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HIGH-PERFORMANCE L I Q U I D  CHROMATOGRAPHIC ASSAY OF 
D-GLUCOSE I N  ERYTHROCYTES 

Steven H. Wong, George Kalache and Edward E .  Morse 

Department of Labora tory  Medicine 
Un ive r s i ty  of  Connect icu t  Heal th  Center 

Farmington, Connecticut 06032 

ABSTRACT 

A procedure i s  p resen ted  a f t e r  several a t t empt s  w i t h  d i f f e r -  
e n t  modes of chromatography f o r  measuring h igh  concen t r a t ions  of 
d-glucose i n  e r y t h r o c y t e s .  The procedure  u t i l i z e s  r a p i d  depro- 
t e i n i z a t i o n  of hemolysate by mixing w i t h  a c e t o n i t r i l e .  The su- 
pe rna tan t  i s  ana lyzed  by s t r o n g  c a t i o n  exchange chromatography, 
us ing  an Organic Analys is  Column. Sepa ra t ion  cond i t ions  are: 
e l u e n t  = 0.01 N H2S04, flow rate = 0.6 ml/min, d e t e c t i o n  = 195nm 
a t  0.05 AUFS, sample s i z e  = 20 ~1 and tempera ture  = ambient. The 
c o e f f i c i e n t s  o f  v a r i a t i o n  €o r  5 mg/ml samples w e r e  (within-run) 
6.7%, and (day-to-day) 7 .1%.  Th i s  s tudy  shows t h e  presence  of a 
h igh  concen t r a t ion  (1900 mg/dl) o f  d-glucose w i t h i n  t h e  e ry th ro -  
c y t e s  a s  a r e s u l t  of a h igh  e x t e r n a l  d-glucose concen t r a t ion  
(2000 mg/dl) i n  plasma, and sugges t s  t h a t  d-glucose i s  r a p i d l y  
t r a n s p o r t e d  i n t o  t h e  c e l l .  

INTRODUCTION 

An i n c r e a s e  i n  e l e c t r o n i c  mean co rpuscu la r  volume (MCV) in-  

duced by marked hyperglycemia w a s  r e c e n t l y  r e p o r t e d  by Morse, et  

a l .  (1) A p a t i e n t  showed a h igh  g lucose  serum concen t r a t ion  of 

2250 mg/dl (22.5 mglml) w i t h  MCV of 1 2 8  p . 3 P o s t u l a t i o n s  
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1832 WONG, MLACHE, AND MORSE 

inc luded  t h e  d isp lacement  of Na' and C1- i o n s  as a r e s u l t  of t h e  

a s s o c i a t i o n  of g l u c o s e  w i t h  t h e  c e l l  membrane, o r  the  volume change 

w i t h i n  t h e  c e l l  membrane caused  by g l u c o s e  induced  osmot i c  e f f e c t .  

The same r e p o r t  no ted  t h a t  s u c r o s e  d i d  n o t  induce  any volume chan- 

ges.  

t i o n ,  i n t r a - e r y t h r o c y t i c  monosaccharide c o n c e n t r a t i o n  measurements 

might be u s e f u l .  

I n  o r d e r  t o  de te rmine  t h e  v a l i d i t y  of t h e  l a t te r  pos tu l a -  

Measurement of ca rbohydra t e s  i n  b lood  may b e  accomplished by 

a wide v a r i e t y  of methods. These methods i n c l u d e  chemica l  t e s t i n g  

( 2 )  ( 3 ) ,  enzymatic methods ( 4 )  ( 5 ) ,  t h i n - l a y e r  chromatography (6)  

( 7 )  (8), and g a s - l i q u i d  chromatography ( 9 )  (10). More r e c e n t l y ,  

high-performance l i q u i d  chromatographic  (IIPLC) columns have  been  

a v a i l a b l e  t o  measure ca rbohydra t e s  (11) ( 1 2 )  (13) .  For ou r  inves -  

t i g a t i o n ,  it would be d e s i r a b l e  t o  measure h igh  c o n c e n t r a t i o n  of 

g lucose  (20 mg/ml) i n  e r y t h r o c y t e  wi th  minimum sample p r e p a r a t i o n s .  

For t h e s e  purposes ,  GLC a s s a y s  which r e q u i r e  e x t e n s i v e  sample 

p r e p a r a t i o n  were n o t  a t t empted  wh i l e  HPLC w a s  chosen f o r  t h i s  s t u -  

dy so t h a t  a s imple  d e p r o t e i n i z a t i o n  s t e p  w a s  used f o r  sample 

clean-up, fo l lowed by HPLC s e p a r a t i o n  of d-glucose from endogenous 

i n t e r f e r e n c e  peaks.  

S e p a r a t i o n  o f  ca rbohydra t e  by HPLC i s  based  upon t h r e e  d i f -  

f e r e n t  k inds  of  mechanism as r e c e n t l y  reviewed by Schwarzenbach 

( 1 4 ) .  These a r e  i o n i c  exchange chromatography, p a r t i t i o n  chrorna- 

tography on i o n  exchange r e s i n  and p a r t i t i o n  chromatography on 

chemica l ly  bonded phases .  The p r e s e n t  s tudy  o u t l i n e s  s e v e r a l  
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D-GLUCOSE I N  ERYTHROCYTES 1833 

a t t empt s  t o  measure endogenous d-glucose i n  t h e  r e d  blood c e l l  as 

w e l l  as exogenous d-glucose using one of t h e  above t h r e e  mechan- 

i s m s .  

EXPERIMENTAL 

Reagents 

D-glucose, 'Baker-Analyzed' r eagen t  w a s  purchased from 3 .  T. 

Baker Chemical Co., ( P h i l l i p s b u r g ,  N .  J .  08865). A c e t o n i t r i l e ,  UV 

grade,  was obtained from Burdick and Jackson Labora to r i e s  (Muske- 

gon, Mich. 49442) .  Water w a s  double d i s t i l l e d .  Tetra-ethylene- 

p e n t y l  amine (TEPA) w a s  purchased from Aldrich Chemical Co., ( M i l -  

waukee, W i s .  53233) .  

High-Performance Liquid Chromatographs 

Several  HPLC were used i n  t h i s  s tudy.  Prel iminary s t u d i e s  

w i t h  a Radial-pak B column, c o n s i s t i n g  of s i l i ca  gel, were per-  

formed by using a M6000A pump wi th  a Model 450 v a r i a b l e  wavelength 

d e t e c t o r  from Waters ASSOC., (Milford,  Mass.). The s e p a r a t i o n  w a s  

c a r r i e d  ou t  by using a mixture of a c e t o n i t r i l e / w a t e r  7 5 ~ 2 5 ,  TEPA 

(0.OlrS) as e l u e n t  a t  a flow rate of 2 ml/min, and a t  room temper- 

a t u r e .  The d e t e c t o r  w a s  set  a t  195 nm with an a t t e n u a t i o n  of 0 . 0 2  

AUFS. The o t h e r  prel iminary s t u d i e s  wi th  a carbohydrate  column 

from Bio-Rad Labora to r i e s ,  (Richmond, C a l i f . ) ,  were c a r r i e d  ou t  by 

using a Model 5000 HPLC from Varian Assoc ia t e s ,  (Walnut Creek, 

C a l i f . ) ,  wi th  a Rheodyne 7125 i n j e c t o r  equipped w i t h  a 20 pl loop. 

The d e t e c t o r  w a s  a Vari-Chrom v a r i a b l e  wavelength d e t e c t o r  from 
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1834 WONG, KALACHE, AND MORSE 

Varian Associates ,  set  a t  195 nm, 0.1 o r  0.05 AUFS a t t e n u a t i o n .  

The e l u e n t  w a s  water. The s e p a r a t i o n  w a s  c a r r i e d  out  a t  a flow 

rate  of 0.3 ml/min and a t  a temperature of 85OC. 

Analyses of normal and high concen t r a t ion  e r y t h r o c y t i c  d- 

glucose were performed by us ing  a Laboratory Data Control  Consta- 

metric I11 Pump w i t h  a Spectro-Monitor 111 v a r i a b l e  wavelength de- 

t e c t o r  from Laboratory Data Control  (R ive r i a  Beach, F l o r i d a ) .  The 

i n j e c t o r  w a s  a Rheodyne 7125 i n j e c t o r  w i th  a 100 31 loop. 

column w a s  an Organic-acid a n a l y s i s  column from Bio-Rad Laboratory 

(Richmond, C a l i f . ) .  Column packing w a s  made from s t r o n g  c a t i o n  

ion  exchange r e s i n  with proton as t h e  counter  i on .  

umn was a s ize-exclusion HPX-87 c a r t r i d g e  from Bio-Rad. The e lu -  

e n t  w a s  0.005N H 2 S 0 4 .  Analyses were c a r r i e d  ou t  at  a flow rate of 

0.3 ml/min a t  room temperature.  Detector  w a s  set a t  195 nm and a t  

an a t t e n u a t i o n  of  0 .01  AUFS. The e s t a b l i s h e d  procedures ,  includ-  

i n g  c a l i b r a t i o n ,  p r e c i s i o n  and high d-glucose concen t r a t ion  s t u -  

d i e s ,  were c a r r i e d  ou t  by using a Model 5000 HPLC from Varian As-  

s o c i a t e s  as desc r ibed  p rev ious ly .  

Flow rate w a s  0 .6  ml/min and t h e  s e p a r a t i o n  temperature w a s  ambient. 

The 

The guard col-  

The e l u e n t  w a s  0.01N H 2 S 0 4 .  

Sample P repa ra t ion  

The prel iminary s t u d i e s  using t h e  s i l i c a - g e l ,  carbohydrate  

and o rgan ic  a c i d  a n a l y s i s  columns involved p r o t e i n  p r e c i p i t a t i o n  

o f  normal and high d-glucose concen t r a t ion  samples by mixing w i t h  
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D-GLUCOSE I N  ERYTHROCYTES 1835 

a c e t o n i t r i l e  (1:l o r  1 :2 )  and spun f o r  t e n  minutes.  Aliquots  of 

t h e  c l e a r  supernatant  were i n j e c t e d  i n t o  t h e  HPLC. 

For t h e  c a l i b r a t i o n  and p r e c i s i o n  s t u d i e s ,  t h e  fol lowing pro- 

t o c o l  w a s  followed. EDTA blood w a s  spun at  4000 r e v o l u t i o n s  pe r  

minute f o r  5 minutes.  Plasma and upper l a y e r  of cel ls  were re- 

moved. One m l  of packed r ed  blood c e l l s  w a s  t r a n s f e r r e d  t o  a 

marked test tube,  and 9 m l  of d i s t i l l e d  water w a s  added. To t h i s  

hemolysate p repa ra t ion ,  d-glucose was added t o  y i e l d  a concentra- 

t i o n  of 20 mg/ml. By se r ia l  d i l u t i o n  with normal hemolysate,  t h e  

fol lowing d-glucose hemolysate c a l i b r a t i o n  samples were prepared:  

0, 2 ,  8, 10 and 15 mg/ml. Five 5 mg/ml d-glucose hemolysate rep- 

l icates were a l s o  included f o r  t h e  p r e c i s i o n  s tudy .  P r e p a r a t i o n  

of t h e  high e x t e r n a l  d-glucose concen t r a t ion  hemolysate involved 

incuba t ion  of d-glucose/whole blood (20mg/ml) at  room temperature  

f o r  one hour. Then, t h e  hemolysate was prepared from t h i s  sample 

as descr ibed p rev ious ly .  

From t h e  above hemolysate p r e p a r a t i o n s ,  200 ~1 w a s  taken 

from each sample and mixed with 400 p1 of a c e t o n i t r i l e .  

mixtures  were vortexed,  followed by spinning a t  2000 RF'M f o r  10 

minutes. Twenty p l  of t h e  c l e a r  supe rna tan t  w a s  i n j e c t e d  f o r  

HPLC a n a l y s i s .  Peak h e i g h t s  were p l o t t e d  a g a i n s t  d-glucose he- 

molysate concen t r a t ions .  Linear  r e g r e s s i o n  a n a l y s i s  was c a r r i e d  

ou t  t o  determine t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  s l o p e  and i n t e r c e p t .  

From t h e  peak h e i g h t s  of the p r e c i s i o n  s t u d i e s  (5mg/ml) samples 

These 
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1836 WONG, KALACHE, AND MORSE 

and the high concentration hemolysate, the d-glucose hemolysate 

concentrations were estimated from these plots. 

Results and Discussions 

Measurement of d-glucose in erythrocytes consisted of two 

parts: the preparation of the hemolysates from the red blood 

cells, and the analyses of the hemolysates by HPLC. In attempting 

to optimize the hemolysate preparation, the procedure was kept as 

simple as possible so that any enzymatic activity would be mini- 

3 2 1 0 

RETENTION T I M E  I N  MINUTES 

Figure 1: Chromatogram of a normal hemolysate sample. Column: 
RP-B, (Silica gel) Waters Associates, mobile phase: 
acetonitrile/water (75:25) with 0.01% TEPA, flow rate 
2 ml/min, detection at 195 nm, 0.02 AUFS, injection 
volume 40 pl, and G = d-glucose. 
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D-GLUCOSE I N  ERYTHROCYTES 1837 

mized. This  was accomplished by p r o t e i n  p r e c i p i t a t i o n  by ace ton i -  

t r i l e .  Figure 1 shows t h e  chromatogram of a normal hemolysate. 

The s e p a r a t i o n  w a s  c a r r i e d  o u t  by using a Radial-Pak B column con- 

s i s t i n g  of s i l i c a - g e l  packing, and t h e  e l u e n t  w a s  a c e t o n i t r i l e /  

water (75:25), TEPA (0.01%). D-glucose e l u t e d  a t  1 . 5  minutes w i t h  

r e t e n t i o n  volume (V,) of 3 m l .  The normal hemolysate chromatogram 

showed a peak wi th  t h e  same r e t e n t i o n  t ime as glucose.  Endogenous 

peaks e l u t e d  b e f o r e  and a f t e r  t h i s  glucose peak. Due t o  t h e  s m a l l  

VR = 3 m l  and t h e  nega t ive  peak fol lowing t h e  d-glucose peak which 

r e s u l t e d  i n  i n a c c u r a t e  q u a n t i t a t i o n ,  t h i s  assay w a s  n o t  f u r t h e r  

developed. I n  a d d i t i o n ,  t h e  many advantages of i o n  exchange r e s i n  

over  s i l i c a - g e l  packing, such as long column l i f e  and wide use- 

a b l e  pH range ( a . )  0 t o  14 f o r  c a t i o n  exchange and (b.)  0 t o  1 2  

f o r  anion exchange, l e d  t h e  i n v e s t i g a t i o n  t o  i o n  exchange mode f o r  

assaying e r y t h r o c y t i c  d-glucose. 

Figures  2A and 2B show t h e  chromatograms of a normal and 

high concen t r a t ion  (2  mg/ml) hemolysates.  The column w a s  a s t r o n g  

c a t i o n  exchange column with Mg+2 a s  t h e  counter  ion.  Mobile phase 

w a s  water. 

w a s  set a t  195  nm. D-glucose e l u t e d  on t h e  shoulder  of an endo- 

genous peak wi th  r e t e n t i o n  t i m e  of 4.6 minutes ,  and VR = 1.4 m l .  

The incomplete s e p a r a t i o n  and small VR i n d i c a t e d  t h a t  t h e s e  chro- 

matographic cond i t ions  were n o t  i d e a l  t o  i d e n t i f y  d-glucose i n  he- 

molysate.  Thus, another  form of i o n  exchange column packing w a s  

used. 

Sepa ra t ion  was c a r r i e d  ou t  a t  85OC and t h e  d e t e c t o r  
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10 5 0 15 10 5 0 
RETENTION TIME IN MINUTES 

Figure 2A: CHromatograms of a normal and high d-glucose hemoly- 

ries), mobile phase: water, flow rate 0.3 mlfmin, 
detection at 195 nm, at 0.02 AUFS, temperature = 85OC, 
injection volume = 4 ‘1 and G = d-glucose. 

and 2B: sate sample. Carbohydrate column (Bio-Rad Laborato- 

The column of choice was a newly available organic acid column 

with a strong cation exchange packing and a counter ion of proton. 

Figures 3A and 3B show the chromatograms of normal and high con- 

centration ( 3  mgfml above normal) hemolysate prepared by mixing 

plain or glucose-spiked red cells with an equal volume of acetoni- 
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1840 WONG, KALACHE, AND MORSE 

I 

trile for protein precipitation. 

flow rate of 0.3 ml/min with detection at 195 nm. The normal he- 

molysate showed the presence of a glucose peak at 19 minutes, VR = 

5.7 ml, while the high concentration hemolysate showed a higher 

peak at the same retention time. These two chromatograms suggest- 

ed the presence of d-glucose in normal hemolysate. The glucose 

peak was followed by peaks eluting with retention time up to two 

and a half to three hours. These peaks were probably due to 

The eluent was 0.005N H 2 S 0 4  at a 

G 

A B C 

I I I 

0 10 20 0 10 20 0 10 20 

RETENTION TIME I N  MINUTES 

Figure 4A: Chromatograms of a normal, 2 mg/ml and 10 mg/ml d- 
4 B :  glucose hemolysate sample. Organic Acid Analysis 

and 4C: Column, (Bio-Rad Laboratories) mobile phase: 0.01 
N H2S04, flow rate 0.6 ml/min, detection at 195 nm, 
0.05 AUFS, injection volume 20 pl, and G = d-glucose. 
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D-GLUCOSE IN ERYTHROCYTES 1841 

endogenous substances such as amino acids and nucleosides. Since 

the chromatographic separation time was lengthy before the col- 

umn was completely regenerated for the next sample analysis, 

this method was not used for multiple samples analysis needed to 

assay d-glucose concentration in erythrocytes. Thus, chromato- 

graphic conditions were optimized to analyze the hemolysates with- 

in 30 minutes. 

Figure 4 shows the chromatograms of normal hemolysate, 2 mg/ 

ml and 10 mgfml spiked hemolysates. 

prepared as outlined in the experimental section. Figure 4A 

shows the chromatogram of  a normal sample. D-glucose was not 

found due to the dilution factor of thirty f o l d  . Normal 

glucose concentration in whole blood is 65-110 mgfdl, i.e. 0.7 to 

1.1 mgfml. The maximum amount of d-glucose introduced fo r  analy- 

sis was 0.6 pg, not detectable with the present detector and its 

appropriate attenuation. 

The hemolysate samples were 

Figures 4B and 4 C  show the chromatograms of hemolysate sam- 

Re- ples with 2 mg and 10 mg per ml of hemolysates respectively. 

tention time of d-glucose was 9 minutes, with VR = 5.4 ml. 

d-glucose peak was well resolved from the endogenous peak at 6 

minutes. Multiple peaks eluted after d-glucose. Analysis time 

for each sample was between 20 to 30 minutes. 

The 

Figure 5 shows that the plot of peak height of d-glucose 

versus d-glucosefhemolysate concentration was linear with correl- 

ation coefficient = 0.9977, slope = 0.878 and intercept = -0.020- 
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Figure 5: C a l i b r a t i o n  curve f o r  d-glucose/hemolysate concentra- 
t i o n  ve r sus  d-glucose peak he igh t s .  

P rec i s ion  s t u d i e s  showed t h a t  t h e  within-run c o e f f i c i e n t  of v a r i -  

a t i o n  (CV)  f o r  t h e  5 mg/ml samples w a s  6 . 7 %  (mean = 4.91, S.D. = 

0.33 and number of samples = 5 ) ,  and t h e  day-to-day CV was 7 .1% 

(mean = 5.04, S.D. = 0.36 and number of  samples = 4 0 ) .  This  as- 

say w a s  used t o  measure e r y t h r o c y t i c  d-glucose wi th  high d-glucose 

whole blood concentrat ion.  D-glucose w a s  added t o  t h e  whole blood 

s o  t h a t  t h e  concen t r a t ion  was 2000 mg/dl above normal concentra- 

t i o n .  Figure 6 shows t h e  chromatogram of t h e  hemolysate of such 

a sample. D-glucose peak h e i g h t  w a s  1.6 cm, corresponding t o  1.9 

mg of d-glucose p e r  ml of hemolysate, prepared by t e n  f o l d  

d i l u t i o n  of e ry th rocy te s .  This  was equ iva len t  t o  19 mg/ml, o r  

1900 mgldl of e ry th rocy te s .  This d-glucose concen t r a t ion  probably 

represented d-glucose i n s i d e  t h e  r ed  blood ce l l s  as w e l l  as t h e  

d-glucose i n  t h e  plasma t rapping.  P l a s m a  t r app ing  occurred a s  a 
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G 

result of the separation of plasma from red blood cells by 

centrifugation. The amount of plasma trapped between the red blood 

cells was estimated to be about three to five percent.Thus the 

majority of the 1900 mgldl d-glucose detected was due to the 

erythrocytic d-glucose. 

The present study shows a method of simple measurement of 

d-glucose in hemolysate using a single deproteinization step, 

followed by strong cation exchange HPLC using an organic acid 

analysis column. The experience from three months of precision 

studies indicated that this column was stable. The absence of 

d-glucose response of normal hemolysate was due to the dilution 

Figure 6: Chromatogram of a high external d-glucose hemolysate 
sample. Conditions same as in figure 4 A .  
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factor. The assay utilized the UV detection of carbohydrate at 

195 nm instead of  a refractive index detector. This assay may be 

developed to measure metabolite of d-glucose such as sorbitol. 

The present study represents a new liquid chromatographic method 

to measure directly high d-glucose concentration inside the red 

blood cells. 
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