
INTRODUCTION
Dendrimers, a relatively new class of chemical

compounds, are complex, multi-branched, three- dimensional
polymers, which possess, in comparison to traditional
linear polymers, well-defined chemical structure [8]. In
a s truc ture of typical dendrimer we distinguish three
elements: an initiator core, interior layers known as
generations which are built of repeating units, attached to
the initiator core and multiple peripheral functional
groups [8,13]. PAMAM dendrimers are the first den dri-
mers which were synthesized [10]. This dendrimer family
receives widespread attention throughout the world and
has been under the most active investigation.

Over the past dec ade in ter est in utili za tion of host-
 guest prop er ties of den dritic poly mers in the field of drug
de liv ery has in creased. In ter ac tions be tween den drimers
and bio logi cally ac tive mole cules might be based on three
vari ous mecha nisms. Firstly, en cap su la tion of drugs
mole cules into den drimers might be based on hy dro gen
bond ing in ter ac tion. Fox and co- workers showed that
lower gen era tion PAMAM den drimers in cor po rate guest
mole cules at ex ter nal (sur face amino groups) and in ter nal
(in te rior amido groups) co or di na tion sites [15,16]. In ter -

ac tion be tween bio logi cally ac tive com pounds and den dri-  
mers may also be a con se quence of elec tro static in ter ac -
tions which may oc cur be tween pe riph eral amine groups
of PAMAM den drimers and acidic, wa ter in solu ble mole -
cules such as ben zoic acid and sali cylic acid [13]. The last
way of utili za tion of den drimers as drug de liv ery ve hi cles
is co va lent con ju ga tion of drugs mole cules to their sur face 
groups [16].

Apart from utili za tion of den dritic poly mers in the field 
of drug de liv ery sys tems these multi- branched mole cules
at tract the at ten tion of sci en tists as solu bil ity en han cers of
vari ous types of drugs. There are nu mer ous stud ies con -
firm ing that den drimers are ca pa ble of bind ing and
solu bi liz ing small acidic mole cules with low wa ter solu -
bil ity [7,12]. PAMAM den drimers with amine- terminated 
sur face groups might be po ten tial car ri ers for NSAIDs
(non- steroidal anti- inflammatory drugs) which pos sess
car boxyl groups. There are sev eral NSAIDs which have
been suc cess fully en cap su lated into or com plexed with
PAMAM den drimers (e.g. as pi rin, indometha cin, flur bi -
pro fen, ke to pro fen, ibu pro fen, di clo fe nac and naproxen).
These in ter ac tions have led to the in creased solu bil ity of
NSAIDs [3,6]. There have been many re search ers who
de scribe the pos si bil ity to en close within the den drimers
struc ture not only drug mole cules, but also ge netic ma te ri -
als, tar get ing agents, dyes ei ther by en cap su la tion,
com plexa tion, or con ju ga tion. 
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The aim of this study was to determine effect of
PAMAM dendrimers generation 1 - 4 on solubility of two
iminodiacetic acid derivatives: N-(4- methylacetanilide)
iminodiacetic acid (1) and N-(2,4- dimethylacetanilide)imi-
nodiacetic acid (2) after prolonged incubation time (72 h). 
Analogues of iminodiacetic acid complexed with
gadolinium are contrasting compounds characterized by
high affinity to liver cells and enable performing
high-resolution imaging of this organ applying the
magnetic resonance imaging (MRI). MRI, a widely used,
non-invasive diagnostic tool, allows visualizing detailed
internal structure (three-dimensional images) and limited
function of the human body. Commercially available MRI 
contrast agents such as Magnevist (Gd(III)-diethylene-
triamine pentaacetic acid) and Dotaren (Gd(III)- N,N’,
N’’,N’’’– tetracarboxymethyl-1,4,7,10- tetraazacyclodo-
decane), are characterized by short circulation times,
inefficient dif ferentiation between normal and diseased
tissues, and do not target specific organs or regions of the
body [14]. Therefore, it is of vital importance to
synthesize novel MRI contrast agents with improved
contrast enhancement. It might be achieved by conjugation
of gadolinium-based contrast agents with polymers such
as poly(amino acids), polysaccharides, proteins and
dendrimers [9]. Thus, within this study, we present the
development of the theme concerning interactions

between iminodiacetic acid derivatives and PAMAM
dendrimers and their stability.
MATERIALS AND METHODS

Ma te ri als and syn the sis of de riva tives 
of N-(2- phenylamine- 2- oxo ethyl)- imi no di acetic acid

PAMAM den drimers gen era tion 1-4 and sub strates for
syn the sis of imi no di acetic acid de riva tives such as ni tri lo -
triacetic acid, 4- methylaniline, 2,4- dimethylaniline were
pur chased from Sigma Ald rich. All the chemi cals and sol -
vents were used with out fur ther pu ri fi ca tion.

Synthesis of iminodiacetic acid derivatives was de scri-
bed earlier [11]. Briefly, the syntheses of N-(4- methyla-
cetanilide)iminodiacetic acid and N-(2,4- dimethylace-
tanilide)iminodiacetic acid involve the reaction between
in situ obtained nitrilotriacetic acid anhydride and 4- methy-
laniline or 2,4-dimethylaniline, respectively (Fig. 1).

Aque ous solu bil ity stud ies.
The in flu ence of PAMAM den drimers (gen era tion 1 –

4) in con cen tra tion from 0 to 10 mg/mL on aque ous solu -
bil ity of two de riva tives of imi no di acetic acid was
de ter mined with the equi lib rium solu bil ity method de -
scribed in de tail pre vi ously [11].

In brief, to the di luted so lu tions of PAMAM den dri-
mers (gen era tion 1–4) in ap pro pri ate con cen trations the
ex cess of com pounds were added and ob tained sus pen -
sions were sub jected to ul tra sonic ef fects. The dif fer ence
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Fig. 1. Syn the sis of de riva tives of N-(2- phenylamine-2- oxoethyl)imi no di acetic acid



is that in the cur rent study so lu tions were me chani cally in -
cu bated for 72 hours, whereas in the pre vi ous one for 24
hours. Af ter cen trifu ga tion the satu rated so lu tions were
di luted to a proper con cen tra tion with bidis tilled wa ter,
fol lowed by spec tro pho tomet ric meas ure ments of ab sor -
bance by Perkin- Elmer UV-VIS spec tro pho tome ter. All
the meas ure ments were car ried out be tween 190–400 nm.
The solu bil ity of imi no di acetic acid de riva tives in the
pres ence of PAMAM den drimers was cal cu lated ac cord -
ing to the meas ured ab sor bance and the cali bra tion curve.
Dou ble dis tilled wa ter was also used as a blank. We con -
ducted three re peats of each sam ple. 

RESULTS AND DISCUSSION
Solu bil ity en hance ment of newly de vel oped drugs has

al ways been a chal lenge to the sci en tists be cause the hy -
dro pho bic ity of these com pounds con trib utes to dif fi cul-
ties dur ing prod uct de vel op ment and un sat is fac tory bioa -
vail abil ity. 

Dur ing the last dec ade nu mer ous sci en tific teams
evalu ated the ef fect of PAMAM den drimers on solu bil ity
of vari ous types of drugs. Among them are NSAIDs such
as: sali cylic acid, indometha cin, flur bi pro fen, di clo fe nac,
me fe namic acid, pi roxi cam, naproxen, ibu pro fen, ke to -
pro fen, di flu ni sal, phen yl bu ta zone, and anti can cer drugs:
pa cli taxel, and methotrexate [16]. It was found that con -
cen tra tion, gen era tion number, pH of the sol vent,
tem pera ture, and den dritic ar chi tec ture in flu ence the ef fi -
ciency of den drimers as solu bi liz ing agents [11,16].

It has been stated that the drugs solu bil ity en hance ment 
in the pres ence of PAMAM den drimers is as signed to: the
non po lar cavi ties in the in te rior of den drimers that can en -
trap hy dro pho bic drugs; cati onic func tional groups on the
sur face of den drimers that can in ter act by elec tro static in -
ter ac tions; ni tro gen and oxy gen at oms in the struc ture of
den drimers that can in ter act with guests by hy dro gen
bond for ma tion [1,4,16].

In the current study, the effect of G1–G4 PAMAM
dendrimers on the process of solubilization of two
iminodiacetic acid derivatives was investigated by means
of UV-VIS spectroscopy after prolonged incubation time.
The obtained results are presented in Figures 2 and 3,
from which it is clear that the solubility of iminodiacetic
acid analogues was affected by concentration and
generation of PAMAM dendrimers.

The ap par ent solu bil ity of both de riva tives of imi no di -
acetic acid in creased in an ap proxi mately lin ear man ner as 
a func tion of PAMAM den dri mer con cen tra tion over the
whole con cen tra tion range. It is the re sult of the in crease
in the number of amines on the sur face of PAMAM den -
drimers which may in ter act elec tro stati cally with the
car boxyl groups of the tested com pounds.

Fur ther more, the solu bil ity of com pounds 1 and 2 was
the high est in the pres ence of G4 PAMAM den drimers be -
cause the number of pri mary and ter ti ary amines within
the den dri mer struc ture in creases with gen era tion
number. There fore, den dri mer of higher gen era tion has a
ten dency to in ter act with more par ti cles of hy dro pho bic
com pound than lower one. 

Re sults of our study are con sis tent with most of for eign re -
search ers and our pre vi ous one [11]. Gen er ally, the solu bil ity
of tested drugs in creased with the con cen tra tion and higher
gen era tion number of the den dri mer. Such ob ser va tions were
con firmed for most of ex am ined drugs, for ex am ple solu bil ity
of NSAIDs (naproxen, ke to pro fen, ibu pro fen and di flu ni sal)
was higher in the pres ence of G4 PAMAM den drimers than in 
the pres ence of G2 and G3 PAMAM [2]. 

To the best of our knowledge, there are not available
scientific publications concerning the effect of time on the 
solubility of drugs in the presence of PAMAM dendrimers. 
Therefore, we decided to compare the ef fec- tiveness of
PAMAM dendrimers as solubility enhancers of iminodiacetic
acid analogues after 24 and 72 hours incubation time. The
results are presented in Figure 4 and 5. The data con cer-
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Fig. 2. Solubility of compound 1 at different concentrations and generations of PAMAM dendrimers after 72 h incubation time



ning solubility of compounds 1 and 2 after 24 hours
incubation were published in our previous paper [11].

Fig ures 3 and 4 pres ent the solu bil ity of com pounds 1
and 2 in the pres ence of the high est den dri mer con cen tra -
tion used in our stud ies (10 mg/ml). Solu bil ity en han-
ce ment of both com pounds in the pres ence of the same
mass con cen tra tion of G1-G4 PAMAM den drimers is on

the same level due to the fact that PAMAM den drimers of
vari ous gen era tions in the same mass con cen tra tion pos -
sess simi lar number of pri mary amine groups, which are
re spon si ble for solu bil ity en hance ment of ani onic com -
pounds. 

The re sults of our pre vi ous work and those de scribed
within this study re veal that the pro longed in cu ba tion time 
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Fig . 3. Solu bil ity of com pound 2 at dif fer ent con cen tra tions and gen era tions of PAMAM den drimers af ter 72 h in cu ba tion time.

Fig. 4. Comparison of the influence of incubation time on solubility of compound 1

Fig. 5. Com pari son of the in flu ence of in cu ba tion time on solu bil ity of com pound 2



does not in flu ence sig nifi cantly the solu bil ity of imi no di -
acetic acid de riva tives. Fig ures 3 and 4 show that for all
gen era tion of PAMAM den drimers solu bil ity en hance -
ment re main on the same level. The high est dif fer ences
were noted for gen era tion 4; for com pound 1 the solu bil ity 
af ter 24 h was 17.97 mg/mL [11] and af ter 72 h it was
18.71 mg/mL. In case of com pound 2 the solu bil ity af ter
24 h was 25.42 mg/mL [11] and af ter 72 h – 25.99 mg/mL.

These re sults sug gest that in ter ac tions cre ated be tween
imi no di acetic acid ana logues and PAMAM den drimers
are sta ble over 72 hours. Our pre vi ous 1H NMR and
2D-NOESY stud ies re vealed [11] that in ter ac tions be tween 
tested com pounds and G1-G4 PAMAM den drimers are
based mainly on elec tro static in ter ac tion be tween the sur -
face amine groups of PAMAM den drimers and the
car boxyl groups of com pounds. Fur ther more, hy dro pho bic
in ter ac tions are in volved in the mecha nism of com plex for -
ma tion. Thus, it was of vi tal im por tance to de ter mine the
sta bil ity of these in ter ac tions.

Lit tle sci en tific in for ma tion con cern ing in ter ac tions
be tween PAMAM den drimers and dou ble charged drugs
is avail able. To the best of our knowl edge, the only ex am -
ple of drug whose in ter ac tions with den drimers were
in ves ti gated is methotrexate. Ac cord ing to the re sults of
the study solu bil ity of methotrexate in the pres ence of
PAMAM den drimers was not in creased be cause two car -
box ylic acid groups pres ent in the struc ture of
methotrexate form cross- linking struc tures and form large 
ag gre gates with den drimers which pre cipi tate in aque ous
so lu tions [17]. Also in case of Congo Red and in do cya -
nine green, drugs bear ing mul ti ple charges, pre cipi tates
were ob served [5].

Re sults of the cur rent study con firm that in ter ac tions
be tween de riva tives of imi no di acetic acid and PAMAM
den drimers are strong and sta ble over 72 hours in con trast
to other mul ti ple charged drugs. 

CONCLUSION
Within the study the ef fect of PAMAM den drimers

G1-G4 on solu bil ity of two ana logues of imi no di acetic
acid af ter pro longed in cu ba tion time was de scribed.
Amine ter mi nated den drimers con trib uted sig nifi cantly to 
the solu bil ity en hance ment of tested com pounds. We re -
ported that the solu bil ity of com pounds was con nected
with con cen tra tion and gen era tion of den dri mer. The re -
sults of solu bil ity stud ies af ter 72 h in cu ba tion are al most
iden ti cal with those re corded af ter 24 h in cu ba tion (re -
ported pre vi ously [11]) which sug gest that the in ter ac tions
be tween imi no di acetic acid de riva tives and PAMAM
den drimers, mainly elec tro static and hy dro pho bic, are
strong and sta ble in aque ous en vi ron ment.

The re sults of our study pro vide new in sight into the in -
ter ac tion mecha nism of com plexes formed by PAMAM

den drimers and drugs con tain ing two car box ylic groups,
which might be use ful in the de vel op ment of novel MRI
con trast agents.
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