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Summary. Direct in vivo labeling of erythrocytes with 
biotin is shown as a method for estimation of red cell sur- 
vival as well as of  enrichment of young or aged erythro- 
cytes. Two succinimide esters (biotin-N-hydroxysuccini- 
mide ester [BNHS], caproylamidobiotin-N-hydroxysuc- 
cinimide ester [C-BNHS] were used for biotin labeling of 
erythrocytes. With improved syntheses, pure BNHS (rap, 
212~176 and the spacered intermediate for C- 
BNHS, 6-(biotinylamide) hexanoate (rap, 225o-226 ~ C) 
were obtained in an overall yield of  86%; the yield of C- 
BNHS (mp, 167~ ~ C) was 68%. When three doses of 
1 mg C-BNHS are injected intravenously into mice at 
24-h intervals, all the red cells are biotin labeled. The rate 
of red cell production as well as the life span of red cells 
can be measured without any effect on erythropoiesis or 
damage by red cells in vitro. The survival curve seems to 
be linear, with 2 . 5 % - 3 . 3 %  disappearance of biotin- 
labeled red cells daily. In mice, in vivo biotin labeling 
avoids damaging red cells by in vitro procedures and does 
not influence the steady state of erythropoiesis by hyper- 
transfusion. Therefore, in vivo biotin labeling is a very 
useful method for determining red cell survival time in 
small animals. 
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Introduction 

Survival of red cells is usually determined with random 
labeling methods using chromium 51, ferrum 59, tech- 
netium 99, indium 111, or diisopropylphosphorofluori- 
date tagget with phosphorus 32 [3, 15]. 51Cr is the most 
popular radiometric method [8]. None of these generally 
accepted techniques can completely fulfill the require- 
ments for an easy and exact determination of  the mean 
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red cell life span [17]. Nonradioactive methods available 
are the Ashby method [1] and a recently developed fluo- 
rescent labeling with the fluorescent lypophilic probe 
PKH 3 [17]. We want to present in vivo biotin labeling as 
an alternative, nonradioactive approach for irreversible 
labeling of red cells. Biotin labeling of red cells in vitro 
has been used [19] in rabbits for survival studies and in 
man for measuring the total volume of red cells [4]; more 
recently, in vivo biotin labeling in rabbits was used for en- 
richment of  aged erythrocytes [6]. We found that in vivo 
labeling is appropriate for determination of red cell survi- 
val or red cell production. 

Material and methods 

Animals 

Female 10- to 12-week-old CBA/J mice originally obtained from 
the Jackson Laboratories (Bar Harbor, ME) were raised and main- 
tained in our breeding facilities. 

Synthesis of biotin-N-hydroxysuccinimide ester (BNHS) 

An improved synthesis of BNHS was achieved by applying the 
following procedures: before use, dimethylformamide (analytical 
grade/for residue analysis, Merck, Darmstadt, FRG) and 
2-propanol (analytical grade, Merck, Darmstadt, FRG) were dried 
for some days with a 4-A. molecular sieve (Merck, Darmstadt, 
FRG). D(+)-Biotin (Serva, Heidelberg, FRG), N-hydroxysuccini- 
mide, and N,N'-carbonyldiimidazole (both from Merck, Darm- 
stadt, FRG) were stored in vacuo over KOH. The melting points 
(rap) were obtained using a Leitz-Mikroskop-Heiztisch and are un- 
corrected. 

Twenty grams (81.9 mmol) of D(+)-biotin were dissolved in 
450 ml dry dimethylformamide at 80 ~ C in a round-bottom flask. 
To the magnetically stirred solution 14.6 g (90 mmol) of N, N'- 
carbonyldiimidazole in 350 ml dry dimethylformamide were ad- 
ded. The temperature was kept at 80 ~ C until the evolution of car- 
bon dioxide had ceased. Then, the clear solution was stirred for 3 h 
at room temperature. The precipitated biotinylimidazolide was con- 
verted into the N-hydroxysuccinimide ester (BNHS) by adding 9.9 g 
(86 mmol) of N-hydroxysuccinimide in 350 ml dry dimethylform- 
amide and stirring the suspension (Nz atmosphere; flask sealed 
with Parafilm) for 12 h, during which time the precipitation dis- 
solved completely. After the dimethylformamide had been removed 
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at reduced pressure (rotary evaporator) the resulting oil was treated 
with dry 2-propanol and the solvent was distilled off in vacuo. The 
residue was boiled for some minutes with 300 ml of dried 2-pro- 
panol (magnetically stirred) and the suspension was cooled to 0 ~ C. 
The precipitated BNHS was dried in vacuo (yield, 27.6 g = 98.8%; 
m p =  206~ ~ C). A second extraction with 4000 ml of boiling 
2-propanol yielded, after cooling, 24.0 g (85.9~ m p =  209 ~ 
212 ~ C) of BNHS, which was then recrystallized from dry 2-pro- 
panol (275 ml 2-propanol per g BNHS) to give 21.8 g (78.2~ of 
pure BNHS (rap = 212~ ~ C). 

Synthesis of caproylamidobiotin-N-hydroxysuccinimide ester 
(C-BNHS) 

To a magnetically stirred solution of 3.4 g (10 mmol) of biotin-N- 
hydroxysuccinimide ester (BNHS) in 50 ml of dry dimethylform- 
amide in a round-bottom flask, 40 ml of 0.1 M aqueous sodium 
hydrogencarbonate containing 1.3 g (10 mmol) 6-aminocaproic 
acid (analytical grade; Merck, Darmstadt, FRG) were added. After 
5 h the solvents were removed at reduced pressure (rotary evapora- 
tor) and the oily residue was treated with 200 ml of aqueous citric 
acid (I00 g/l) at 40 ~ C. The 6-(biotinylamido)hexanoate was separ- 
ated by filtration and washed with de-ionized water. After drying 
in a vacuum desiccator over KOH at 80 ~ C overnight, the yield was 
3.27 g (91.5%) and the melting point was 220~ ~ C. The pure 
intermediate was obtained by recrystallization from 280 ml of 
aqueous 2-propanol (isopropanol-water = 8 + 2) in an overall yield 
of 86.0o/0 (3.08 g) and with a melting point of 225~ ~ C. 

Three grams (8.4 mmol) of 6-(biotinylamido)hexanoate were 
dissolved in 200 ml of dried dimethylformamide at 80~ in a 
round-bottom flask. After addition of 1.6 g (9.5 retool) of N,N'- 
carbonyldiimidazole in 35 ml of dry dimethylformamide, the tem- 
perature was held until the evolution of CO 2 had ceased. 

The dear solution was then stirred for 3 h at room temperature 
and the intermediate imidazolide was converted into the N-hydro- 
xysuccinimide ester (C-BNHS) by addition of 1.0 g (8.7 mmo]) 
N-hydroxysuccinimide in 35 ml of dried dimethylformamide and 
stirring (nitrogen atmosphere; Parafilm-sealed flask) at room tem- 
perature for 12 h. Then the solvent was distilled off at reduced pres- 
sure (rotary evaporator) and the oily residue was treated with dry 
2-propanol (50 ml) at approximately 70 ~ C. After the solvent had 
been removed, the precipitation was recrystal]ized from 80 m] of 
boiling 2-propanol. The caproylamidobiotin-N-hydroxysuccini- 
mide ester (C-BNHS) was obtained in a 68~ yield (2.6 g) after dry- 
ing at 90~ in vacuo for 12 h and had a melting point of 167 ~ 
169 ~ C. 

The succinimide esters (Parafilm-sealed tubes) were stored in a 
desiccator, or over P205 or KOH at +4~ (refrigerator), and 
adapted to room temperature 3 h before use. After 6-12 months, 
the succinimide esters may reveal a lower activity in biotin labeling 
of cells. To fully restore their coupling activity, the esters were 
recrystallized from boiling 2-propanol (dried over 4-A molecular 
sieve). 

Biotin labeling of erythrocytes 

Three daily l-rag doses of C-BNHS dissolved in 50/A dimethyl- 
formamide and 250/11 PBS were injected intravenously (i.v.) on 
consecutive days. 

Recovery of biotin-labeled red cells 

About 20-30/A of blood were withdrawn from mouse tail veins 
using a hematocrit capillary 60 rain and 1, 4, 7, 9, 11, 13, 15 days, 
or 60 min and daily between days 1-6 after the last i.v. injection. 
The blood was diluted in MEM and 2/104 erythrocytes each were 
bound to poly-L-lysine spots on multispot slides (plls) prepared 
according to Bross [2], modified by Kranz et al. [9, 10, 11]. Samples 
of biotinylated or unlabeled red cells were used as positive and 
negative controls. The red cells were incubated with alkaline phos- 
phatase-labeled avidin (Avi-aP, Sigma). Alkaline phosphatase ac- 
tivity was revealed according to Burstone [3], modified using fast 

blue BB (Sigma) and naphthole AS phosphate (Sigma). Detection 
of the percentage of labeled erythrocytes was performed by micro- 
scopic evaluation, as well as by semiautomatic image analysis. 

Semiautomatic image analysis 

With the semiautomatic image analysis method (7), ten micro- 
scopic images were randomly selected from each of the fields of a 
plls. The image sizes are 256• (25x objective, n. ap. 0.53). 
Each image contains an average of up to 150 red cells. They were 
scanned by a TV microscope (IBAS Kontron, Zeiss, UEM) at 
550 nm wavelength, digitized with a pixel separation of 0.5/~m, 
segmented and preprocessed for separation of labeled and non- 
labeled red cells by a thresholding algorithm in respect to optical 
density measurements. The threshold must be adapted interactively 
to each field of the plls and will not be changed between the meas- 
urements of the ten images. 

Results 

BNHS injected intravenously did not  sufficiently label 
red cells, but  a single i.v. in ject ion of  1 mg C-BNHS 
weakly labels most  red cells. Three daily doses of  1 mg 
are sufficient to label distinctly 100% of  erythrocytes. 
After  incuba t ion  with Avi-aP and  enzymecytochemical  
s taining for aP, labeled red cells are blue and  can be dis- 
t inguished clearly from unlabeled,  uns ta ined  erythro- 
cytes. The method  of semiautomat ic  image analysis also 
discriminates between labeled and  unlabeled  cells. 

Figure 1 shows decreasing mean  percentages of  bio- 
t inylated red cells over 6 or 15 days following the last bio- 
t in injection.  Both slopes are a lmost  l inear bu t  a little 
steeper from about  day 3 on. 

Values of  labeled red cells of  another  experiment are 
depicted in Fig. 2. Figure 2 a shows labeled red cells eva- 
luated by microscopic enumera t ion  and  the regression 
line y = 100.7 - 3.3 x, whereas in Fig. 2b  values of  label- 
ed erythrocytes were obta ined  by semiautomat ic  image 
analysis (regression line y = 100.5 - 2.5 x). 

Discussion 

Our  previous experiments to determine spectrophoto- 
metrical ly the alkaline phosphatase  activity b o u n d  to bio-  
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Fig. 1. Decreasing percentages of biotinylated red cells during days 
1-15 (back) and on consecutive days 1-6 (front) 
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Fig. 2 a, b. Comparison of values of labeled red cells and regression 
lines of the same assay evaluated (a) by microscopic enumeration; 
(b) by semiautomatic image analysis 

tin-labeled erythrocytes were not successful. Unlabeled 
red cells bound very small amounts of alkaline-phos- 
phatase-labeled avidin. Therefore, a summary enzyme 
reading was not able to discriminate between small per- 
centages of distinctly labeled red cells and the bulk of un- 
biotinylated erythrocytes, which showed a very faint un- 
specific signal. Therefore, we decided to use a cytochemi- 
cal method and microscopic numeration for measuring 
labeled cells. We also performed semiautomatic image 
analysis for a faster and more convenient measuring of 
labeled red cells. 

dependent on the purity of the biotin esters used. Pur- 
chasable biotin esters often contain impurities (incon- 
stant melting and/or coupling activities) and are very 
expensive for large-scale experiments. 

With the earlier-described synthesis of BNHS [9], we 
obtained BNHS fractions with a melting range of 185 ~ 
206~ (210~ C in [9]). We thus improved the chemical 
synthesis for the biotin esters used in our studies. Follow- 
ing the procedure described here, we obtained the BNHS 
in a good yield and with a constant melting point. The 
spacered ester, C-BNHS, was analogously synthesized 
from the purified and crystallized intermediate, 6-(bio- 
tinylamido) hexanoate. It showed a constant melting point 
that was approximately 20~ higher than reported by 
Costello et al. [5]. 

In our experiment biotin is attached via the spacer 
arm to the red cell. We never observed large numbers of 
echinocytes as described by Suzuki et al. [191 after in- 
cubation with NHS Biotin. 

Interpretation of data 

The results in Figs. 1 and 2 show an almost linear disap- 
pearance of labeled red cells, with a small variation of 
values in Fig. 2a. The blood sample drawn daily for de- 
termination of labeled red cells was about 20/A each. 
This corresponds to 1.6~ of the 1.260-ml estimated 
blood volume of a female CBA mouse [18]. After some 
days this loss of blood may induce a slight activation of 
erythropoiesis. This may explain the negligible steeper 
slope from day 3 on (Fig. 1). When a linear survival slope 
is suggested the daily loss of labeled red ceils or increase 
of unlabeled cells calculated from the regression of 
Fig. 2a is 3.3%. This would mean a half survival time 
(Ts0) of mouse red cells of 15.4 days. This means that 
50% of red cells survive at day 15. Using the regression 
of Fig. 2b, the daily loss of labeled red cells is 2.5% and 
the T50 of red cells is 20.2 days. This second value, ob- 
tained by semiautomatic image analysis, is very close to 
the mean survival time of 40.5 + 1.9 days reported by 
van Putten [16] using DFP 3z, and to the Ts0 of 8 days for 
old, or of 12 days for young male Balb/c mice reported 
by Magnani et al. [14], who used slCr labeling of red cells 
and assumed a logarithmic slope of red cell survival. Due 
to the similarity of our results with those obtained with 
radioactive labeling we chose to dispense with the radio- 
active methods. 

Application of a synthetic spacered biotin ester 
(C-BNHS) 

Direct in vivo labeling of primary amino groups of surface 
proteins of red cells (as recently described also by Dale et 
a!, [6]) and the use of a spacered biotin e~ter (caproyl- 
amido-biotin-N-hydroxysuccinimide ester, C-BNHS) has 
the advantage of being an easier labeling procedure than 
the original method of Suzuki et al. [19], who labeled 
rabbit erythrocytes with succinylated BSA followed by 
N-hydroxysuccinimidobiotin. Definite biotinylations are 

Evaluation of biotin-labeled red cells 

In our study the biotin-labeled cells were evaluated by 
alkaline-phosphatase-labeled avidin and subsequent cyto- 
chemistry. Interpretation used visual criteria for distin- 
guishi!!g between !abelcd and unlabeled red cells. This 
technique is obviously advantageous compared with 
avidin-labeled polystyrene beads used by others [6, 19], 
and obviously also compared with the FITC-labeled 
streptavidin method of Cavill et al. [4]. These authors 
were not able with FACS analysis to find labeled red cells 
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7 days af ter  t rans fus ion  o f  in vi tro b io t in - labe led  e ry thro-  
cytes, a l t hough  they were able  to use the b io t in  label ing 
o f  red cells for  de te rmin ing  the to ta l  vo lume o f  red cells. 

Use of semiautomatic image analysis 

We wondered  i f  s emiau toma t i c  image  analysis  would  
work  more  rap id ly  and  precisely than  microscopic  enu- 
mera t i on  in evaluat ing labeled red cells. As  demons t r a t ed  
in Fig.  2, a h igher  var ia t ion  o f  values occurs  in semiauto-  
mat ic  image  analysis ,  a l though  this p rocedure  requires 
less time. Fu r the r  s tudies using in vivo b io t in - labe led  red 
cells for  t r ans fus ion  and  fo l low-up o f  l abe led  red cells are 
in progress.  

Conclusion. The  m a j o r  advantages  o f  our  technique  of  
direct  in vivo label ing with b io t in  are (a) tha t  red cells 
mus t  no t  be hand led  and  po ten t ia l ly  impa i red  in vi t ro 
and  (b) tha t  there  can be no inh ib i to ry  inf luence  on  
hemopo ie t i c  act ivi ty  due to a hyper t r ans fus ion  effect o f  
in jected labe led  red cells [12, 13, 20]. Fur the rmore ,  there  
is no reu t i l i za t ion  o f  b io t in .  The  sole d i sadvan tage  is tha t  
red cells can be labe led  in vivo on ly  in small  l abo ra to ry  
animals ,  owing to the  high cost  o f  b io t in  ester. 
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