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Abstract-Cyclodextrins generally exhibit hemolytic activity, some at concentrations as low as l-10 mg/ 
mL or lower. However, we found previously that a highly poiysuifated cyclodextrin has no demonstrable 
hemolytic activity (Macarak et al., Biochem Pho~mucof 42: 1502-1503, 1991). In the present study, we 
dete~ined that, in fact, cyclodextrin ~lysulfate (CDS) actively protected erytbrocytes against hemo1ysi.s 
induced by a wide spectrum of hemolyti~lly active substances, ranging from pha~aceuticals, such as 
chIo~romazine, to solid suspensions of siliceous particles. The protective action was also effective 
against the hemolytic action of non-sulfated cyclodextrins. The similar kinetic responses of the 
erythrocytes to CDS protection against such chemically and structurally diverse hemolytic agents suggest 
a common mechanism involving the cell. Addition of the sulfated cyclodextrins to other cyclodextrin 
compounds used to solubilize poorly soluble pharmaceutical agents can extend the allowable maximum 
dosage without deleterious hemolytic action. 

After sulfating a majority of their hydroxyl groups, 
cyclodextrin polysulfates (CDS)/ have been shown 
to possess potentially important biological activities 
similar and sometimes superior to those of heparin: 
(a) anti-angiogenic activity in combination with 
suitable “angiostatic” steroids [ 1,2]; (b) strong 
binding affinity for fibroblast growth factor 131; (c) 
a capability of inhibiting cellular invasion by HIV 
retrovirus [4,5]; (d) promotion of endotheIia1 cell 
and inhibition of smooth muscle cefl proliferation 
[5]; (e) metachromatic activity similar to that of 
heparin (51; and (f) a similar ability to complex with 
protamine [5]. Contrary to the case of other (non- 
sulfated) cyclodextrins, we found CDS to have no 
measurable hemolytic activity [6]. We now report 
that, beyond having no hemolytic activity itself, CDS 
protects erythrocytes from the actions of a large 
variety of hemolytic agents. 

Cyclodextrins are cyclic oligosaccharides of 6, 7, 
or 8 glucopyranose units (a, p, or y-cyclodextrins, 
respectively) [7,8]. Their hydrophobic cavities 
provide opportunities for unique complexing with 
other molecules, while their peripheral structure 
containing a large number of hydroxyl groups 
provides water solubility. This combination of 
structural features permits cyclodextrins to encap- 
sulate and thereby “solubilize”’ pharmaceutically 
active agents of otherwise limited solubilities [7- 
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11 Abbreviations: CDS, cyclodextrin polysulfates; &CD, 
/%cyclodextrin; /3-CD-4Pr, 2-hydroxypropyl-&CD (cu. 4 
substituents/molecule); /I-CD-14S, /LCD-tetradecasulfate 
sodium (ca. 14 substituents/molecule, i.e. 2/glucose unit); 
/3-CD-14M, heptakis-(2,6-0-methyl)-&CD, also known as 
DIMEB (/?-CD with 14 methyl substituents/molecule, i.e. 
2/glucose unit); and CPZ, chlorpromazine. 

lo]. Parent cyclodextrins and various substituted 
derivatives, especially the O-methyl-substituted CD, 
called DIMEB @-lo], and 0-Zhydroxypropyl- [ 111 
and 0-2-hydroxyethyl-substituted (121 cyclodextrins, 
have been described for the complexing and 
solubilization of pharmacological agents. Such 
complexing can also lower the hemolytic activity of 
an agent by reducing its (i.e. uncomplexed) 
~on~ntration in the solution. Such action has been 
demonstrated for chlo~rom~ne and other thiazines 
[13-161, flufenamic acid [15], tlurbiprofen [17], and 
protriptyline 1181. 

There is, however, a limit to the amount of 
hemolytic agent that can be solubilized by 
cyclodextrins. For such applications the cyclodextrins 
must be used at at least equal molar concentration; 
however, they will themselves cause hemolysis [ 1% 
221, some at concentrations as low as l-10 mg/mL. 

In this report, we demonstrate a general protective 
capability of polysulfated cyclodextrin against 
hemolytic attack on erythrocytes by a variety of 
agents. This protective effect extends also to limiting 
the hemolytic action of (non-sulfated) cyclodextrins. 

MATERIALS AND METHODS 

@Cyclodextrin (@-CD), 2-hydrox~ropyI~~cyc1~ 
dextrin (&CD-4Pr) as well as @-cyclodextrin- 
tetradecas~fate sodium (&CD-14s) were supplied 
by G. Reed, American Maize Products, Hammond, 
IN; hep~kis-(2,~O-me~yl)-~cycIodex~~ (&CD- 
14M), generally known as DIMEB, was supplied by 
J. Sejth of Chinon Pharmaceutical and Chemical 
Works, Budapest. Chlorpromazine was purchased 
from the Sigma Chemical Co., St. Louis, MO. A 
pure Montmorillonite Clay, “Mineral Colloid BP” 
(Southern Clay Products, Gonzales, TX), was 
employed. 

Hemolytic activity was measured by a procedure 
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Fig. 1. Observed dependence of hemolysis on chlor- 
promazine concentrations between 0 and 0.5 mg/mL, and 
the quenching of its hemolysis by 50 mg/mL (A) and 80 mg/ 
mL (B) of /kyclodextrin sulfate at chlorpromazine 

concentrations of 1.0 and 2.0 mg/mL, respectively. 

closely patterned after that of Jodal et al. [20] and 
previously used by us [6]. Sodium citrate was added 
(0.47 g/100 mL) to fresh human blood collected from 
healthy laboratory personnel. The supernatant of 
the erythrocyte fraction after centrifugation at 400 g 
for 10 min was washed twice with isotonic phosphate 
buffer, and diluted with buffer to 10% hematocrit 
value. Test material solution (3.6, 1.8 and 0.9mL) 
was mixed with 0.1 mL of erythrocyte suspension, 
incubated for 15 min at 37”, and then centrifuged 
twice for 2 min at 4000g. The supernatant was 
measured for absorbance at 543 nm using a Gilford 
spectrophotometer. The degree of hemolysis was 
determined by reference to that observed in samples 
containing saline solution only, and to that obtained 
after sonicating to provide a value for 100% 
hemolysis. The agents tested for hemolysis were all 
water soluble at the concentrations used, with the 
exception of the clay, which upon agitation was used 
as a colloidal suspension, with an average particle 
size in the range of 1 to 10 pm. 

RESULTS 

Inhibition of chlorpromazine-induced hemolysis. 
Chlorpromazine induces hemolysis above a critical 
concentration of about 0.2 mg/mL (6 X 10m3 M). As 
seen by the data in Fig. 1, the rise in the subsequent 
concentration interval, between 0.2 and 0.3 mg/mL, 
was rapid, behaving like a quasi-unstable region 
where reproducible quantitative results are difficult 
to achieve. 

The addition of CDS in concentrations of SO- 
80 mg/mL was found to inactivate hemolysis at 
chlorpromazine concentrations as high as 1.0 and 
2.0mg/mL, as shown by A and B in Fig. 1, 
respectively. 

Inhibition of silicate particle-induced hemolysis. 
Lysis of erythrocytes is known to occur in contact 
with various siliceous particulates, asbestos and 
other mineral particles [23,24]. Clay particle 
suspensions of Montmorillonite are highly hemo- 
lytically active. Figure 2 shows measurements of the 
degree of hemolysis obtained on a sample of our 
clay, at various clay concentrations. Hemolysis 
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Fig. 2. Hemolysis by a Montmorillonite Clay at increasing 
concentrations of the suspended particles 
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Fig. 3. Inhibition of hemolysis by increasing amounts of 
added CDS in several samples of blood with 1.5 to 1.6 mg/ 

mL of suspended Montmorillonite Clay particles. 

increased ra idly at concentrations above approxi- 
mately 1 mg P mL of suspended clay. Figure 3 presents 
observations of the effect of the addition of various 
amounts of CDS to clay concentrations of 1.5 to 
1.6mg/mL. Since clay is insoluble, it exists as a 
suspension or dispersion. Thus, particle aggregation 
and homogeneity in each sample solution depend 
critically upon agitation and settling effects. While 
the exact point of rise varied for different series of 
runs of different clay concentrations, a consistent 
inhibitory effect of added CDS was found. 

Inhibition of cyclodextrin-induced hemolysis. p 
Cyclodextrin is the most readily available and 
most frequently studied cyclodextrin. Appreciable 
hemolytic activity by ficyclodextrin, at 37” in isotonic 
solution, has been reported [6,19,20] to occur at 
concentrations of approximately 3-5 mg/mL, and at 
near 1 mg/mL for /3-cyclodextrin with 14 methyl 
group substituents (DIMEB). Substitutions by 
hydroxyalkyl groups decrease hemolytic activity [6] 
of the derivative molecule. 
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Fig. 6. Quenching of hemolysis induced by 15 mg/mL of 

Fig. 4. Wemolysis induced by tetradecamethoxy /3- /3-cyclodextrin with increasing amounts of added CDS. 

cyclodextrin (DIMEB), and its deactivation by increasing 
amounts of added CDS, for a concentration of 3.5 mg/mL 

of DIMEB. 
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Fig. 5. Hemolysis induced by ~cyclodextrin (CD), and its 
deactivation by increasing amounts of CDS for a con- 

centration of 10 mg/mL of CD. 

Figure 4 shows results for hemolysis induced by 
DIMEB itself, i.e. Pcyclodextrin with 14 O-methyl 
groups (/3-CD-14M), as a function of concentration 
(shaded area). Also plotted on the curve in Fig. 4 
is the observed hemolysis for a fixed amount of 
3 mg/mL of @CD-14M, but with increasing amounts 
of CDS added (solid line). 

To show that the sulfated form could suppress 
hemolysis induced by the unsulfated cyclodextrin, 
increasing amounts of the CDS were added to an 
erythrocyte suspension containing 6 mg/mL of 
cyclodextrin. Figure 5 shows the expected high 
degree of hemolysis of cyclodextrin, and the 
substantial reduction achieved by addition of CDS. 
Additional data shown in Fig. 6 demonstrate the 
intense hemolytic action of 15 mg/mL of /I-CD, and 
the protection provided by the addition of sulfated 
CD. 

Similar results of protection by CDS were obtained 
with the more soluble, and relatively less hemolytic 

Table 1. Inhibition of the hemolytic activity of 70 mg/mL 
of&CD-4Pr upon the addition ofjkyclodextrin polysulfate 

(CDS) 

CDS added (mg/mL) % Hemolysis 

0 64 
25 43 
50 20 

1; 
7 
4 

2-hydroxypropyl cyclodextrin /I-CD-4Pr, as shown 
by the data of Table 1. 

Hemolytic activity of chlorpromazine + &zyclo- 
dextrin. Table 2 summarizes data obtained for 
different pairs of concentrations of chlo~rom~ne 
and @-CD. Since complexing of chlorpromazine 
requires at least equal molar amounts of the /XD, 
the concentrations are expressed in millimolar 
amounts for the purpose of relevant orientation. 
The data represent a total of 62 individual 
measurements, with multiple data averaged within 
each concentration pair. The bold figures represent 
results obtained for the indicated concentration pair, 
but with CDS added at a concentration of 50 mg/ 
mL. 

DISCUSSION 

The magnitudes of hemolysis observed for each 
hemolytic agent used in these experiments are in 
good agreement with those reported previously for 
chlorpromazine [B-16], Montmo~llonite Clay [24], 
and for the cyclodextrins /I-CD, /3-CD-14M and @- 
CD-4Pr [6,19,20]. In each case, the addition of the 
highly sulfated cyclodextrin @CD-14s was found to 
inhibit the hemolytic effects of each and all of the 
hemolytic substances. 

Moreover, the inhibitory effect was similar against 
the hemolytic agents in spite of their inherent 
diversity. The magnitude of CDS required for 
comparable deactivation was similar for all, i.e. 
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Table 2. Per cent of hemoiysis produced in the presence of both &-cyclodextrin (&CD) and chlorpromazine (CPZ) 

% Hemolysis 

The shaded area above the diagonal represents molar concentration ratios CPZ/&CD > 1; the shaded area to the 
right of the vertical line represents @-CD concentrations beyond which B-CD is hemolytic. Framed and bold figures 
represent measurements with the addition of 50 mg/mL of CDS. 

approximately 40-80 mg/mL of CDS appreciably 
deactivated hem&y&. This behavior, and the course 
of the response to increasing CDS concentration, 
suggest a protective interaction between the 
erythrocyte and CDS, such as surface adsorption of 
CDS on the cell membrane, with the degree of 
surface coverage dependent on CDS concentration 
in the manner of elementary Langmuir (surface 
science) or Michaelis-Menten (bio-science) adsorp- 

tion behavior, where the fraction of maximal site 
occupancy 1 is 

rj = C/(1/K + C) (1) 

with C the concentration of the adsorbing agent 
CDS, and K the equilibrium constant for adsorption, 
i.e. for receptor occupancy. The remaining activity 
for hemolytic attack can then be considered to be 
proportional to the remaining fraction of unprotected 

Table 3. Equilibrium constant (K) values of the anti-hemolytic stabilizing adsorptive 
mechanism of cyclodextrin polysulfate (CDS) on human erythrocytes 

Hemolysis by CDS (mg/mL) l/K (mg/mL) Avg. l/K (mg/mL) 

Clay (151.6mgjmL) 25 31.3 
25 71.4 
25 26.3 
50 27.8 
50 9.8 
50 8.1 
75 35.7 30 

DIMEB (3.5 mg/mL) 15 55.6 
30 83.3 

zz 26.3 27.8 48 

CD (IO mg/mL) 10 41.7 
30 32.3 
60 21.3 32 

CDPr (70 mg/mL) 25 30.5 
50 14.0 22 

For the observations with several of the hemolytic agents, K was calculated for each data 
point of concentration of added CDS, from the hemolytic conversion obtained, H, together 
with the respective value of hemolysis at zero added CDS, Ho, according to Equation (4). 
The average K thus calculated was tabulated for each hemolytic agent tested. 
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surface E = 1 - n. This quantity is thus independent 
of the nature and agent causing the hemolytic activity 
k on the unprotected receptor surface, 

k = k,,e (2) 

where kt, is the characteristic activity of the hemolytic 
agent at its prevailing ~ncentration. 

We measure hemolysis in terms of a conversion, 
H, i.e. a fraction of total possible conversion to free 
hemoglobin, 

H=l-e-k=l-e-koE (3) 

Using (l), (2) and (3), we can obtain the equilibrium 
constant K from 
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ln(1 - rir,) K=wC)[ln(l_m -1 1 (4) 

We calculated the rna~~d~ of K from all data 
available for varying CDS ~ncentrations (C) (Figs. 
3-5, and Table l), where measured hydrolysis was 
not less than 10% (H < 0.9) and not more than 90% 
(Ho > 0.1) at C = 0, since the functional form 
becomes inaccurate and insensitive near 0 and 100% 
conversion. The results are presented in Table 3. 
The magnitude of K was similar for all cases studied. 
l/K was approximately 20-50 mg/mL or about 8- 
20 x low3 M of @-cyclodextrin tetradecasulfate. 

The utility of /3-cyclodextrin by itself as a protecting 
agent against chlo~romazine hemolysis by virtue of 
internal complexation is well illustrated by the data 
in Table 2, for sufficiently small molar quantities o1 
the two materials employed. Note that, indeed, the 
reduction of hemolysis was observed for a limited 
range over which the molar ratio of @cyclodextrin/ 
chlorpromazine was near or above one, as expected 
by virtue of the molecular complexation mechanism 
which is involved. However, at higher total 
concentrations, where the /3-cyclodextrin molecules 
themselves were hemolyticall y active, this mechanism 
of protection failed. However, the addition of CDS 
provided protection. It thereby extended the total 
amount of solubilization (complexation) that could 
be achieved by added (unsulfated) cyclodextrin. It 
is possible that CDS may itself provide an ability for 
additional internal complexation. However, the rate 
for such complex formation may be sterically 
hindered by the multiple sulfate groups located at 
the “entrance” of the cyclodextrin cavity. 

While details of the molecular mechanism of 
stabilization by adsorbed cyclodextrin polysulfate 
cannot be inferred by these observations alone, it 
appears plausible to assume that electrostatic bonding 
of the multiple sulfate groups of the cyclodextrin 
polysulfate with cationic sites of membrane con- 
stituents stabilizes structures of large portions of the 
plasma membrane. 
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