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Abstract: Supramolecular micellar structures have been proposed as carriers in aim-oriented drug transportation to a target
marked by specific immune complexes. In this study, the self-assembling dye Congo red was used as a model supramolecular
carrier and its accumulation in the target was stuidigt/o. The target was creatéuvivo as the local specific inflammation

provoked by subcutaneous injection of antigen to the ear of a previously immunized rabbit. The color caused by accumulation
of Congo red after its intravenous injection was registered by pictures of the ear with suitably filtered visible light shining
through it to distinguish Congo red against the background color of hemoglobin. The results confirmed the expected
accumulation and retention of Congo red in the inflammation area marked by deposits of specific immune complexes. The
role of albumin and its possible interference with transportation of drugs through the blood by supramolecular carriers was
also subjected to preliminary examination. The results revealed that albumin collaborates rather than interferes with drug
transportation; this is another factor making the use of supramolecular carriers for aim-oriented chemotherapy highly promising
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tems of ribbon-like micellar organization represented by
Congo red or other compounds of similar structure seem
A powerful aim-directed drug transportation techniqueery promising; they may adhere in their micellar form
is impatiently awaited in medicine for effective therapyo polypeptide chains of beta conformation, becoming
with toxic drugs. Many thresholds have to be crossedailable for interaction with proteins [29, 32, 33, 36, 39,
before a satisfactory result is achieved: the need fod&, 47]. In this respect, the most useful property of
clearly defined target, the need to decrease toxicity Bypramolecular compounds seems to be their capability
entirely removing the drug excess from the organisrtg selectively bind antibodies engaged in immune com-
the need for efficient delivery of the transported drug tolexes [35]. Additionally, the binding of the dye strongly
target cellsetc. The characteristics and properties of thenhances the complexation of antibodies with the
drug carrier system are at the top of the factors that walhtigen, significantly increasing the stability of the com-
determine an effective solution of the problem. Manglex [40, 41, 42]. Essential for the technique is the low
attempts to solve this problem have been made [21, 26xicity of supramolecular dyes, confirmed by their use
38, 43, 45], but none have proved fully satisfactory. THer different medical purposes [3, 24]. It results from the
use of liposomes as carriers seems to be the object ofltimited capability of supramolecular dye to penetrate living
most widespread expectations [37]. cells, and its relatively easy removal from the organism.
In this paper, a step in development of a new techany planar rigid molecules, including drugs, may be
nique is described, based on the use of supramolectitaercalated to dye micellar entities and carried in this form
systems as possible drug carriers. Supramolecular sigsthe target [14]. The mechanism of immune-directed
transportation of some compounds by Congo red has
Correspondence:L. Konieczny, Inst. Medical Biochemistry, Col- been St.Udled Ina mOd.eI Systemvitro [16]'.
legium Medicum, Jagiellonian University, Kopernika 7, 31-034 In this work, §_e|ect|\{e dYe accumulgtlo_n at a locus
Krakéw, Poland; e-mail: mbkoniec@cyf-kr.edu.m marked by SpeC|f|C anthOdIeS was teStEGhVO. The
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formation of specific immune complexes in local in- ! 1
flammation was provoked by subcutaneous injection of
antigen to the ear of an immunized rabbit. Changes o
color in the inflamed area were observed and registere - fl i
in strong visible light with suitable color filtration to ; | \
differentiate Congo red from hemoglobin, in this way \
registering tissue infiltration by the dye. The role of |/ AN 410000 0

albumin, which may affect supramolecular carrier and *
drug transportation, was also considered.

ERERANLE

Materials and methods

Lhyorhnnce

Reagents and equipmentAll reagents used were of analytical
grade. Bovine albumin and the dyes rhodamine B and Congo ret Ao
were purchased from Sigma Aldrich Chemical Co., Inc. ] T
The other supramolecular dye, 4,4’-bis[1-hydroxy-4-sulfophe- 1 o R Y- M =
nylo-2-azo]biphenyl, called HSB in this work, was synthesized by ! A '.I Al
diazotization of benzidine and subsequent coupling with 4-hydrox- i |
ybenzenesulfonic acid [23]. Its purity was tested by chromatolgraphic
analysis. The applied molar absorption valug,E 25.15 mMem )
was determined by weighing. The self-assembling property of HSB = iiimill
was tested by dynamic light scattering using a DynaPro800 appare
tus The hydrodynamic radius of HSB was found to be 2.&ensus
1.6 nm of Congo red. The effect of enhancing immune complexation (N A TRIRD AN
also confirms its supramolecular nature [35, 42]. The susceptibility 1 = -
of HSB to iodination was estimated using an ELAN6100 (Perkin el —% E
Elmer) apparatus. An HBO50 (OSRAM) lamp was the source of ;
visible light, with accessory equipment (PZO) containing the power
supply unit and housing for the lamp with a 24.5 cm tube which
allowed the studied living object to be kept at the necessary distanc
from the source of light. The combined photographic filters were
used to obtain the designed transparency for the source of light. The
spectra may be revealed by subtraction of the spectra in Figure 1: B
- Al and B2-A2 for the blue-green filter, and C1-Al and C2-A2 for
the double blue filter. The fluorescence effects were studied using ¢
transilluminator (UVP San Gabriel U.S.A.).
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Congo red and HSB binding competition with albumin Albumin E

was incubated at 37°C for 15 min with the combined micellar form
of the HSB-Congo red ratio increased step-wise. The resulting 7 1

complexes were separated by agarose electrophoresis in veronal bufl = ||
(pH 8.6). Albumin isolated from the corresponding spots was tested fol Ca |
protein, Congo red and HSB content by spectrophotometric analysis |
The combined micellar form of HSB and Congo red was obtained by \\—/
incubating the solution of both dyes at a suitable proportion in a boiling |

bath for 15 min and gradually cooling it to room temperature.

Antigens. TNP-conjugated human IgG used for immunization of
rabbits was prepared according to Little and Eisen [22]. The Arthus
reaction was induced by injection of TNP-ized human IgG suspendec =,
in heat-aggregated IgG (to slow the diffusion) or using rabbit red " =
blood cells conjugated with TNP-ized human IgG [13]. Red blood o P fide .
cells were hemolyzed by repeated freezing and thawing before use.
Isotonic solutions of Congo red used for injection (2.5 ml, 5 mg/mfig. 1. Spectra of hemoglobin and Congo red (complexed with
were sterilized before administration by heating in a boiling bath fé}eat-aggregated IgG to obtain the spectral shift associated with
10 min and then cooled. complexation) shown at the dye concentration producing com-
parable color intensity. Dark areas represent the light absorbed, white
Animals. Four young white New Zealand rabbits (about 3 kg@reas - the light transmitted. The range of transmitted light on the
immunized with TNP-ized IgG (human) were used for the experwvavelength scale and its intensity determine the céldr.A2 -
ments twice, with a two-month interval. The total volume of rabbibsorption spectra of hemoglobin and Congo red, respect&ly;
plasma was assumed to be 106 [th2]. B2 - spectra of hemoglobin and Congo red superimposed on the
spectrum of the blue-green filte€1, C2 - spectra of hemoglobin
Estimation of Congo red concentration in rabbit blood Changes and Congo red superimposed on the spectrum of the blue filter
of Congo red concentration in the blood after injection of the dygoubled). The color effects of hemoglobin (left sample) and Congo
were registered by spectrophotometric analysis of serum sampled (right sample) solutions corresponding to the presented spectra
obtained from the rabbit blood at designed intervals. are shown in Fig. 2.A0, 2.B0 and 2.CO, respectively.
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In vivo demonstration of Congo red in the area targeted by the photographs (Figs. 6, 7), the dye distribution does not
Arthus reaction. Migration of the supramolecular protein Iigandcorrespond exactly to the area of inflammation, indicat-
Congo red to a locus marked by specific immune complexes was hat i lati be simplv th ! f f
studiedin vivo, following their accumulation at a site of localized'N9Y that ItS accumulation cannot be simply the effect o
immune complex-mediated vasculitis provoked by subcutaneoi®nspecific outflow from the blood. The dye accumu-
injection of antigen into a previously immunized rabbit and followetates in the direct vicinity of the injected antigen, mostly
by intravenous injection of the dye (Arthus reaction). at the wallls of the blood vessels adjacent to the injection

Rabbit ear was chosen as the most convenient object to obs At : ; :
and document the development of inflammation and the persiste?%@' Its localization is thus typical for accumulation of

ofthe dye in the studied area. The relative transparency of rabbit diP4NNUNe complexes in the Arthus reaction. This is well
to visible light made it possible to directly observe changes in ttgeen in Figures 3, 4 and 6. The kinetics of dye accumu-

area of inflammation. Blue and blue-green filters were used fation at the inflammation locus (Figs. 6, 7) and the
differentiate the similar red colors of the two dyestuffs presentin t:%\etics of the changes of dye concentration in the blood

observed area: hemoglobin and Congo red. Figure 1 shows 3 | v di dant . firming that th
spectra of both dyes and the resulting spectra obtained by supe 9. 8) are clearly discordant, again confirming that the

position of the dyes on the filter absorbancies which form the ba&lye binds with high affinity to some insoluble material
of color differentiation. The color effects corresponding to spectshich appears and precipitates in the inflammation area
D res o e et e e ke i b an s i which prabably consists predominanty of immune
antigen injection at suitable increasing timJe intervals. Pictures We%gmple).(es' The relation of dye CO”eC.tI.On to the forma-
taken by the camera at the designed time intervals. tion of immune complexes was additionally checked
using deficient antigen (TNP-ized rabbit red cells in-
stead of TNP-ized human IgG) for immunization to
Results provoke the Arthus reaction. A very weak inflammation
Congo red accumulation in the tissue area gnd C?ngo {ﬁdtqccumulation ?bser\(/je_d int;[]hig cﬂase (Fig.
marked by immune complexes ) confirms thatimmune complexes drive the inflamma-
tion process and form deposits. They most likely bind
Local inflammation was provoked in the ear of imthe dye in a manner similar to that obserwveadiro [16].
munized rabbits by subcutaneous injection of the
antigen. It is seen in the photographs (Figs. 2-7) a — . .
network of dilatated blood vessels in the neighborho ellmlnlary ?’algat'on of albumin accessto
of the injection locus. pramolecular drug carriage
Congo red was introduced intravenously through thne conditions of Congo red passage through the blood,
marginal vein of the other ear of the rabbit about twiacluding in particular an effect that may threaten the
hours after antigen injection, and the changes, nqersistence of the supramolecular form of this carrier,
involving Congo red-derived color effects, were regisvere also considered. This concerned primarily the ef-
tered until the signs of the dye’s presence disappearétt of albumin, which binds many dyes and drugs [1, 2,
that is, for two to three days. The maximum accumuld?, 18, 27] and hence may interfere with the supramole-
tion of Congo red at the inflammation locus was usuallyular organization of the carrier and the carriage process
reached a few hours after dye injection (6-8 h). THé, 5, 7, 31, 40, 48].
amount of the dye in the inflamed area gradually de- Albumin is a protein with multiple binding sites [6,
creased with time, but its presence was often noted £9]. It is engaged mostly in bilirubin and fatty acid
the third and sometimes even the fourth day (Figs. 6, Mansportation in the blood. Surprisingly, in contrast to
The Congo red accumulating in the inflamed argts fatty acid binding capacity, the maximum capacity of
was revealed as a result of suitable light filtration abumin to bind Congo red and other supramolecular
brown, violet or reddish stains, allowing it to be distindyes seems to be significantly higher. Thus, while five
guished particularly at higher dye content against tliatty acid binding sites were identified in the albumin
blue or blue-green background (including the vessels roplecule [28], the number of Congo red molecules
engaged in the reaction) (Figs. 2-6). The dye introducéazlind to associate with albumin was 8-10 when tested
intravenously was fully distributed all over the organismnder strong competition of dye (adsorption to Sepha-
within minutes and then was gradually cleared from tlex G25) (Fig. 9) and 16-18 when albumin-dye com-
blood (Fig. 8). plexation was studied by agarose gel electrophoresis.
Supramolecular dyes have been observed to accunitis is evidence that albumin may attach self-assem-
late partly on the arterial intimal surface over a period dfing dyes with their supramolecular form preserved.
several hours, in this way influencing the kinetics of theldence, a supramolecular carrier and albumin might col-
clearance from the blood [9]. laborate in transporting a drug in the blood rather than
The dye accumulation may be driven by the expectéterfere with it. Two compounds readily coassembling
specific complexation of the dye at the inflammatiowith Congo red but greatly differing in their ability to
locus or may be the result of simple leakage from blo@dmplex with albumin were analyzed in preliminary
vessels due to increased permeability. As seen in tedies: rhodamine, a basic dye with almost no affinity
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Fig. 2. Pictures of the Arthus reaction seen in the rabbit ear lit with visible light, selected from three independent exparimehnts (
Antigen - TNP-ised 1gG (humar - without filters (enlargement 3); B - with blue-green filter (enlargemexit3.8); C - doubled blue
filter (enlargemenk 3). O - color test (see also Fig. 1).

Fig. 3.Changes observed in the rabbit ear upon subcutaneous injecfids 4. Examples of changes involving blood vessels in the _Arthus
of TNP-ized red blood cells (hemolyzed) 5 min before Congo regaction area. Pictures from the experiment presented also in Fig. 3.
injection (left) and 35 min after injection (right) (enlargeneat5). (enlargemenx 4).

I 4

Fig. 5. A weak Congo red accumulation after injection of incomplete antigen (TNP-ized rabbit red cells instead of TNP-ized human 1gG),
presented in pairs: without filters and with blue-green filter used (pair on the left - before Congo red injection, paiglo thi& hours
after Congo red injection, enlargemerd.9).
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Fig. 6

Fig. 7

Figs. 6, 7.Kinetics of Congo red accumulation in the Arthus reaction area and its diminution with time (registration using doubled blue
filter). Measured times start at antigen injection (TNP-ised 1gG) and then at Congo red injection (in bféigkétsy- 1 h,b - 2 h 20 min

(25 min),c - 3h 45 min (1 h 35 miny - 4 h 5 min (2 h 40 ming - 8 h 45 min (7 h 20 minj,- 27 h 55 min (26 h 30 miny,- 51 h 10 min

(49 h 35 min)h - 75 h 45 min (74 h 10 minj; 9-th day (enlargemenrt2.7).Fig. 7. a- 1h 35 min p - 3 h 30 min (1 h 30 mink - 4 h 35

min (2 h 35 min)d - 5 h (3 h)e-9 h 30 min (7 h 30 minj,- 26 h 30 min (24 h 30 ming,- 52 h 35 min (50 h 35 minf,- 72 h 20 min (70

h 30 min),i - 14-th day (enlargemert3).
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Fig. 8. Kinetics of Congo red clearance from the blood after it
intravenous injection (2.5 mL of Congo red - 5mg/mL).
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Fig. 9. The stability of Congo red-albumin complex (initial molar
ratio 20:1) tested by filtration of albumin-Congo red incubatio
mixture through dye-adsorbing columns (Sephadex G25) of st
wise increasing length. Congo red-albumin molar ratio was detd
mined spectrophotometrically after chromatography of eluates @
TLG Silica Gel 60 plates (MERCK) for independent dye and proteipig. 10.Albumin enabled to bind rhodamine after prior complexation
estimation. with Congo red, seen in agarose gel electrophoresis by detection of
their fluorescence (upper figure), and after superimposing on a
picture taken from the same experimental plate but with albumin
stained with bromophenol blue dye (lower figure). 1 - albumin; 2 -
for albumin [36]; and HSB, a dye with molecular archi€ongo red-aloumin complex and rhodamine B; 3 - rhodamine B and
tecture closely related to Congo red and thus undergoitleymin; 4 - rhodamine B; 5 - Congo red-albumin complex (molar

complexation with aloumin. ratio 2:1); 6 - Congo red.

Rhodamine B may be a model of drugs with very
poor affinity to albumin, such as doxorubicin. It was
chosen mostly because of its easy detection and sobuenin-binding property expressed by rhodamine com-
knowledge of its properties acquired during previoyslexation in the presence of Congo red. Only a two-
researclon supramolecular ligation [16]. To verify presinolar excess of Congo reersus albumin was used in
ervation of the supramolecular character of Congo rélais experiment, to ensure that there was no free dye in
complexed with albumin, the interaction of the rhothe solution. Agarose electrophoresis was performed in
damine with free protein and with albumin-Congo redonditions allowing separate migration of the studied
complex was compared. Figure 10 reveals the new difes and albumin. Figure 10 shows that the albumin-
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Fig. 11.Elimination of Congo red from complexation with albumin under increasing HSB to Congo red ratio in the mixed micellar form of
both dyes used for the reaction. Insert shows the electrophoretic separation of individual dyasa#8BCongo redcf and the mixture
(b), which reveals the fraction of the intermediate migration rate indicating some mutual interaction.

Congo red complex drives rhodamine migration in elegjscussion
trophoresis while free albumin remains completely inert,
confirming the preservation of the supramolecularhe self-assembling dye Congo red and/or other related
properties of Congo red. The observed reversibility gupramolecular systems of ribbon-like micellar entities
albumin complexem vivo indicates that supramolecu-are attractive candidate carriers in immunotargeting
lar carriers and albumin may form in the blood a dytechnique because of their selective interaction with
namic equilibrium system with very interestingantibodies in immune complexes and, independently,
properties [26, 44]. easy incorporation of planar rigid compounds (including
The second example compound shows anothesany drugs) into their micellar structures (Fig. 12).
possible model structure suitable for supramolecul®orthy of note is the noncorpuscular character of such
carrying. It is represented by a molecule that may pléiguid crystalline carriers which may help them to escape
the role of carrier for drugs and simultaneously may hewwanted macrophage recognition [11]. The specific
used for transportation of radioactive atoms. The idedfinity of antibodies in immune complexes for supra-
was to synthesize compounds preserving the fundamemslecular ligands probably results from distortion-
tal Congo red architecture, with a symmetrical rigiderived structural domain alterations generated by
molecule, a hydrophobic central fragment, and negantigen complexation [20, 30, 47]. The attachment of
tively charged ends which, however, can be chemndye to antibodies significantly increases the stability of
cally modified to make them accept the desirenmune complexes, favoring engagement of low-af-
radionuclide. The presented compound (HSB) is sugaity antibody molecules in the complex [35]. Also very
ceptible to iodination. The dye readily self-assemblesportant in the possible use of supramolecular com-
and strongly interacts with albumin. The competitiopounds as carriers is their low toxicity, due basically to
of albumin binding with Congo red is seen in Figuréhe limited ability of such colloidal material to penetrate
11. The insert shows that the tendency for HSB attiling cells and their easy excretion. A portion of the dye
Congo red to coassemble revealed by electrophoretices undergo some temporary association, mostly to
separation of individual dyes and the mixture (poslarge blood vessels [9, 10], and its excretion is slower.
tion b, where HSB is seen driving some Congo refome described cancerogenicity of Congo red is caused
portion as an effect of the formation of mixed micellaby benzidine liberated from it upon reduction by bacteria
entities). after oral administration [34]. The low toxicity of Congo
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Fig. 12. The principle of supramolecular
carriage organizatiori - image of Congo
red ribbon-like micellar structure®8 -
chemical formula of Congo red and its 3-D
presentationC - chemical formula of HSB
and its 3-D presentatiom - formation of
the combined micelle.

C

red, used for years in medicine, allowed this dye to lshange its manner of interaction with proteins, leaves
designed for the present work. some unknowns in interpretation. Also the attraction of
The self-assembling properties of Congo red favothe dye to protein motifs other than the suggested beta-
ing its use as a carrier in immunotargeting technigwgructure cannot at the momentxeluded. An import-
were previously studied in model systeimsitro [14, ant problem for drug transport and distribution is the
15]. The main task of the present study was to verigpecial reactivity of albuminAlbumin may possibly
whether the supramolecular carrier Congo red realdijsturb the supramolecular character of the carrier dye
finds a target area marked by specific immune corby binding individual molecules. It was found to firmly
plexesin vivo as was predicted from formen vitro associate 4-5 Congo red molecules, but up to 16-18
experiments [16]. The formation of deposits of immunender decreased environmental competition. Some
complexes was induced by Arthus reaction-derived istudies performed in the late 1960s also showed that the
flammation provoked in the ear of immunized rabbitsiumber of molecules of a Congo red-related dye (Evans
Dye accumulation at the site of inflammation was cotplue) bound to albumin is higher than expected from the
firmed by the specific Congo red-derived color changaumber of protein binding sites [8]. Now the manner of
and its localization mostly in the immediate vicinity ofanchorage of this self-assembling dye that preserves its
blood vessels, a highly characteristic localization &fupramolecular form may be proposed as an explana-
immune complexes in the Arthus reaction. The kineti¢d®n. Aloumin is known, however, to lose its load rapidly
of dye accumulation at the target also appeared to agimeeontact with tissue receptors or cell surfaces [2, 4, 5,
with the known kinetics of immune complagcumu- 7, 31, 40, 48]. Such an effect in the case of Congo red
lation in the Arthus reaction (reaching maximum atllows regeneration of its supramolecular form, and as
6-8 hours). The dye accumulation-derived color e& result probably favors formation of a combined equili-
fects were greater when the injected material cobfrium system in the blood composed of albumin and
tained more soluble antigen, again suggesting that t6engo red.
deposits of immune complexes represent the dye- The binding of supramolecular dye ligands by al-
binding object. bumin is strongly confirmed by its increased affinity for
The finding that dye known to interact with antithodamine after Congo red complexation (Fig. 10). This
bodies accumulates in the area of inflammation preffect found in electrophoresis, hence in conditions that
voked by immune complexes makes their deposits tfevor dissociation of weakly bound protein ligands, in-
probable target and simultaneously indicates that theates that both the carrier dye and albumin may colla-
supramolecular character of the dye, enabling it to binldprate in drug transportation in the blood. As a result,
is preservedn vivo. Although the evidence indicating the albumin-supramolecular carrier interaction seems to
that Congo red interacts selectively with immune contreate an interesting dynamic transport system that sup-
plexes is growing, the structural plasticity of this ligang@orts rather than disturbs transportation of drugs in the
derived from its liquid crystalline nature, which mayblood.
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In summary, the results indicate that supramoleculBf] Konieczny L, Piekarska B, Rybarska J, Skowronek M, Stopa B,
protein ligands with ribbon-like micellar structure may  Tabor B, Darosw, Pawlicki R, Roterman | (1997) The use of

LA PR Congo red as a lyotropic liquid crystal to carry stains in a model
in vivo accumulate at a target reveatgdspecific im- immunotargeting system - microscopic studies. Folia His-

mune complexes, and although the problem needs fur- (gchem Cytobiol 35: 203-210
ther studies, it seems highly promising for the elaljt7] Kragh-Hansen U (1990) Structure and ligand binding properties
oration of an effective immunotargeting technique. of human serum albumin. Dan Med Bull 37: 57-84

[18] Kragh-Hansen U, Chuang VT, Otagiri M (2002) Practical as-

. pects of the ligand-binding and enzymatic properties of human
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