Abs. u n i t s  a t  254 nm) was a p p l i e d  
t o  a p r e - e q u i l i b r a t e d  C-18 RP-Hplc column (4.5 X 250 mm) and e l u t e d  
w i t h  b u f f e r  A (10 mM ammonium phosphate, 2.5 % e thano l  v/v, pH 5.3) 
f o r  5 rnin f o l l o w e h 6 y  e l u t i o n  w i t h  a l i n e a r  g r a d i e n t  t o  82.1 % buf- 
f e r  A and 17.9 % e thano l  f o r  25 min. a t  40°C. 
i n  absorbance u n i t s  ( a t  254 nm) a r e  shown above each peak w i t h  mole 
p e r c e n t  des igna ted  i n  p a r e n t h e s i s  f o r  a p p r o p r i a t e  peaks. 

I n t e g r a t i o n  va lues  
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2140 SINGHAL AND SMOLL 

peak (peak 5)  co r respond ing  t o  d e o x y u r i d i n e  was found. 

p a r e n t l y  d e r i v e d  f r o m  deamina t ion  o f  dCyd, peak 3.) Other  peaks: 

1, 2, 4, 10, and 11 were founa t o  be due t o  s a l t s  and h y d r o l y t i c  

enzymes. 

t o  absorbance u n i t s .  However, o n l y  DNA Components were used t o  c a l -  

c u l a t e  t h e  mole pe rcen t  c o m p o s i t i o n  o f  t h e  DNA sample. 

s u l t s  o f  t h r e e  independent analyses gave r a t i o s  o f :  dCyd + dUrd + 

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

( I t  i s  ap- 

A l l  peaks were i n t e g r a t e d  and t h e  r e s u l t s  were conver ted  

The r e -  

DISCUSSION 

L i q u i d  chromatography (LC) n o t  o n l y  o f f e r s  i s o l a t i o n  and p u r i -  

f i c a t i o n  o f  t h e  components i n  a complex m i x t u r e ,  b u t  a l s o  f u r n i s h e s  

q u a n t i t a t i v e  and q u a l i t a t i v e  i n f o r m a t i o n  about  each c o n s t i t u e n t  o f  

t h e  m ix tu re .  T h i s  can be achieved i n  a s i n g l e  chromatography p ro -  

v i d e d  peak m o n i t o r i n g  i s  c a r e f u l l y  l i n k e d  t o  a d a t a - a c q u i s t i o n  and 

r e t r i e v a l  system. To s i m p l i f y  and f a c i l i t a t e  da ta  c o l l e c t i o n ,  

s torage,  r e t r i e v a l ,  q u a n t i t a t i o n ,  arid c h a r a c t e r i z a t i o n ,  we have 

i n t e r f a c e d  a t y p i c a l  Hplc system t o  a dua l -m ic rop rocesso r  c o n t r o l -  

l e d  da ta -hand l i ng  system (DHC). 

The m a j o r  goal o f  t h i s  work i s  t o  p r o v i d e  a conven ien t  and 

p r a c t i c a l  means o f  peak i n t e g r a t i o n  f o r  chromatograms o f  any com- 

p l e x i t y .  The i n t e g r a t i o n  program ("CHAKT REPRO") o f  t h e  E x p l o r e r  

i s  w r i t t e n  f o r  t h i s  purpose and can be merged w i t h  t h e  data acqu i -  

s i t i o n  programs -- desc r ibed  e a r l i e r  -- t o  produce a t r u e  " r e a l -  

t ime"  i n t e g r a t o r .  B a s e l i n e  s t a b i l i z a t i o n  r o u t i n e s  and a u t o m a t i c  

peak-spl i t t i n g  f e a t u r e s  a r e  i n c l u d e d  i n  t h e  i n t e g r a t o r  t o  simp1 i f y  

o p e r a t i o n s  w h i l e  m a i n t a i n i n g  a h i g h  degree o f  accuracy. 
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PEAK AREA INTEGRATION 2741 

A. 

1. Advantages 

Peak Area Integration by Data-Handling Computers 

Evaluation of the  d a t a  by D H C  i s  undoubtedly super ior  t o  man-  

u a l  methods. 

puters a r e  cons i s t an t ly  accurate as shown i n  Tables I 1  and I11 due 

t o  t he  h i g h  precision used f o r  acquistion of the  chromatographic 

data by these computers. 

pendent on subjec t ive  measurements and approximations, and conse- 

quently, the  values determined by these methods a re  l e s s  r e l i ab le .  

For example, peak areas  determined by the  microcom- 

On the  o ther  hand, manual methods a r e  de- 

In tegra t ion  by computers i s  convenient and fast .  A n  average 

of  f i v e  minutes i s  needed by t h i s  method t o  i n t eg ra t e  ten  chromato- 

graphy peaks, including conversion of DHC in tegra t ion  u n i t s  t o  ab -  

sorbance un i t s ,  a n d  pr in t -out  of the  r e su l t s .  Such a chromatogram 

required approximately three  hour s  by the  manual methods. 

2. Overlapping Peaks 

A ma jo r  reason f o r  t h i s  system's consistancy and accuracy i s  

i t s  a b i l i t y  t o  recognize and analyze i r r e g u l a r i t i e s  i n  the  chroma- 

togram (such a s  peak-overlap and baseline d r i f t ) .  

ure 2, two overlapping peaks contain so lu t e  from the  neighboring 

peak. Assumming two c lose ly  e lu t ing  peaks have common symmetry, 

the  t r i a n g l e  produced by t h e i r  overlap (ABC) should be approximate- 

l y  i sosce les .  Hence, by suspending peak in tegra t ion  of the  f i r s t  

peak and s t a r t i n g  in tegra t ion  of the  second peak a t  t he  c ross  over 

point ( B ) ,  the  in tegra t ion  of each peak i s  compensated f o r  t he  i n -  

trusion of the  adjacent peak. Also, a s  a consequence, a smal le r  

portion of the  peak i s  required t o  determine i t s  e n t i r e  area then 

is  required by the manual methods. 

As shown in Fig- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2742 SINGHAL AND SMOLL 

I I 

/ I 

A B' C 

F i  ure 2. Representation o f  Two Hypothetical Overlapping Peaks, X 
& T h e  i s o s c e l e s  t r i a n g l e ,  ABC, produced f rom t h e  o v e r l a p  o f  
t h e  two  peaks i s  d i v i d e d  i n t o  two  equal t r i a n g l e s ,  ABB' and BB'C, 
b y  t h e  p e r p e n d i c u l a r  l i n e ,  BB' f r o m  t h e  c rossover  p o i n t ,  B. The 
observed absorbance (Abs-obs) i s  t h e  sum o f  t h e  absorbance o f  each 
component i n  t h i s  reg ion .  

3. B a s e l i n e  F l u c t u a t i o n s  

Changes i n  t h e  b a s e l i n e  i n v o l v i n g  a gradual  l o s s  ( " d r i f t " )  o r  

an a b r u p t  i nc rease  ( " s h i f t " )  f r o m  a c o n s t a n t  v a l u e  a r e  t h e  r e s u l t  

o f  changes i n  t h e  e f f l u e n t  absorbance. 

o f t e n  cause e r r o r s  i n  t h e  i n t e g r a t i o n  o f  e s p e c i a l l y  s m a l l e r  peaks. 

These base1 i n e  f l u c t u a t i o n s  
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PEAK AREA INTEGRATION 2743 

To a v o i d  o r  t o  m i n i m i z e  these e r r o r s ,  t h e  DHC c o n t i n u o u s l y  sub- 

t r a c t s  a " b a s e l i n e - c o r r e c t i o n  f a c t o r "  f r o m  a l l  da ta  p o i n t s  of a 

peak. T h i s  procedure e s s e n t i a l l y  s h i f t s  t h e  chromatogram t o  a 

c o n s t a n t  b a s e l i n e  va lue  and t h u s  e l i m i n a t e s  t h e  b a s e l i n e  d r i f t  i n  

t h e  chromatogram. 

d u r i n g  t h e  i n t e g r a t i o n  i s  based on t h e  b a s e l i n e  v a l u e  o f  t h e  prev-  

i o u s  32 seconds. The i n t e g r a t o r ,  however, f a i l s  t o  c o r r e c t  immed- 

i a t e l y  f o r  b a s e l i n e  s h i f t s .  

s h i f t  as a peak. I f  t h e  b a s e l i n e  i s  n o t  r e - e s t a b l i s h e d  w i t h i n  t h e  

n e x t  64 seconds, a " s h i f t  f a c t o r "  i s  i n c l u d e d  i n  t h e  "base l i ne -  

c o r r e c t i o n  f a c t o r "  i n  o r d e r  t o  a c c e l e r a t e  r e t u r n  t o  t h e  basel  ine. 

For  peaks hav ing  a s h i f t  w i t h i n  t h e i r  boundaries, t h e  e f f e c t  i s  t h e  

same as t h a t  expected f r o m  i n c r e a s i n g  t h e  i n c l i n e  o f  t h e  base l i ne .  

Peaks hav ing  no b a s e l i n e  s h i f t  and na r rower  t h a n  64 seconds a r e  n o t  

a f f e c t e d  a t  a1 1. 

The "basel i n e - c o r r e c t i o n  f a c t o r "  a t  any t i m e  

It i n i t i a l l y  tends t o  i n t e r p r e t  a 

A b a s e l i n e  f l u c t u a t i o n  i s  encountered when a column i s  e l u t e d  

w i t h  one v o i d  volume. 

b r u p t  s o l v e n t  ( r e f r a c t i v e  index)  change i n  the f l o w  c e l l  r e s u l t i n g  

i n  a sudden absorbance change; however, un i k e  b a s e l i n e  s h i f t ,  t h e  

absorbance r e t u r n s  t o  t h e  i n i t i a l  b a s e l i n e  value. The i n t e g r a t i o n  

program can n o r m a l l y  handle a "breakthrough" b a s e l i n e  f l u c t u a t i o n .  

However, a t  l o w e r  m o n i t o r  s e n s i t i v i t i e s ,  t h e  absorbance may n o t  

change s i g n i f i c a n t l y  enough f o r  t h e  program t o  d e t e c t  a sudden drop 

due t o  t h e  "breakthrough". Consequently, t h e  program r e c a l c u l a t e s  

t h e  " b a s e l i n e - c o r r e c t i o n  f a c t o r "  t o  s h i f t  t h e  base l i ne -da te  v a l u e  

down i n s t e a d  o f  j ump ing  t o  t h e  "breakthrough d i s p l a y "  r o u t i n e .  The 

Th is  "breakthrough" i s  t h e  r e s u l t  o f  an a- D
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2144 SINGHAL AND SMOLL 

i n t e g r a t o r ,  as a r e s u l t ,  i n t e r p r e t s  t h e  subsequent r e t u r n  t o  base- 

l i n e  as t h e  s t a r t  o f  a new peak b e a r i n g  an i n c o r r e c t  base l i ne .  How- 

ever, t h i s  problem was n o r m a l l y  c o r r e c t e d  b y  a l l o w i n g  t h e  i n t e g r a -  

t o r  t o  n a t u r a l l y  r e - e s t a b l i s h  t h e  b a s e l i n e  v i a  t h e  "base l i ne -co r -  

r e c t i o n  f a c t o r " ,  o r  b y  m a n u a l l y  e r a s i n g  t h e  "breakthrough" f r o m  t h e  

chromatographic  data i f  i t  i n t e r f e r e d  w i t h  t h e  i n t e g r a t i o n .  

4. I n t e g r a t i o n  o f  Peak Area by C a l i b r a t i o n  Curve 

Peak area d e t e r m i n a t i o n  u s i n g  a c a l i b r a t i o n  cu rve  proposed b y  

Singhal  (1986, ms. submi t ted )  improves accuracy and r e p r o d u c i b i l i t y  

ove r  t h e  o t h e r  manual method, i.e., app rox ima t ion  b y  a gauss ian 

cu rve  -- a procedure used he re  as a r e f e r e n c e  f o r  t h e  i n t e g r a t i o n  

method (9,lO). 

c a l i b r a t i o n  c u r v e  method as shown i n  Table I V  i n d i c a t e s  t h a t  t h e  

r e s u l t s  a r e  i n  good agreement ( w i t h  t h e  e x c e p t i o n  o f  peak 2). The 

c a l i b r a t i o n  cu rve  method, however, i s  n o t  a p r a c t i c a l  method s i n c e  

cu rves  cannot  be c o n s t r u c t e d  f o r  unknown s o l u t e s  or used u n i v e r s a l -  

l y  s i n c e  t h e  e q u i l i b r i u m  cons tan t  (Kd) o f  t h e  s o l u t e  depends on LC 

c o n d i t i o n s .  The DHC i n t e g r a t i o n  method, however, i s  f r e e  o f  these 

l i m i t a t i o n s .  

B. 

A comparison o f  peak i n t e g r a t i o n  b y  DHC and t h e  

AppliCdtiOn o f  Integration by DHC 

A complex chromatogram i s  i n t e g r a t e d  i n  Table V. Here t h e  DHC 

i n t e g r a t o r  i d e n t i f i e d  and i n t e g r a t e d  21 peaks, i n c l u d i n g  one peak 

due t o  "breakthrough"  and f o u r  peaks i d e n t i f i e d  as con tamina tes /a r -  

t i f a c t s  o f  t h e  b u f f e r  and sample. 

peaks i s  encountered, t o t a l  absorbance u n i t s  o f  t h e  so lu tes ,  as de- 

t e r m i n e d  f r o m  t h e  sum o f  t h e  i n t e g r a t i o n s  b y  DHC, i s  98.6 % o f  t h a t  

app l i ed .  

Though e x t e n s i v e  o v e r l a p p i n g  o f  
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CONCLUSION 

Use o f  t h e  i n t e g r a t i o n  v a l u e  o b t a i n e d  d i r e c t l y  f r o m  DHC s im- 

p l i f i e s  t h e  c a l c u l a t i o n s  f o r  p e r c e n t  mole c o m p o s i t i o n  ( f o r  example 

see Tables I V  and F i g u r e  1). 

[fdCyd f 5MedCyd + dUrd)/(dGuo) and (dThd)/(dAdo t dlno)) w i t h  t h e  

expected v a l u e  o f  1.00 i n d i c a t e s  c o n s i s t a n c y  o f  i n t e g r a t i o n  o f  t h e  

peaks r e g a r d l e s s  o f  peak s i z e  o r  geometry. These r e s u l t s  demon- 

s t r a t e  t h e  a b i l i t y  o f  t h e  LC-DHC system t o  d e t e c t  and assay even 

minor ,  m o d i f i e d  components p r e s e n t  i n  v e r y  m i n u t e  amounts i n  va r -  

i o u s  RNA's and DNA's. I n  many instances,  t h i s  degree o f  accuracy 

i n  data p rocess ing  i s  n o t  p o s s i b l e  o r  p r a c t i c a l  b y  conven t iona l  

manual methods. 

The agreement i n  t h e  base p a i r  r a t i o s  

The a b i l i t y  o f  DHC t o  r e c o r d  and i n t e g r a t e  two  d e t e c t o r  chan- 

n e l s  s i m u l t a n e o u s l y  makes i t  f e a s i b l e  t o  red ress  e r r o r s  i n h e r e n t  i n  

t h e  i n t e g r a t i o n  o f  t h e  s m a l l  peaks. T h i s  e r r o r ,  wh ich  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  peak, can be reduced by  m o n i t o r i n g  

e f f l u e n t  s i m u l t a n e o u s l y  a t  two  d i f f e r e n t  d e t e c t o r  s e n s i t i v i t i e s  f o r  

a common wavelength, and by  s u b s t i t u t i n g  t h e  scaled-down i n t e g r a -  

t i o n  v a l u e  f o r  t h e  s m a l l e r  peaks. 

reduced b y  t h e  r a t i o  o f  t h e  t w o  d e t e c t o r  a t tenua t ions .  

E r r o r  i n  s m a l l  peaks can thus  be 

To compensate f o r  t h e  b a s e l i n e  s h i f t s  and t o  d i s c r i m i n a t e  f o r  

"breakthroughs" i n  t h e  chromatogram i s  d i f f i c u l t  s i n c e  b o t h  events  

a r e  unp red ic tab le .  An a l t e r n a t i v e ,  though, i s  t o  remove these ir- 

r e g u l a r i t i e s  f r o m  t h e  chromatogram p r i o r  t o  t h e  i n t e g r a t i o n .  

d iscussed e a r l i e r ,  basel  i n e  d r i f t ,  basel  i n e  s h i f t ,  and "break- 

through"  a r e  t h e  r e s u l t  o f  e f f l u e n t  changes i n h e r e n t  t o  t h e  gra-  

As 
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2146 SINGHAL AND SMOLL 

d i e n t  program; hence, t h e y  a r e  a l s o  p r e s e n t  when a c o n t r o l  b l a n k  i s  

i n j e c t e d  and t h e  column i s  e l u t e d  as usual. 

t r o l "  chromatogram wh ich  can be s u b t r a c t e d  f r o m  t h e  a c t u a l  "exper i -  

men ta l "  chromatogram. 

" c o n t r o l "  can s i m p l i f y  b a s e l i n e  s t a b i l i z a t i o n  and improve t h e  accu- 

r a c y  o f  i n t e g r a t i o n .  

o f  a r t i f a c t s  found i n  t h e  sample and b u f f e r .  

T h i s  y i e l d s  a "con- 

Thus, c o r r e c t i o n  o f  a chromatogram w i t h  a 

A " c o n t r o l "  can a l s o  be used t o  d e l e t e  peaks 
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