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Supramolecular medicinal chemistry field has been a quite rapidly developing, increasingly active and 
newly rising interdiscipline which is the new expansion of supramolecular chemistry in pharmaceu- 
tical sciences, and is gradually becoming a relatively independent scientific area. Supramolecular 
drugs could be defined as medicinal supermolecules formed by two or more molecules through non- 
covalent bonds. So far a lot of supermolecules as chemical drugs have been widely used in clinics. 
Supermolecules as chemical drugs, i.e. supramolecular chemical drugs or supramolecular drugs, 
which might have the excellences of lower cost, shorter period, higher potential as clinical drugs for 
their successful research and development, may possess higher bioavailability, better biocompatibility 
and drug-targeting, fewer multidrug-resistances, lower toxicity, less adverse effect, and better curative 
effects as well as safety, and therefore exhibit wide potential application. These overwhelming advan-
tages have drawn enormous special attention. This paper gives the definition of supramolecular drugs, 
proposes the concept of supramolecular chemical drugs, and systematically reviews the recent ad-
vances in the research and development of supermolecules, including organic and inorganic complex 
ones as chemical drugs in the area of antitumor, anti-inflammatory, analgesic, antimalarial, antibacterial, 
antifungal, antivirus, anti-epileptic, cardiovascular agents and magnetic resonance imaging agents and 
so on. The perspectives of the foreseeable future and potential application of supramolecules as 
chemical drugs are also presented. 

supramolecular chemistry, cyclodextrin, porphyrin, complex, anticancer, anti-inflammatory, antibacterial, antifungal, antivirus, cardiovascular 
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The emergence of supramolecular chemistry has brought 
a revolutionary new era for the progress of chemis- 
try[1,2], and supramolecular chemistry has been growing 
rapidly at an ever-increasing pace. A great deal of effort 
has been made directly toward supramolecular chemis-
try and numerous excellent achievements have been ob-
tained[2－13]. Supermolecules (or supramolecules) have 
generally been described as aggregates formed by two or 
more molecules through non-covalent bonds. According 
to the concept of supermolecules, to some extent, the 
inorganic and organic complexes could be relegated to 
supermolecules. It was generally considered that both 
inorganic and organic complexes were principally 
formed through non-covalent bonds. Inorganic (metal) 
complexes are aggregates mainly formed in general by 

the coordination bonds, while organic complexes are 
aggregates mostly formed by hydrogen bonds, ionic 
bonds and/or Van der Waals force and so on. The  
complexes (aggregates) formed by inorganic compounds 
and inorganic compounds and/or organic compounds 
could be regarded as inorganic supermolecules. Take the 
anticancer drug cisplatin for example, this drug was 
usually considered to be the inorganic metal complex 
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formed by one molecule of inorganic compound PtCl2 
and two NH3 molecules through coordination bonds, this 
complex was an aggregate of three molecules formed 
through non-covalent bonds (here generally considered 
to be coordination bonds), therefore, cisplatin could be 
called inorganic (complex) supermolecule. Similarly, the 
complexes (aggregates) formed by organic compounds 
and organic compounds could be regarded as organic 
(complex) supermolecules. Considering the complex of 
β-cyclodextrin with anticancer drug adriamycin 
(doxorubicin), it was found that organic molecule 
β-cyclodextrin with another organic molecule anticancer 
adriamycin in aqueous solution formed the 1:1 
host-guest complex. The drug adriamycin was generally 
considered to enter into the cavity[0] of macrocyclic 
compound cyclodextrin, in some cases it was often 
called (organic) inclusion complex. This complex was 
an aggregate formed by one molecule of β-cyclodextrin 
and one molecule of adriamycin mainly through 
non-covalent bond forces such as hydrophobic interac-
tion, Van der Waals interaction and so on. Therefore, it 
could be fairly said such complex was organic supermo-
lecule. Supermolecules or polymolecular assembly, 
formed by the weak interactions of non-covalent bonds 
via self-process, self-assembly and/or self-organization, 
showed distinct chemical, physical and biological prop-
erties in comparison with the original molecule compo-
nents. These supramolecular systems exhibited some 
specific functions, being capable of being used as con-
ductors, magnetic materials, sensors, etc., and thus they 
possessed wide potential applications in chemistry, 
physics, materials, information and environmental sci-
ences and so on. Particularly, in materials field, the un-
precedented progress has been made, and it has opened 
up a wholly new and infinite space to create new matters 
and novel materials.  

Supramolecular chemistry was originated from the 
living biological systems to some extent. Supramolecu-
lar systems, formed by weak interactions of non-cova-
lent bonds, exist extensively in numerous vital 
biological processes. For examples, chlorophylls in plant 
photosynthesis are magnesium tetrapyrrole complex 
supermolecules, while Haem in Haemoglobin, playing 
important roles in uptake and transport of oxygen, are 
the iron complex supermolecules of porphyrin ring. In 
the living biological systems, the supramolecular hosts 

are various kinds of enzymes, receptors, genes, antibod-
ies of immune system, ionophores, etc., while the guests 
are substrates, inhibitors, antigens, drugs and so on. The 
synergistic cooperations between hosts and guests play 
important roles for biological processes in the living 
biological systems. Therefore, to some extent, it might 
be said that living biological system is a huge and par-
ticular excellent biological supramolecular system[14,15]. 
It was worth mentioning that vitamin B12 was the cobalt 
macrocyclic complex supermolecule, and its discoverers 
earned the 1964 Nobel Prize in Chemistry[4]. Organisms 
just take use of this type of bioactive organization ⎯ 
biological supramolecular system ⎯ to participate in the 
synergistic reactions of various substances in cells, and 
then perform efficiently and controllablely the biological 
processes of organisms. The utilization of interactions of 
noncovalent bonds, in attempts to study molecular rec-
ognition, regulate and control, model or mimic enzyme 
catalysis in biological processes, DNA binding, mem-
brane transport, cell-cell recognition, as well as investi-
gate drug interactions, etc., has become the unusually 
active research area of supramolecular chemistry in life 
sciences[2－4,9,10,16－32], which provided a new way avail-
able for the research and development of new drugs. The 
highly interdisciplinary researches in this field were 
considered to be one of the important sources for new 
concepts and high-tech. The non-covalent interactions in 
biological supramolecular system should be highly use-
ful for the development of supramolecular drugs. How-
ever, surprisingly, the word “supramolecular drug” has 
been seldom mentioned up to now[33]. 

Along with the extensive expansion of supramolecu-
lar chemistry and understanding the concept of super-
molecule, it is inevitable to expand into the pharmaceu-
tical sciences. Supramolecular drugs, i.e. supramolecular 
chemical drugs, can be defined as medicinal supermo-
lecules (or supramolecules) formed by two or more 
molecules through non-covalent bonds. With the further 
development of supramolecular chemistry, exploring the 
application of the supramolecular systems as drugs in 
pharmaceutical sciences has attracted great interests. 
Since the discovery of inorganic platinum complex cis-
platin with anti-tumor activity, the researches of inor-
ganic metal complex supermolecules in the medicinal 
field have been paid increasing attention[34,35]. Inorganic 
compounds both PtCl2 and NH3 are not anticancer drugs, 
but their cisplatin complex formed through noncovalent  
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bonds was used widely in clinic as anticancer drug. To  
some extent, it was fair to say that the anticaner drug  
cisplatin has opened up a new era for the research and  
development of new drugs. This led numerous endeav- 
ours toward inorganic complex supermolecules as drugs  
formed by inorganic metal compounds with inorganic  
compounds such as NH3 and/or organic compounds  
(diamines, porphyrins, etc.). In particular, supramolecu- 
lar inclusion complexes[36,37], formed by organic macro- 
cyclic compounds cyclodextrins and their derivatives as  
hosts with guest drugs, not only could improve the water  
solubility of original drugs, control drug release in the  
body, help the drug to deliver to the target organ, or  
even eliminate abnormal flavour of drugs, but also ef- 
fectively improve the pharmacokinetics properties of  
drugs, increase the bioavailability and efficacy and so  
on. These special excellences for drugs encouraged and 
attracted numerous workers engaging in the research and 
development of supramolecular drugs. Currently, the 
researches in supramolecular drugs are quite active and 
the progresses are unusually rapid, and this area is be-
coming an emerging highly interdisciplinary field with 
enormous potential, and gradually becoming a relatively 
independent scientific area. To date, a large number of 
supermolecules as chemical drugs have been widely 
used in clinics. Supermolecules as chemical drugs, i.e. 
supramolecular chemical drugs or supramolecular drugs, 
might possess not only less expense, shorter time and 
larger possibility as clinic drugs for their successful re-
search and development, but also safety, lower toxicity, 
less adverse effect, higher bioavailability, better bio-
compatibility and drug-targeting, fewer drug-resistances 
and better curative effects, and exhibit extensive poten-
tial as clinical drugs. These overwhelming advantages 
have been enormously paid special attention. So far, no 
work has reported the current whole situation of super-
molecules as chemical drugs in medicinal field. In view 
of this, combining with authors’ researches and referring 
other works from literatures, this work reviewed the re-
cent advances in the research and development of su-
permolecules as chemical drugs in antitumor, anti-infla- 
mmatory, analgesic, antimalarial, antibacterial, antifun-
gal, antivirus, anti-epileptic, cardiovascular agents and 
magnetic resonance imaging agents and so on. The per-
spectives of the foreseeable future and potential applica-
tion of supramolecules as chemical drugs were also pre-
sented. 

1  Supermolecules as antitumor agents 

Cancer is currently one of the major diseases with seri-
ous threat to human, and its therapy and prevention have 
been paid great attention. In recent years, various 
achievements have been obtained in seeking drugs and 
methods for treating cancers, such as apoptosis antilep-
tics, signal conduction blockade agents, angiogenesis 
inhibitors, chemotherapy and radiotherapy protectants. 
Accompanied with the rapid extension of supramolecu-
lar chemistry in pharmaceutical sciences, supermo-
lecules as anticancer drugs have become a highlight 
field of research in recent years, especially the cyclo-
dextrin inclusion compounds, liposomes, nanometer 
particles and metal complexes like platinum types as 
representative supramolecular chemical drugs have been 
playing important roles in treatment of cancers. 

1.1  Cyclodextrin-based supermolecules as antitu- 
mor agents 

Cyclodextrins (CDs), a class of macrocyclic compounds 
with D-glucopyranose units linked by α-1,4-glycosidic 
bonds, have a special molecular structure with hydro-
philic outside and a hydrophobic cavity. Their cavities 
with appropriate sizes enable them to form inclusion 
complex supermolecules with various kinds of hydro-
phobic drugs, and result in an improvement of the prop-
erties of drugs such as solubility, chemical stability, 
bioavailability, drug-controlled release, or even elimina-
tion of drug’s abnormal flavour. Therefore the CDs 
possess good application prospects in oral administra-
tion preparation[2,36－38], and they have also become the 
important useful functional excipients in modern phar-
maceuticals due to the features of CD with easiness to 
obtain, better biocompatibility, nearly no adverse effects 
and stable chemical properties as well as clathration 
simplicity with guest drugs. 

Cyclodextrin derivatives with different solubilities 
can meet the requirements of appropriate drug release 
rate. At present, the extensively used CDs are mostly 
β-CD, especially its derivatives such as hydroxypropyl- 
β-CD (HP-β-CD), hydroxyethyl-β-CD (HE-β-CD) and 
trimethyl-β-CD (TM-β-CD). The β-CD with appropriate 
size and shape of cavity could bind efficiently with a 
series of hydrophobic aromatic guests, and also was 
widely investigated and applied because of its low price. 
For instance, anticancer drug doxorubicin and β-CD 
could form 1:1 inclusion complex (1). This supermo-
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lecule remarkably improved the water solubility of 
doxorubicin, and enhanced its efficacy as drug. The in-
clusion complex of trans-dichloro(dipyridine) plati-
num(Ⅱ) (DDP) with β-CD was a novel class of wa-
ter-soluble anticancer supermolecule (2). Its anticancer 
activities surpassed significantly that of cisplatin, and 
the growth inhibition by the prepared CD-DDP complex 
against CT26 and B16F10 cell lines in vitro was found 
to be 4.6 and 6.1, respectively, times higher than cis-
platin[39].  

 

 
 

Violacein 3, a pigment isolated from Chromobacte-
rium violaceum, has significant antitumor effect in vitro, 
but its poor solubility in water results in low biological 
activity in vivo. After forming inclusion complex with 
β-CD, the stability and solubility of violacein were ob-
viously improved. The formed inclusion complex su-
permolecule could also provide a sustained release of 
violacein and effectively kill promyelocytic leukemia 
cell HL60[40]. 
β-Lapachone (β-lap, 4) was a novel antitumor super-

molecule with high anticancer activity against human 
lung, prostate and breast tumors. Drug β-lap had a dis-
tinct mechanism of action, but its low water solubility 
and bioavailability severely limited its applications. 
When β-lap and CD formed inclusion complex, its water 
solubility could be greatly enhanced, and its release rates 
were available accommodation. The faster release and 
increased solubility occurred when the β-lap was en-
capsulated with HP-β-CD, but it could not last too long 
time. While the supermolecules of β-lap with α-CD or 
γ-CD may provide a more moderate, sustained release of 
drug, and this type of supermolecules is hopeful to real-
ize intratumoral delivery of anticancer agents when 
formed a preparation with poly(D,L-lactide-co-gly-
colide)[41]. 

Recently, it has been highlight to modify the struc-
tures of CDs in various ways in order to increase their 
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drug-loaded capability. Much works by the structural 
modifications of methylation, hydroxymethylation, sul-
fonylation and sulfur alkylation are hopeful to improve 
the water solubility and inclusion capability of β-CD, 
some good results in enhancement of water solubility 
and complexation capability of CD have been obtained 
in different extent. The β-CD dimers[42] and linear 
polymers[33] could serve as potent selective carriers of 
drugs like anticancer agent busulfan, and improved the 
physico-chemical properties of drugs. Liu and 
co-workers[43] used bis(β-CD)s with paclitaxel to form 
inclusion complex supermolecules and hoped to im-
prove the water solubility and antineoplastic activity of 
paclitaxel. Among these supermolecules, complex of 5a 
significantly increased the water solubility and thermal 
stability of paclitaxel, and exhibited antiproliferative 
activity against human K562 erythroleukemia cell line 
(IC50 = 0.6 nmol·L−1 ), which was even better than that 
of free paclitaxel (IC50=0.98 nmol·L−1). Bridged CD 
could also greatly increase complexation ability to drugs 
by the interactions of drug molecule with two adjacent 
hydrophobic cavities[44]. 

Carboxylated-β-CD(c-β-CD) and p-sulfonatocalix[4] 
arene(s-CX[4]) showed that they formed respectively 
1:1 and 2:2 inclusion complex supermolecules with 
platinum complex 6. Both of them decreased signifi-
cantly the rate of platinum complex degradation, re- 
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mained the cytotoxicity in the LoVo colorectal cancer 
cell line effectively, and could be potentially employed 
as drug delivery carriers. The water solubility of inclu-
sion complexes of c-β-CD was larger than that of 
s-CX[4], and this means that c-β-CD complex supermo-
lecules should be better candidates as drug delivery ve-
hicles[45]. 

1.2  Porphyrin-based supermolecules as antitumor 
agents 

Porphyrin ring possesses the structural features of both 
macrocycles and multi-dentes. Porphyrins and their 
metalloporphyrins may give a lot of distinct phys-
ico-chemical properties and functions when changing 
substituent groups in porphyrin ring, adjusting elec-
tron-donor ability of four nitrogen atoms, introducing 
different center metal ions, or changing different affinity 
of axial ligands. In recent years, photodynamic therapy 
(PDT) has become the fourth new and reliable treatment 
for cancer after operation, radiotherapy and chemother-
apy[46,47]. Porphyrin-based anticancer drugs generally act 
as photosensitizer to generate photodynamic reactions 
when light at appropriate wavelength was applied, give 
highly active singlet oxygens, and then destroy the target 
cells. Now, the widely used drugs in clinic are hema-
toporphyrin derivatives, the first generation of photo-
sensitizers with high phototoxicity and dark toxicity. 
Recently, main researches have been focusing on ex-
ploring new photosensitizer with singlet oxygen in high 
yields, strong absorption at or near infrared region as 
well as better targeted intelligence carriers[48]. 

Extended pattern porphyrins were easy to form com-
plexes with diamagnetic metal ions due to the enlarge-
ment of ring. Porphyrins 7 and 8 were their main back-
bone structures for the complexation of metal ions. 
Compound 7 was an isomer of metalloporphyrin, its 
maximum absorption wavelength was 630 nm. More 
researches focused on porphyrin 8[49], and compound 8 
could form 1:1 complex with trivalence cation of lan-
thanon. When metal M was lutetium in porphyrin 7, the 
formed lutetium complex supermolecule of extended 
pattern porphyrin could generate singlet oxygen with 
maximum absorption wavelength 732 nm, then was ab-
sorbed quickly by tumor cells and eliminated from tissue. 
It has tiny skin light sensitivity, and has been approved 
to put on the market to treat cervical tumor, prostate tu-
mor and pars encephalica tumor, and now it is in the 
phase Ⅱ stage of clinical trials for treatment of  

recurring breast cancer[50]. The success of lutetium com-
plex of extended pattern porphyrin highlighted the re-
search in this field, and recently significant achieve-
ments in modification of its hydroxy groups and side 
chains have been obtained. 

 

 
 
In PDT, the effects of tumor photoallergy cytotoxicity 

rely on the absorption wave length of photosensitizer in 
a great degree, but present photosensitizer could not kill 
tissue-inner tumor cells. Water-soluble cationic 
Fe-porphyrin[51] (9a and 9b) as SOD template showed 
stronger cytotoxicity to cancer cell lines than to normal 
cell lines without any phototoxic effect, and 
Fe-porphyrin 9c gave higher cytotoxicity than cis-
platin[52]. The SOD, which acts as target enzyme, would 
cause cell death by activation of 9c, and supermolecule 
9c was used mainly to inhibit mammary gland and lung 
adenocarcinoma. 

Gold(Ⅲ) porphyrin (9d) was a gold(Ⅲ) complex su-
permolecule with selective anticancer activity against a 
number of human cancer cell lines[53,54]. The cytotoxic 
effect of gold(Ⅲ) porphyrin is not due to its photosensi-
tizing activity, but is closely related to both the porphy-
rin ligand and the central gold atom. The bind of super-
molecule 9d with DNA was the interaction of noncova-
lent bond, and this was different from cisplatin. The IC50 
for 9d and cisplatin were respectively about 1.3 and 38.0 
μmol·mL−1, this clearly indicated that 9d exhibited 
higher cytotoxicity than cisplatin under the same condi-
tions. 
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Boron neutron capture therapy is a modus operandi in 

radiating tumors for tumor treatment with a small quan-
tity of dosage. Its principle is the interaction of radia-
tionless nucleus 10B and low-energy neutron to generate 
cytotoxic 4He and 7Li. The supermolecule 10 formed by 
borane and porphyrin through linkage could accumulate 
in cancer cells, and thus reduce the adverse effects of 
radiotherapy greatly. 
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On the basis of the structural features and anticancer 

activities of both porphyrin and azole compound- 
ds[48,55－63], we designed and synthesized several novel  
dissymmetric porphyrin compounds, and then linked  
with clinical anticancer drug tegafur and nitroimida- 
zoles[63] possessing radiosensitizing effects, to afford  
tegafur and nitroimidazole porphyrins respectively[58].  
The new porphyrin compounds modified by tegafur  
gave better anti-tumor activity against liver cancer cell  
SMCC-7721 and colon cancer Volo in vitro. Compared  
to the anticancer drug tegafur under the same concentra- 
tion, tegafur-linked porphyrin complex supermolecules  
(11, 12) also could inhibit the growth of SMCC liver  
cancer cells to some extent, and their antitumor activi-  

ties have been improved significantly. The results sug- 
gested that the introduction of metalloporphyrin effect- 
tively improve the anti-tumor activity of tegafur. The  
tumor control rate could reach 36.6% when administra- 
tion of tegafur to a nude mouse, while supermolecule  
11b resulted in the tumor control rate up to 70.0% in  
vivo. The higher tumor control rate of complex 11b in  
comparison with tegafur further revealed that the intro- 
duction of metalloporphyrin effectively improve the  
anti-tumor activity of tegafur. The nitroimidazole-based  
porphyrin compounds, especially complex 12, gave bet- 
ter radiosensitization against human cervical cancer cell  
Helo. Compared to 4-nitroimidazole or 2-methyl-5-ni- 
troimidazole at the same molarity, some of metal  
complexes in supermolecule 12 showed 95% tumor  
control rate with six times higher than the free ligand. 

 

 
 

1.3  Platinum-based supermolecules as antitumor 
agents 

Metal anticancer complexes are a vigorous field of re- 
search. Now, the widely used metal complex supermo-  
lecules as anticancer drugs in clinic are platinum com-
plexes. So far no non-platinum metal anti-cancer drugs 
have been approved for cancer chemotherapy, but some 
metal complexes of ruthenium, titanium or gallium have  
already been tested in clinical phaseⅠorⅡtrails[34,35]. 

It is well known that a series of platinum complexes  
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have been investigated extensively since the inorganic 
coordination complex of platinum, cisplatin, was found 
to exhibit antitumor activity in 1969[64,65]. Cisplatin (13) 
as anticancer drug was approved in 1978, and is also 
widely used to treat many kinds of malignancies, in-
cluding testicular, ovarian, cervical and bladder types. 
Due to the distinct anticancer mechanism, widespread 
anticancer spectrum, and different toxicity spectrum of 
platinum complexes from many natural and non-natural 
drugs, more and more researches focused on platinum 
complexes. After cisplatin, several other platinum com-
plexes such as carboplatin (14), nedaplatin (15), ox-
aliplatin (16), sunpla (17) and lobaplatin (18) have been 
approved for current tumour therapy[66]. 

 

 
 
Although cisplatin and carboplatin are the first choice 

as anticancer drugs, they have the side effects of 
nephrotoxicity and neurotoxicity, and poor targeting. 
Therefore, many researches based on the structures of 
cisplatin and carboplatin, according to the classic struc-
ture-activity relationship, designed and synthesized new 
platinum complexes in order to decrease their toxicity. 
Complex 19 could inhibit the growth of solid tumor in 
mouse body, show better anticaner activity than both 
cisplatin and carboplatin, and also be able to prolong the 
lifetime of animals suffering from leucemia and liver 
cancer without any nephrotoxicity. Now it is tested in 
clinical phase Ⅱ studies[67]. ZDO473 (20) with stereo-
specific blockade also had inhibition activity against 
human ovarian cancer heteroplastied. Currently, com-
plex 20 by the combination with adriamycin was used to 
treat ovarian cancer with serious drug resistance to pa-
clitaxel and platinum drugs, and was in clinical phase 

Ⅲ studies[68]. trans-Trinuclear platinum complex 21, 
containing multi-binding sites, represented an entirely 
new structural class of anticancer agent, exhibited strong 
ability to bind with DNA in tumor cells, and showed 
better anticancer activity. It had no cross resistance to 
cisplatin[69], and displayed better cross linkage with 
DNA than cis- platin. Now it is also tested in clinical 
phase Ⅱ studies for the treatment of nonsmall-cell lung 
cancer, stomach cancer and ovarian cancer. It is well 
known that porphyrin compounds have strong affinity to 
tumor cells proliferated abnormally. Recently, it is a 
fresh tendency to link porphyrin with anticancer drug 
molecules in the research and development of anticancer 
drugs[70]. Supermolecule 22, synthesized by the linkage 
of porphyrin with anticancer platinum complex, has 
lethal effect to tumor cells but no side effect to normal 
cells. 

 

 
s 

Cisplatin-type complex containing ferrocenyl-
phosphine moiety was linked with a nucleoside through 
linker to give the new derivative 23. This supermolecule 
could improve significantly the physico-chemical prop-
erty of complexes[71]. Compared to cisplatin, the com-
plex 23 had better water solubility, longer half life and 
was easier to bind with DNA. 

A unique class of estradiol-Pt(Ⅱ) hybrid complex 24, 
which binds DNA indirectly through hydrogen bonds, 
showed good potential in vitro and in vivo for the treat-
ment of hormone dependent cancers[72], in particular for 
breast cancer without any apparent side effects[73－76]. 
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When n was 4, complex 24 was more effective against 
several types of cancers than cisplatin[77]. Supermolecule 
25 showed significant cytotoxic activity against estrogen 
receptor-dependent and -independent cancer cell lines, 
and exhibited significant chemotherapeutic potential. 

 

 
 
Platinum(Ⅳ ) complexes possessed the octahedral 

geometry. The introduction of two extra ligands, com-
pared to Pt(Ⅱ) complexes, enhanced their lipophilicity, 
and offered the opportunity to overcome some problems 
of platinum(Ⅱ) drugs[78]. 

Satraplatin(JM216) (26a) was a lipophilic supermo-
lecule administered orally. It is the only platinum(Ⅳ) 
complex currently undergoing clinical trials[79]. Com-
plex 26a has been in clinical phase Ⅲ studies, and 
shown no nephrotoxicity, neurotoxicity, and ototoxicity 
in comparison with other platinum drugs in clinic. The 
high lipophilic complex 26b is the substituted product of 
26a by changing cyclohexane into adamantane. Super-
molecule 26b showed the comparable activity to 26a, 
higher activity than 27 in susceptibility and cancer re-
sistance, and has no cross resistance to cisplatin in vitro. 

 

 
 
Recently, Sadler et al.[80,81] have designed and synthe-

sized platinum(Ⅳ) complexes 28 and 29 by taking ad-
vantage of the photochemical features of azides. The 

inert dihydroxy platinum(Ⅳ) complexes were nontoxic 
in the dark, but upon irradiation with UV light they 
demonstrated good cytotoxicity against human bladder 
cancer cell lines. Indeed, the complex 29 was as cyto-
toxic as cisplatin, and was not cross-resistant with the 
cisplatin-resistant cell lines. These complex supermo-
lecules almost immediately coordinated with calf thy-
mus DNA upon irradiation in vitro, and then resulted in 
DNA lesions. Further, the photoactivation of complexes 
28 and 29 did not rely on the presence of oxygen unlike 
current photodynamic therapy, and thus these supermo-
lecules were suitable for the treatment of microenviron-
mental tumor hypoxia[82]. 
 

 
 

Complexes 30 and 31 are also platinum(Ⅳ) complex 
supermolecules. Preclinical screening showed good ac-
tivity for supermolecule 30 and its fluoroacetate ana-
logue against colorectal and breast cancer cell lines in 
vitro and in vivo[83]. The assays in mice demonstrated 
that 30 had activity against colorectal in twice as that of 
cisplatin with diminished toxicity. Platinum(Ⅳ) com-
plex 31 also gave good activity against a range of cis-
platin-resistant cell lines. 
 

 
 

1.4  Ruthenium-based supermolecules as antitumor 
agents 

The successful exploitation and wide use of platinum 
supermolecules as anticancer drugs attracted research-
ers’ great interests to investigate other transition metals 
instead of platinum. Ruthenium complexes have become 
one of promising anticancer drugs because of their hy-
potoxicity and easier absorption by tumor tissue. At 
present, most of synthesized complexes were mono-
caryon, including ammonia (imine), multi-pyridine, eth-
ylene diamine tetraacetic acid and dimethyl sulfoxide 
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ones. Complex 32a[84], the first generation of ruthenium 
antitumor complex and the first antitumor metastasis 
which entered into the clinical trails in 1999, was tested 
in clinical phaseⅡstudies. It was water-soluble, avail-
able for intravenous injection, and showed significant 
activity toward metabasis of lung and breast cancer, but 
exhibited poor ability to kill primary tumor cells and no 
activity in vitro. Dicaryon Ru(Ⅲ) dimethyl sulfoxide 
complex 33, as the second generation of ruthenium 
antitumor agents, had 3.5 times higher activity than the 
first generation[85]. 

Generally, the cytotoxicity of ruthenium complexes is 
related to DNA binding. The anticancer mechanism was 
that the complexes bind with DNA (covalent bond of 
guanine residue N7) by cross-linking adjacent Gua once 
entering into the caryon, and then inhibit the replication 
of DNA[86]. But there were some exceptions, such as the 
compound 32b, which didn’t bind with DNA but de-
creased tumor cell extention[87]. 

Supermolecule 32b was octahedral complex, dis-
played significant inhibition of solid tumor metastasis, 
and no activity at the reduction of primary tumor[88]. 
However, complex 32b could induce apoptosis on var 
human epithelium ECV304[89]. 
 

 
 

Indazole complex 34 also possessed the octahedral 
geometry and could inhibit the growth of cancer cells. It 
was efficiently taken up into cells, induced apoptosis 
predominantly by the intrinsic mitochondrial pathway, 
caused DNA damage, and it was bound tightly to serum 
albumin and transferrin, and showed high pH stability. 

The clinical phase Ⅰ studies showed good potential in 
clinic. It inhibited solid tumor and showed high activity 
in colon cancer. Like 32b, complex 34 also gave weak 
side effect in clinical phase Ⅰ studies. 
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Since the initial discovery that [Ru(η6-C6H6)- 

(DMSO)Cl2] could inhibit topoisomerase Ⅱ, three types 
of derivatives have been prepared by replacing the 
DMSO ligand with 3-aminopyridine, p-aminobenzoic 
acid or aminoguanidine. These analogs enhanced effi-
cacy of topoisomerase Ⅱ inhibition and showed higher 
cytotoxicity against breast and colon carcinoma cells[90]. 
Other aromatic Ru(Ⅱ) complexes with the formula 
[Ru(Ⅱ)(η6-arene)(en)X] (35) also gave good activity 
against human ovarian cancer cells, and showed similar 
activity to that of carboplatin and no cross-resistance to 
cisplatin[91]. 

 

 
 
Furthermore, titanium and gallium complex super-

molecules have also been paid much attention and some 
have entered into clinical trails. For instance, budotitane 
36 was first discovered by Keppler in 1982 and had 
completed clinical phase Ⅱ studies. It showed good 
activity against ascites cancer and solid tumor, and bet-
ter activity against colon cancer than 5-fluorouracil. Ti-
tanocene dichloride (37) has also entered into clinical 
phase Ⅱ studies, although displayed some activity to 
bladder cancer, adenoca and nonsmall-cell lung cancer, 
it had some nephrotoxicity[92]. Complex 37 could ag-
gregate surrounding the caryon chromatin, and bind with 
DNA, inhibit DNA synthesis and thereby induce apop-  
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tosis. Titanocene dichloride could also inhibit topois-
merase and exhibited bioactivity. 

Most of gallium anticancer compounds in clinical 
phase Ⅰ and Ⅱ studies were inorganic salts of gallium 
such as gallium nitrate, gallium chloridate and so on.  
These compounds have better anticancer activity ac-
companied with stronger toxic side effects. In order to 
diminish their toxicity, many organic gallium complex 
supermolecules were prepared. Complexes 38 and 39 
are now tested in clinical phase Ⅰ studies, and the re-
sults showed that supermolecule 38 could inhibit pros-
tate cancer and multiple myeloma[93]. Complex 39 was 
found to prevent in vivo the proliferation of cancer cells 
and exerted the cytotoxicity effects and antihypercalce-
mic properties. Because of its weak aqueous solubility, 
supermolecule 39 was orally administrated, typically in 
the form of tablets[94]. The phaseⅠ clinical studies 
showed that 1/4 and 2/4 patients suffered from renal cell 
cancer had improved, this revealed that complex 39 
could significantly inhibit this tumor[95]. When linked 
with platinum complex, complex 39 exhibited higher 
anticancer activity than inorganic gallium salt in vitro, 
and better effect than gallium chloridate by orally ad-
ministration. 
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1.5  Polymer-based supermolecules as antitumor 
agents 

The solubility, stability, targeting or safety of some 
anticancer drugs seriously influenced the therapeutic 
efficacy. These problems could be solved by the help of 
new drug delivery systems. Among these, the most ex-
tensive investigation was to use polymers as drug carri-
ers. Drugs were encapsulated into the carrier to form 
various kinds of supramolecular drugs, like liposomes 
and nanoparticles ones, etc.[96]. The delivery systems of 
liposomes and nanoparticles have merits of increasing 
solubility, prolonging retention time in vivo, enhancing 
drug-targeting, decreasing toxicity and overcoming 

anticancer multidrug resistance. So far many of these 
supramolecular preparations like liposomes or nanopar-
ticles have been used in clinic. They effectively dimin-
ished the side effects, made prophylaxis of cancer and 
relieved pain caused by cancer deterioration and che-
motherapy[97], and made it possible to adopt original and 
better chemotherapy method upon present drugs. 

It has been an important research area in worldwide 
for a long time that the antitumor agents would be de-
veloped as liposomal drugs. Many antitumor liposomes 
have been developed, such as platinum liposomes like 
paclitaxel magnetism liposomes, cisplatin invisible li-
posomes SPI-077 and oxaliplatin liposomes Lipoxal, 
doxorubicin temperature sensitive liposomes and 
doxorubicin long-circulation liposomes DOXILR and so 
on. The research showed that encapsulation of doxoru-
bicin in polyethylene glycol-coated liposomes could 
enhance the safety and efficacy of conventional doxoru-
bicin. In preclinical models, liposomal-doxorubicin 
could relieve and treat many types of cancers including 
tumors of the breast, lung, ovaries, prostate, colon, 
bladder, and pancreas, as well as lymphoma, sarcoma, 
and myeloma. It was also effective as adjuvant therapy. 
In addition, it was found to penetrate into the 
blood-brain barrier and inhibit the growth of tumors in 
the central nervous system. The combination of lipo-
somes with vincristine or trastuzumab resulted in syner-
gistic effects and better efficacy. Liposomes appeared to 
overcome multidrug resistance, possibly as the result of 
increased intracellular concentrations and an interaction 
between the liposome and P-glycoprotein, and showed 
favorable applications to treat a variety of cancers[98]. 
Therefore, it is an important trend to improve anticancer 
drugs by developing liposomes as long-circulation 
preparation, and exploiting a variety of liposoms which 
are new and aggregated in local tumor in high concen-
tration. 

Nanoparticles are submicron-sized polymeric colloi-
dal particles[99]. Recent years, the clinical values of 
nanomaterials have been becoming more and more im-
portant, and nanoparticles were paid more attention to 
act as anticancer drugs carriers[100]. Nanotherapy en-
hanced the drug accumulation in tumor tissue and 
stepped down the growth of tumor. Some anticancer 
nanoparticles have been approved by FDA to use in 
clinic. At present, much work focused on nanoparticles 
of paclitaxel, mitomycin, 5-fluorouracil, doxorubicin 
and platinum drugs. Some nanotechniques were also 
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employed to improve the therapeutic efficacy of PDT. 
Researches revealed that paclitaxel nanoparticles pre-
pared by the nanoprecipitation method have shown 
comparable activity to traditional formulations, like the 
introduction of solubilizing agent or preparation of 
cyclodextrins inclusions, with much faster drug release 
rate and the prolonged action time[101]. Cellular studies 
showed up to a 70% loss of viability in NCI-H69 human 
small cell lung cancer cells at levels of 0.025 
μg·mL−1[102]. 

The anticancer drug doxorubicin is working by inhib-
iting the synthesis of nucleic acids within cancer 
cells[103]. Various researches of doxorubicin encapsu-
lated in nanoparticles focused on the doxorubi-
cin-targeting delivery to cancer tissues and the decrease 
of its side effects. Both dextran and doxorubicin were 
encapsulated in chitosan nanoparticles, and then were 
injected intravenously into mice, it was found a decrease 
in the tumor volume, and better efficacy in comparison 
with both dextran and doxorubicin[104]. Some nanoparti-
cles, formed by the self-assembly of block copolymers 
with hydrophilic and hydrophobic domains, have the 
unitary caryo-crust structures. Hydrophobic domains 
could be used as carrier for hydrophobicity drugs, while 
hydrophilic domains make particles stable in aqueous 
solution[105－107]. These nanoparticles could enhance the 
solubility of drugs and prolong effective action time, but 
they could not target toward tumor cells with high effi-
cacy. Therefore, a novel dual targeting strategy was de-
veloped and could maximize drug delivery efficacy to 
tumor cells. For example, folate-PEG-PCL has been 
developed to encapsulate superparamagnetic Fe3O4 and 
to deliver an anticancer drug, doxorubicin, to tumor cells. 
The dual targeting strategy opened up several opportuni-
ties for enhancing drug delivery efficiency and cancer 
specificity during chemotherapy[108]. 

Platinum supermolecules are one of the most exten-
sively used anticancer drugs in clinic, and developing 
their nanoparticles as delivery system of tumor cells be-
comes very important[109]. This can not only enhance the 
stability and prevent fast decomposition, but also control 
effectively drug release and improve the anticancer ac-
tivity. Cisplatin encapsulated in PDEA-PEG nanoparti-
cles had higher cytotoxicity than the free drug on 
SKOV-3 cells. The research on intraperitoneally ovarian 
tumors of mice indicated that the apoptosis activity in-
duced by cisplatin/PDEA-PEG nanoparticles was about 

twice that of by the free cisplatin. The platinum(Ⅳ) 
complex 40, which was nearly nontoxic to testicular 
cancer cells, displayed a significantly enhanced cyto-
toxicity profile when attached to the surface of the sin-
gle-walled carbon nanotubes (SWNTs)[110]. The impor-
tant reason is that the soluble nanotubes internalized the 
platinum(Ⅳ) complex through endocytosis, providing 
six times the concentration that the untethered complex 
is able to achieve on its own. Then the acidic environ-
ment facilitates release of platinum as its core complex 
by reduction and concomitant loss of the axial ligands 
and exhibits cytotoxicity. 
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2  Supermolecules as anti-inflammatory 
and analgesic agents 

Inflammation is now recognized as a type of nonspecific 
immune response to destructive stimulus, and is a basic 
way to prevent the body from infection, irritation or 
other injuries. Its clinical appearance includes redness, 
warmth, swelling and pain as well as functional distur-
bance. Anti-inflammatory and analgesic drugs are a 
class of drugs against fever and pain, inflammation and 
rheumatism. Due to its exceptive anti-inflammatory ac-
tivity, this class of drugs was called non-steroidal 
anti-inflammatory drugs (NSAIDs) in 1974 international 
conference at Milan in Italy. Aspirin is the representative 
of this type of drugs[111]. 

Aspirin, the first NSAIDs used in clinic, was a mile-
stone for the use of synthetic drugs to treat inflammation. 
After this, the NSAIDs expanded to more than one hun-
dred species, and became the first choice to treat os-
teoarthritis and arthritis pauperum. However, the high 
gastro-intestinal side effect confined their applications. 
The complexation of NSAIDs with metal ions could 
significantly reduce gastric toxicity and some even en-
hance analgesia and anti-inflammatory activities. 

Among numerous NSAIDs metal complexes, cop- 
per-NSAIDs complexes were extensively investigated  
very well[112]. The earlier research of copper complexes  
started in 1976. Sorenson et al. found that the anti-  
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inflammatory activities of Cu-NSAIDs complexes in 
animal models were better than that of the parent 
NSAIDs. For example, the anti-inflammatory activity of 
Cu(Ⅱ) complex of aspirin displayed 30 times higher 
than that of the free drug aspirin. So far more than 140 
NSAIDs copper complexes including mononuclear and 
dinuclear copper ones have been reported. Supermo-
lecules 41－43[113] were mononuclear copper complexes, 
while 44 represented a series of dinuclear copper com-
plexes formed with ibuprofen, naproxen, diclofenac or 
indometacin as ligand separately[114－116]. 

In view of the notable anti-inflammatory activities of 
NSAIDs copper complexes, other copper complex su-
permolecules were also developed. As an example, 

 

 

copper complex 45 gave a little lower anti-inflammatory 
activity than indomethacin[117]. Jackson group designed 
and synthesized various types of copper complexes by 
the use of different polyamine ligands, and found that 
Cu(Ⅱ) complexes of compounds 46 and 47 as ligands 
separately gave longer biological half life and higher 
bioavailability, and they were also promising to become 
antiarthritic drugs [118]. 

 

 
 
In addition, other NSAIDs metal complexes, such as 

Zn(Ⅱ), Pd(Ⅱ), Sn(Ⅳ) and Ru(Ⅱ,Ⅲ) ones, also de-
creased toxicity and enhanced the activities of parent 
compounds. 

The supermolecule wuyisa, a zinc complex formed 
with aspirin or niacinamide, not only could ameliorate 
the irritation of aspirin in gastrointestinal tract, but also 
enhance significantly anti-inflammatory activity. The 
zinc complexes of indomethacin or aspirin were found 
to show significantly lower gastro-intestinal damage 
than the parent drugs[119,120]. The analgesic behavior of 
Zn(Ⅱ)-baclofen complex was better than that of the par-
ent drug[121]. Recently, a series of Pd(Ⅱ) complexes of 
compounds 48(a－c) as ligands respectively[122] have 
been reported, and their anti-inflammatory activity was 
10%–15% stronger than that of the standard drug de-
clofenac. Furthermore, some Sn(Ⅳ)/Ru(Ⅱ,Ⅲ)-  
NSAIDs complexes have also been prepared and char- 
acterized[123,124], but few studies were involved in their  
anti-inflammatory activity. Organotin(IV) complexes of  
2-maleimidoacetic acid displayed stronger analgesic  
activity than its parent, while phthalimido-4-methyl  
pentanoate(PMPA) organotin(Ⅳ) esters showed less  
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activity than the ligand[125,126]. 
Not only the NSAIDs metal complexes could reduce 

the gastro-intestinal damage of NSAIDs, but also the 
organic complex supramolecules formed by CD and 
their derivatives with NSAIDs, could improve their 
pharmacodynamics and pharmacokinetics properties. 
Indomethacin-CD inclusion complex had no anabrosis 
side effect. Naproxen-β-CD significantly increased the 
water solubility, raised dissolution rate, facilitated ab-
sorption, degraded gastro-intestinal damage of naproxen 
and also possessed lower photoxicity after complexation 
with β-CD[127]. In addition, ibuprofen-β-CD complex 
also increased the aqueous solubility, absorption rate and 
bioavailability of ibuprofen. Coating with pH sensitive 
CD derivatives is a method of drug delivery to the site of 
action, for example, the anti-inflammatory effect of the 
Prednisolone succinate/α-CD (PDsuc/α-CD) inclusion 
complex was comparable to that of prednisolone (PD) 
alone, while its systemic side effect was much lower 
than that of PD alone when administered orally, this 
might be related to the specifical degradation of the in-
clusion complex in the large intestine[128]. 

Superoxide dismutase (SOD), a new-type anti-in- 
flammatory agent, is an important oxygen free radical 
scavenger and is mainly used as the treatment of in in-
flammatory patients. However, SOD in application as-
pects has some disadvantages with short half-life, easy 
inactivation by protease hydrolysis, larger molecular 
weight and difficult permeation through cell membrane. 
In order to overcome these problems, modification of 
the enzyme with aqueous polymers such as polyethylene 
glycol (PEG), dextran and starch has been reported as 
useful accessory materials[129]. Recently, a bienzymatic 
supramolecular assembly of CAT and SOD has been 
reported for the first time, its anti-inflammatory activity 
increased 4.5-fold after associating with the modified 
CAT form. This SOD modification by supermolecules 
was still at the initial stage with favorable perspec-
tives[130]. 

3  Supermolecules as antimalarial agents 

Nowadays, malaria has become one of the challenging  
public health problems all over the world, and is the  
most popular and hazardous parasitic disease throughout  
the world. In recent years, the rapid expansion of mul- 
tidrug-resistant parasites weakened therapeutic efficacy  
of antimalarial agents seriously. Thus, it is quite urgent  

for clinical use to need new antimalarial agents with  
different structures and mechanisms. Exploring novel  
antimalarial agents is of importance to control malaria. 

Cinchonine 49 is the earlier drug to treat malaria. In 
order to improve its water solubility, Liu et al.[131] em-
ployed CDs to form inclusion complexes with cin-
chonine which might give three types of complex su-
permolecules 49(a－c), and these complex supermo-
lecules improved its solubility significantly. Artemisinin 
is one of the most widely used antimalarial drugs. 
However, its low aqueous solubility and shorter half life 
resulted in poor and erratic absorption upon oral admini-
stration. After encapsulated with CDs, its solubility and 
oral bioavailability were enhanced greatly[132]. 

 

 
 
Organic metal complexes as a novel class of antima- 

larial supermolecules were paid close attention. Ferro- 
cene, due to its distinct features of sandwich structure  
and electrochemical behavior, was widely employed in  
biological research and drug design. Ferroquine 50 is an  
earlier antimalaria complex containing ferrocene struc- 
ture. The survival rate of mice by the treatment of  
ferroquine was far higher than that of current standard  
drugs, and also displayed long-term stable antimalaria  
activity in biosystem. Ferroquine now is an antimalaria  
candidate which has unique metallocene structure, and  
phase Ⅰ clinical trials have been completed. As  
recommended by the WHO, phase Ⅱ clinical trials will 
begin with the examination of efficacy of artemisi-  
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nin-based combination therapy between artesunate and 
ferroquine in malaria patients[133]. 

Based on the good antimalarial activity of complex 50, 
a large number of ferroquine derivatives have been syn-
thesized in recent years. Complex 51 was one type of 
ferroquine derivatives, among these supermolecules, 
most of them showed better activities than chloroquine. 
The 7-substituted 4-aminoquinoline moiety and length 
of the methylene spacer were major determinants for 
antimalarial activity[134]. For ferrocene triazacyclo-  
nonane quinoline conjugate 52[135] against the Dd2 strain, 
the IC50 was 62±12 nmol·L−1, this showed that 52 was 
more efficient than chloroquine (IC50 = 94±8 nmol·L−1), 
but less active than ferroquine (IC50 = 13±1 nmol·L−1). 
These results showed the potential of ferrocenic bisqui-
nolines complex 52 as antimalarial agents. However, its 
analogue ferrocenic mefloquine 53 exhibited lower an-
timalarial activity than both mefloquine and quinine[136]. 
Ferrocene complex 54 was synthesized by the linkage of 
thiosemicarbazones (TSC) with ferroquine[137], and dis-
played a good antimalarial activity. Moreover, most of 
them gave more efficacy than ferroquine and chloro-
quine, possibly this was related to its aminoquinoline 
structure. Recently, a new series of ferrocenic pyr-
rolo[1,2-α] quinoxaline derivatives have been reported, 
which possessed better antimalarial activity than 
chloroquine, especially the complex 55 as the most po-
tent candidate, but it was needed further structural modi-
fications due to high toxicity [138]. 

Some Cu(Ⅱ) complexes also exhibited notable anti-
malarial activity. The complexation of pyridine-2-car- 
boxamidrazones with copper(Ⅱ) salts could enhance 
antimalarial activity significantly[139], these results at-
tracted many researchers’ great interests in organic 
Cu(Ⅱ) complexes as antimalarial agents. Copper(Ⅱ) 
complex of buparvaquone [Cu(buparvaquone)2- 
(C2H5OH)2] was found to give stronger antimalarial ac-
tivity against Plasmodium falciparum strain than its 
Ni(Ⅱ), Co(Ⅱ), Fe(Ⅱ) and Mn(Ⅱ) complexes[140], and 
exhibited better antimalarial activity both in vitro and in 
vivo than the parent drug buparvaquone. Complex  

 
 

supermolecule 56 gave moderate antimalarial activity 
with ED50 value of 3.5 μg·mL−1[141]. 

As is discussed above, organic Cu(II) complexes are 
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promising supermolecules as antimalarial agents. With 
the further development, it would become one of the 
most important antimalarial agents after the ferrocene 
complexes. Moreover, other metal complexes also pos-
sess excellent antimalarial activities. For example, the 
Aurum or Iridium complexes 57 and 58 with chloro-
quine showed higher activity than parent chloro-
quine[142,143], and could be used for the treatment of 
chloroquine-resistant plasmodium. 
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4  Supermolecules as antibacterial 
agents 

In the past two decades the frequencies and types of life- 
threatening infections have increased, especially in re- 
cent years the high incidence of multidrug-resistant  
(MDR), they have broken out the last line of defense of  
vancomycin as antibacterial drug of last report for the  
treatment of MDR. The synthetic antibacterial agents  
being used extensively in clinic, such as quinolones and  
sulfonamides, and antibiotics such as β-Lactam antibi- 
otics and aminoglycoside antibiotics could not inhibit  
effectively these bacterial strains, even the oxazolidinon  
with new mode of action, emerging in the past ten years,  
can not meet clinical needs. It is quite urgent to develop  
novel antibacterial agents with new mechanism of action  
and effectively decrease drug-resistant strains[144]. 

In recent years, many investigations have proved that 
the complexes of antibiotics or potent antibacterial 
agents with various kinds of metal ions enhanced its 
activity and in some cases, the complexes possessed 
even more healing properties than the parent drugs. 
Therefore, to develop and screen new therapeutic anti-
bacterial agents from these active supermolecules will 
be extensively investigated. According to the structures 
of the ligands, the supermolecules as antibacterial agents 
can be divided into the following parts: quinolones, sul-
fanilamides, schiff bases, thiosemicarbzzides and mac-
rocycles. 

4.1  Quinolone-based supermolecules as antibacte-
rial agents 

Quinolones are an important class of synthetic antibac-
terial agents. Since the introduction of nalidixic acid into 
clinical practice in 1962, quinolones have been devel-
oped from the first-generation to the fourth-generation 
and used to treat various kinds of infections. Many re-
searchers have reviewed on the mode of action, struc-
ture-activity relationship and activity of these qui-
nolones[145,146]. It is found that quinolones can bind with 
DNA mediated by transition metal. Therefore, it is im-
portant to study on the coordination chemistry of qui-
nolone antimicrobial agents with metal ions and their 
antibacterial activities in biology and pharmacy. 

Oxolinic acid, OXO, a first-generation quinolone an-
timicrobial drug, is used for the treatment of urinary 
tract infections. The complex of oxolinic acid 59a, 
Cu(OXO)2(H2O), MoO2(OXO)2 and UO2(OXO)2, 
showed a decreased biological activities in comparison 
to the free oxolinic acid[147,148]. Copper(Ⅱ) complexes 
of oxolinic acid did not affect the inhibition of the 
growth of microorganisms significantly when other 
ligands were introduced, such as 1,10-phenanthroline, 
2,2′-bipyridine, 2,2′-dipyridylamine. The complex of 
cadmium as soft acid and toxic metal ion 59b showed 
similar activities against many Gram-negative bacteria 
and P. aeruginosa to that of cinoxacin. 

 

 
 

Pipemidic acid, HPPA, a second-generation quinolone 
antimicrobial drug, is used to treat gram-negative uri-
nary tract infections and severely damages DNA in the 
absence of an exogenous metabolizing system. The lit-
erature reported the complexes of pipemidic acid with 
Ca(Ⅱ), Sr(Ⅱ), Ba(Ⅱ), Sn(Ⅳ) and with the lanthanides 
La(Ⅲ), Ce(Ⅲ), Pr(Ⅲ), Nd(Ⅲ), Sm(Ⅲ), Tb(Ⅲ), Dy(Ⅲ) 
and Y(Ⅲ) as well as Cu(Ⅱ) and Mn(Ⅱ) metal ions. The 
reported results suggest that metal ion coordination play 
roles in the antibacterial activity of HPPA. Recently, it 
was found that among a series of complexes of pi-  
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pemidic acid with VO(Ⅱ), Mn(Ⅱ), Fe(Ⅲ), Co(Ⅱ), 
Ni(Ⅱ), Zn(Ⅱ), MoO2(Ⅱ), Cd(Ⅱ) and UO2(Ⅱ) (60), 
the best inhibition is provided by UO2(PPA)2 (MIC = 8 
μg·mL−1) against the E. Coli, P. aeruginosa and S. 
aureus[149]. 
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Norfloxacin is a widely used broad-spectrum anti-
bacterial drug in clinic. Many works reported the bio-
logical activities of the metal complex of norfloxacin, 
such as sliver, tungsten, copper and auric complexes as 
well as ternary complexes of copper(Ⅱ) with norflox-
acin. In these complexes, the norfloxacin is coordinated 
to Ag(Ⅰ) and Au(Ⅲ) ions. Silver complex of norflox-
acin 61 was reported to prevent bacterial infection for 
humans during burn treatment, and its antibacterial 
property in topical applications is superior to those of 
silver and zinc sulfadiazine[150]. In particular, the above 
complexes have better antibacterial activities against P. 
aeruginosa than the free ligand norfloxacin, but lower 
against B. Subtilis[151]. 

 

 
 
N-propyl-norfloxacin (pr-norf) is the N-propyl pro-

tected form of norfloxacin, and it has the same antibac-
terial spectrum as norfloxacin. The complex supermo-
lecule 62a showed good antibacterial activities, espe-
cially, the complex UO2(pr-norf)2 showed better inhibi-
tion than the free pr-norf with the MIC value of 4 
μg·mL−1 against S. aureus, and VO(pr-norf)2(H2O) and 
MoO2(pr-norf)2 showed comparable activity to that of 
the ligand against S. aureus, colibacillus, P. aeruginosa, 
while other complexes showed slightly weaker activity 
than the ligand[152]. The ternary complexes of copper(Ⅱ) 
with norfloxacin with nitrogen donor heterocyclic  

 

ligands had better antibacterial activities than the free 
pr-norf, especially when the nitrogen donor heterocyclic 
ligand is 1,10-phenantroline[153], such as Cu(pr-norf) 
(phen)Cl, this complex supermolecule exhibited best 
antibacterial activity against P. aeruginosa with the MIC 
of 0.25 μg·mL−1[154].  

The antibacterial activities of the free ligands both 
ciprofloxacin and enrofloxacin and their corresponding 
metal complexes 62b and 62c were the same as that of 
the above complexes. It is worth noticing that bis-
muth(Ⅲ)-ciprofloxacin (cf) complex was potential to be 
used in the treatment of ulcer caused by H. Pylori[155]. 
The antibacterial activities of its copper complexes de-
pend on the growth rate of the tested bacteria, which can 
be more lethal at low growth rate[156]. In general, copper 
complexes of quinolones have better activities than their 
ligands. The copper complex of enrofloxacin 
Cu(erx)2(H2O) showed the excellent inhibition against E. 
coli and P. aeruginosa (MIC = 0.125 μg·mL−1)[157]. The 
same observation results also exist in the copper com-
plex of norfloxacin. 

Sparfloxacin (Hsf) is the third-generation quinolone  
antibacterial drug, mainly used for the treatment of acute  
exacerbations of chronic bronchitis and communityac- 
quired pneumonia. It has good bioavailability with  
once-daily dosing. The research in metal complexes of  
sparfloxacin was seldom reported. Due to the good an- 
tibacterial activities of copper complexes of quinolones,  
the major research focused on the metal complex of  
sparfloxacin 62d. The complex Cu(sf)2 exhibited the  
same activity against P. aeruginosa (MIC = 0. 25  
μg·mL−1) as the free sparfloxacin, better activity against  
E. Coli than sparfloxacin. The copper complexes con- 
taining other nitrogen donors also showed excellent ac- 
tivities, such as Cu(sf)(phen)Cl[158]. 
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4.2  Sulfanilamide-based supermolecules as antibac-
terial agents 

Sulfonamides and their derivatives are first synthetic 
antibacterial agents used in clinic as therapeutic agents 
against various bacterial infections. In recent years, 
some metal sulfonamides have attracted much attention 
due to the fact that complexes showed more activity than 
both free ligands and the corresponding metallic salts. In 
particular, Ag-sulfadiazine has been proved to be an 
effective topical antimicrobial agent, of significance in 
burn therapy, better than the free ligand or than AgNO3. 
Moreover, some metal complexes of heterocyclic sul-
fonamides, such as sulfisoxazole, sulfapyridine, sul-
phadiazine, sulfathiazole and so on, have been exten-
sively investigated[159]. 

The metal sulfisoxazole complex 63 presented effec-
tive antibacterial activity against S. aureus, E. coli and 
M. tuberculosis. The complex 63a presented the same 
activity against S. aureus and E. coli as sulfisoxazole, 
while the structurally similar complex 63b was more 
active against the above bacteria than the free ligand and 
had no activity against M. tuberculosis. Probably, the 
good antimicrobial result is the reason that copper com-
plex 63b is easy to penetration into a less lipophilic cell 
wall and ionize into the active compounds inside the cell. 
New gold(Ⅰ) and silver(Ⅰ) complexes of sulfame- 
thoxazole 64 showed better activities against E. coli, P. 
aeruginosa and S. aureus than their ligands[160]. This 
suggested that metal sulfonamide complexes provide 
new possibility for the development of new antibacterial 
drugs. 

 

 
 
Isatin (2,3-indolinone) compounds have been often 

employed as valuable synthons in the preparation of 
biologically active compounds. The introduction of 
isatin into sulfonamides gave the target compounds 65, 
its corresponding cobalt(Ⅱ), copper(Ⅱ), nickel(Ⅱ) and 
zinc(Ⅱ) metal complexes showed moderate to signifi-
cant antibacterial activity against B. cereus, C. diphthe-

riae, E. coli, K. pneumoniae, P. mirabilis, P. aeruginosa, 
S. typhi, S. dysentriae and S. aureus and also showed 
significant antifungal activity against T. schoenlein ii C. 
glabrata, P. boyd ii, C. albicans, A. niger, M. canis and 
T. mentagrophytes[161]. 
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The schiff base derived from thiadiazolyl sulfanila-

mide and thiophene showed broad-spectrum antibacte-
rial and antifungal activities, which were similar to 
chloramphenicol as standards, and their Mn(Ⅱ), Co(Ⅱ), 
Ni(Ⅱ), Cu(Ⅱ), Zn(Ⅱ) or Cd(Ⅱ) complex 66 has better 
activity[162]. 
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4.3  Schiff base-based supermolecules as antibacte-
rial agents 

The metal complexes containing oxygen and nitrogen 
donor schiff bases possess unusual configuration and 
structural lability, and they are sensitive to molecular 
environment. The environment around the metal center, 
for example, coordination geometry, number of coordi-
nated ligands and their donor groups, is the key factor 
for metalloprotein to carry out specific physiological 
functions. The schiff base, containing phenolic hydroxyl 
group or aromatic heterocycle with three nitrogen atoms, 
phosphoric acid and phosphonate ester as well as their 
corresponding metal complexes showed significant an-
tibacterial activities which received considerable atten-
tion. Among these complexes, copper complexes were 
the most important class with good antibacterial activity, 
and the related work has been reviewed in details[163]. 

The oxygen and nitrogen donor atoms in schiff bases  
containing phenolic hydroxyl group could chelate with  
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many transition metals, and show their biological activ- 
ity. For example, the Ru(Ⅱ)-complex of schiff base de- 
rived from vanillin 67 showed significant activity  
against S. aureus and E. coli, and its antibacterial effi- 
cacy was higher than that of corresponding ligands[164].  
Structural similar ligand naphthylideneimine derivatives  
exhibited little biological activity, but their Ru(Ⅱ)-  
complex 68 showed moderate activity against S. aureu  
and E. Coli[[165]. Schiff base, formed by condensation of  
amino thiophene with salicylaldehyde, exhibited moder- 
ate antibacterial activity against S. aureus and S. hemo- 
lyticus, and their metal complexes showed higher activ- 
ity, especially the copper complex 69 with the activity  
similar to streptomycin[166]. The copper(Ⅱ) or zinc(Ⅱ)  
complex with ferrocenyl schiff base containing a phenol  
moiety 70 showed significant antimicrobial activity  

 

against E. coli, B. subtilus, and C. albicans. The good 
antibacterial activity was related to the chelation with 
metal ions, and was not due to the contribution of ligand 
itself[167]. Acetophenones oximes were employed widely 
as ligands with important biological activity, the com-
plex with metal Cu(Ⅱ), Co(Ⅱ), Ni(Ⅱ) or Pd(Ⅱ) ion 71 
showed better activity than the corresponding ligands, 
and the Cu(Ⅱ) complex was the best one[168]. Moreover, 
metal complexes containing phenyl hydrosulfuryl schiff 
base, like ruthenium(Ⅲ) complex 72, also showed good 
biological activity[169]. 

Aromatic heterocycle with three nitrogen atoms such  
as triazole and triazine exhibited extensive biological  
activity, such as antituberculosis, antibacterial and anti- 
fungal and so on. Introduction of these structures into  
schiff bases can enhance effectively their biological ac- 
tivity. The Co(Ⅱ) or Cu(Ⅱ) complex of 1,2,4-triazole  
schiff base 73 showed good antibacterial activity against  
E. coli, S. aureus, S. pyogenes, P. aeruginosa and S. ty- 
phi as well as antifungal activities against A. niger, A.  
flavus and Cladosporium. The biological activity of the  
ligands exhibited a marked enhancement on coordina- 
tion with the metal ions against all bacterial and fungal  
strains, and the antifungal activity is nearly close to the  
fluconazole as standard[170]. The Co(Ⅱ)-complex of tri- 
azole derivative 74 also showed good antimicrobial ac- 
tivity, at the concentration of 10 μg·mL−1, it was found  
to exhibit better antibacterial activity against B. Subtilis, 
E. Coli and P. aeruginosa than the ciprofloxacin, 
chloramphenicol and streptomycin[171]. The 1:2 metal 
complex of cobalt(Ⅱ) 75b with triazine derivative con-
taining N and S chelate ligands, gave the MIC value 8, 8 
and 4 μg·mL−1 respectively against S. aureus, S. epider-
midis and B. Subtilis, while 1:1 metal complexes of co-
balt(Ⅱ) 75a was also found to be inhibitory at concen-
trations 8 and 4 μg·mL−1 against S. typhi and E. coli. 
This enhancement in activity may be due to an efficient 
diffusion of the metal complexes into the bacterial cell 
and/or interaction with the bacterial cell[172]. 

Hetero-polynuclear complexes also had good bio- 
logical activity. The Ni or Pb complex of tetradentate  
containing phenolic hydroxyl group 76 exhibited effect- 
tive broad spectrum antibacterial activity against E. coli,  
and S. aureus with MIC values of 15.6 μg·mL−1. This  
complex gave positive results against P. aeruginosa, E.  
aerogenes and good antifungal activity against A. ni- 
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ger[173]. Heterotrinuclear thiocyanato bridged Cu(Ⅱ)- 
Hg(Ⅱ)-Cu(Ⅱ) complex 77 also showed significant an-
tibacterial activity, and presented higher antifungal ac-

tivity than the standard ketoconazole[174]. 
The transition metal complex of phosphonate ester 78 

showed excellent antimicrobial activity, and the com-
plex HgLCl2 (78d) was found to be the most active one, 
and superior to the standard drugs cefobid, sulperazon 
and erythromycin against S. aureus. Copper(Ⅱ) com-
plex of valine-derived schiff base 79 showed a signifi-
cant inhibition of the growth of 4 gram-positive bacteria 
(S. aureus, methicillin-resistant S. aureus, B. subtilis, M. 
luteus), and 6 pathogenic fungi (Candida spp., C. neo-
formans, R. glutinis, S. cerevisia, Aspergillus spp., R. 
nigricans) and a moderate activity against 4 Gram- 
negative bacteria (E. coli, P. aeruginosa, P. vulgaris and 
E. aerogenes)[175]. 
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4.4  Hydrazone-based supermolecules as antibacte-
rial agents 

The β-nitrogen atom in carbohydrazones coordinated to  
the metal atom has an interesting stereochemistry,  
whereas the α-nitrogen remains uncoordinated. Complex  
supermolecule of carbohydrazones showed significant  
antibacterial, antifungal and antiproliferative activities,  
their research and application suggest enormous poten- 
tial in medicinal area. 

The complexes of ferrocenyl carbohydrazone or thio- 
carbohydrazone 80 and 81 had moderate antibacterial  
and antifungal activities, and their activities increased  
significantly compared with their ligands[176,177]. Ruthe- 
nium complexes had been applied in many research ar- 
eas. Novel Ru(Ⅱ) oximato complex 82 showed good  
inhibition of the growth of E. coli, S. sonnei, S. aureus,  
S. epidermidis and K. pneumoniae[178]. The complex of  
schiff base hydrazone containing quinolines 83 showed  
more effective antibacterial activity[179]. Transition metal  
complexes of hydrazides and sulfonamides also were  
found to be used as chemotherapy. Nickel(Ⅱ) complex  
of new sulfonyl hydrazone 84 exhibited moderate activi- 
ties against gram-positive bacteria including S. aureus,  
B. subtilis, B. magaterium and gram-negative bacteria:  
S. enteritidis and E. coli[180]. 

The cobalt(Ⅱ), nickel(Ⅱ), copper(Ⅱ) or zinc(Ⅱ)  
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complex of isatin derivatives 85 exhibited a strong inhi- 
bition of the growth of H. influenzae with MIC values of 
0.15－1.50 μg·mL−1, and good antibacterial properties 
towards B. subtilis with MIC values of 3－25 μg·mL−1. 
These supermolecules also showed good activities 
against the dermatophyte mould E. floccosum[181]. 
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4.5  Thiosemicarbazone-based supermolecules as 
antibacterial agents 

Thiosemicarbazones were considered to be good chelat- 
ing ligands. Since the activity of metal complexes of  
2-formyl and 2-acetylpyridine thiosemicarbazones has  
been demonstrated in clinical isolates of bacteria in  
1990s. Many researches showed that thiosemicarba- 
zones had antimicrobial activity, and exhibited signifi- 
cant inhibitory activity to gram positive bacilli while  
poor activity to gram negative bacilli. 

Some researches found that the copper complexes of 
thiosemicarbazones could be used as novel antimicro- 
bial agents to treat the infectious diseases caused by  
drug-resistant fungi and bacteria. The copper complexes 
of pyridine-derived thiosemicarbazones were found to 
exhibit broad spectrum antibacterial and antifungal ac-
tivities. Copper complex of compound 86 gave a MIC 
value of 5 μmol·L−1 against the growth of S. typhi-

murium and 0.5 μmol·L−1 against the growth of C. albi-
cans[182]. The bismuth(Ⅲ) complexes of morpholine- 
substitued compound 87 showed highly selective inhibi-
tion of growth of Gram-positive bacteria S. aureus and B. 
subtilis[183].  
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The interaction of small molecules such as CO and O2 

with transition metal complexes particularly those con- 
taining a ruthenium metal centre coordinated to nitrogen  
and oxygen donor ligands has attracted a great deal in- 
terest in recent years. New complex 88 showed good  
activity against S. aureus, E. coli, C. albicans and A.  
fumigatus[184]. The derivative of 2-hydroxyacetophenone  
N(4)-substituted thiosemicarbazone 89 and its copper  
complex showed significant growth inhibitory activity  
against bacteria E.coli, S. aureus, and fungi C. albicans  
and A. flavus[185]. Steroidal thiosemicarbazone and its  
palladium complex 90 were the same antibacterial activ- 
ity as amoxicillin against E. coli, P. streptococcus and S.  
aureus[186]. The copper complex of pyrrole-2-carbalde-  
hyde thiosemicarbazone 91 was confirmed to be  
broad-spectrum antibacterial agent, and gave a MIC  
value of 12 μg·mL−1 against B. Subtilis and S. aureus.  
Interestingly, it could effectively inhibit the growth of  
both penicillin-susceptible and resistant Staphylococcus  
strains, acted as 25 μg·mL−1 towards S. cerevisiae, and  
50 μg·mL−1 towards C. tropicalis and A. fumigatus[187]. 

Organotin(Ⅳ) complex of isatin and N-alkylisatin 
bisthiocarbonohydrazone 92 exhibit good antibacterial 
activity, and was the most sensitive to gram positive 
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bacteria[188]. Vitamin K13 plays important roles in human 
life, its transition metal complexes of thiosemicarbazone 
derivatives were hopeful to result in better bioactive su-
permolecules. Complex 93 had strong inhibitory actions 
against G(+) S. aureus and G(+) H. bacillus similar to 
that of penicillin. These complexes gave good antibacte-
rial activities against E. coli, they were superior to 
streptomycin, especially its Cu(Ⅱ) complex gave the 
best efficacy[189]. 

 

 
  

4.6  Macrocycle-based supermolecules as antibacte-
rial agents 

Macrocyclic complexes have attracted great attention 
because of their pharmacological properties against bac-
terial and fungal growth. Porphyrins were a class of 
good photodynamic photosensitizer, can be used for the 
research of the inhibition of bacteria and treatment of 
various kinds of bacterial infections, and can be also 
used as sterilizing agent and antiseptics in hospitals. The 
bactericidal activity against S. aureus has been tested 
with 2-(1-hydroxynaphthyl)-5,10,15,20-tetraphenylpor- 
phyrinato metal complex 94. It is shown that the Ni(Ⅱ) 
complex 94b has photodynamic antibacterial activity. 
The clonal formation unit was only 18 at concentration 
of 320 μmol·L−1 under light. This result suggested that 
94b could be a good photosensitizer, which produced 
singlet oxygen to inhibit the growth of S. aureus[190]. 
Our group designed and synthesized a new series of 
Mn(Ⅱ) complexes of porphyrin 95, all the metal com-
plexes showed good photodynamic antibacterial activity 
while the corresponding ligands gave weak activity. 
These complexes also gave good photodynamic anti-
fungal activity against C. albicans. 

 
 

Unsymmetrical macrocyclic binuclear nickel( Ⅱ ) 
complex 96 showed excellent antibacterial activities 
against S. aureus, P. aeroginosa, K. pneumonia and B. 
cearus, and also gave good antifungal inhibition of the 
growth of C. albicans[191]. The macrocyclic complex 97 
derived from benzil and oxalyldihydrazide was found to 
exhibit remarkable antibacterial activities against S. ty-
phi, S. aureus and E. coli, and some complexes were 
equal to standard antibiotic linezolid against the same 
bacterial strains[192]. Novel macrocyclic Co(Ⅱ) com-
pounds derived from o-phthalaldehyde showed remark-
able antibacterial activity, for example, the complexes 
98 and 99 were more active against S. aureus, E. coli 
and P. aeroginosa, compared to streptomycin and am-
picillin, and also showed very good efficacy on clinical 
resistant strains[193]. Nickel(Ⅱ) complexes of macrocyc-
lic ligand derived from semicarbazide and thiodiglycolic 
acid 100a and 100b displayed that the percentage inhibi-
tion of bacterial growth of S. aureus was 90% at the 
concentration of 0.5 mg·mL−1, and showed good anti-
fungal activity against A. fumigatus[194]. The Ni(Ⅱ), 
Cu(Ⅱ ), Co(Ⅱ ) or Zn(Ⅱ ) complexes of aromatic 
tetraazamacrocycle 101 exhibited potential activity 
against S. typhimurium and E. coli and fungal C. albi-
cans and C. neoformans[195]. The copper complexes of 
aliphatic macrocycle 102 exhibited obvious activity 
against most of the tested strains, they also gave the 
same inhibitory characteristics against clinically isolated 
resistant strains as gentamycin[196].  
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Nickel(Ⅱ) complexes of polyaza macrocycle 103 
were found to decrease their antibacterial activities upon 
coordination in all cases[197]. However, the macrocyclic 
dinuclear complexes 104 gave selective antibacterial 
activity with moderate inhibition of the growth of S. 
aureus[198]. 
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4.7  Other supermolecules as antibacterial agents 

Besides these supermolecules discussed above as antim-
icrobial agents, there are other complexes formed with 
other structures including the drug ligands such as tet-
racycline and vitamin, and others such as chalcone and 
phenanthroline. 

Tetracyclines (TC) are broad-spectrum agents with  
effective activity against both gram-positive and gram-  
negative bacteria, chlamydia, mycoplasmas, rickettsia,  
and protozoan parasites. Other antibiotics of this TC  
family doxycycline and chlortetracycline (Chl) showed  
the same antibacterial activity. Compared to the tetracy- 
cline compounds, their corresponding Pd(Ⅱ) complex  
105 resulted in a significant change of biological activity  
against E. coli. Practically, complex 105a showed 16  
times in inhibiting the growth of E. coli strains, while  
complex 105b increased its activity in the resistant strain  
by a factor of 2 times. Curiously, the complex 105c did  
not improve its activity against the E. coli strain[199]. 

 

 
 
Vitamin B13 belonged to pyrimidine bases in nu-

cleinic acid, is important for the regenerated cell of aged 
person, especially the liver and gastrointestinal tract cell, 
and is also valuable to be used as anticancer drugs. It is 
of importance that vitamin B13 and its derivatives could 
coordinate with many metals to form biological ac-  
tive complexes. The biological assay showed that the     
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synthesized complex 106 has an enhanced activity  
compared to vitamin B13. The biological activities of 
metal complexes increase in the order 106a > 106b > 
106c[200]. 

 

 
 
Metal complexes of phenanthroline and its derivatives 

possess extensive biological activities such as anti- 
candida, anti-mycobacterium, antibacterial activities and 
so on. Complex 107 showed stronger activity against 4 
fungi and bacteria than the standard ciprofloxacin and 
clotrimazole[201]. 
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It was well known that chalcones and their analogues 

have bactericidal, fungicidal and carcinogenic activity. 
Ruthenium complexes of chalconate derivatives 108 
also gave good biological activities, and their activities 
were better than that of corresponding ligands[202]. Not 
all the complexes showed better antibacterial activity 
than their ligands, such as copper and nickel complexes 
of bis-nitroimidazole 109 with weaker activity.  

Other complexes of imidazole and picolinamide have 
also been extensively investigated. Among these re- 
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searches, the most reports were about copper complexes 
with stronger biological activity. Most of them gave 
broad spectrum antibacterial and antifungal activities, 
and were superior to other metal complexes and their 
corresponding ligands in most cases. This might be these 
reasons that: (1) the copper complexes had proper 
lipid-water partition coefficient which enable these 
compounds easier to penetrate into the cell and the re-
lease of the active matters; (2) the activated oxygen on 
copper surface can inhibit the bacterial growth. With 
rapid progress of the supramolecular chemistry, it would 
certainly be able to develop supramolecular antibacterial 
agents with high efficacy, low toxicity, broad spectrum 
and novel mode of action, to overcome the problem of 
microbial resistance to current antimicrobial drugs. 

5  Supermolecules as antifungal agents 

Fungal infections were one of the leading causes of 
death of immunocompromised patients. Azole drugs 
such as ketoconazole and fluconazole are currently pre-
scribed to treat fungal infections caused by the patho-
genic yeast C. albicans. However, many antimicrobial 
agents were toxic, and their extensive therapeutic uses 
were often accompanied by problems of drug resistance, 
unwanted side effects and so on. It is quite urgent to de-
velop new and highly effective antifungal agents. 

Aliphatic and aromatic thiourea, triazole and thiadi-
azine compounds are considered to be antimicrobial 
agents being able to control different microorganisms. In 
2005, one work reviewed thiourea derivatives, triazines 
and their metal complexes as antifungal agents[203]. Az-
ole compounds were safe and effective therapeutic 
agents for the treatment of fungal infections[204]. The 
Ag(Ⅰ) complex of imidazole 110 was reported to be 
better antifungal agent against the fungus C. albicans, 
and it was 47 times more potent than the marketed drug 
ketoconazole[205]. Regretfully, the Ag(Ⅰ) complex of 
(Z)-3-(1-imidazolyl)-2-phenylpropenenitrile did not in-
hibit the growth of the pathogenic yeast C. albicans in 
vitro due to its low water solubility[206]. Much effort has 
been expended to study the coordination chemistry of 
rhenium, the oxorhenium(Ⅴ) complexes of mixed 
ligands 111(a－d) showed excellent antifungal activities 
against A. alternata and A niger and better efficacy than 
some well known antibiotics Dalacin C and Flumox[207]. 

Besides well-known antibacterial activity, silver sul-
fadiazine was reported to possess strong antifungal 
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properties. Their mechanism of antifungal action seemed 
to be different from that of the azole antifungal drugs. 
By the inhibition of phosphomannose isomerase, they 
were to inhibit the biosynthesis of yeast cell walls and 
gave antifungal properties. It was known that the zinc 
enzyme has a specific binding site for silver ions, and 
this is important for its inhibition by the sulfanilamide 
complexes. Using silver sulfadiazine as lead molecule, 
the new zinc complex of sulfacarbamide 112 was syn-
thesized, and proved to act as effective antifungal agents 
against several A. flavus, A. fumigatus and Candida spp, 
but slightly weaker activities than standard ketocona-
zole[208]. The cobalt complexes of sulfathiazolate (ST), 
[Co(ST)2(H2O)4], showed better antifungal activity 
against A. flavus and A. fumigatus than ST[209]. 
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Supramolecular antifungal agents might facilitate to 

overcome the problem of drug resistance due to their 
possibly different mechanism of antifungal action. The 
carboxylic ester containing transition metal or the car-
boxylic ester complex 113 could inhibit the growth of C. 
albicans in vitro. However, when phenanthroline was 
substituted by bipyridine, the antifungal activity would 
disappear. The copper, manganese or silver complexes 
of phenanthroline showed fungicidal activity at concen-
tration of 10 μg·mL−1, and the anti-Candida activity of 
complex 113a (MIC80 = 22 µmol·mL−1) seemed to be  
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superior to that of ketoconazole (MIC80=25 
µmol·mL−1)[210]. Dithiocarbazate and its substituted 
compounds coordinated with many metals could form 
biological active supermolecules, and among them the 
copper complexes possessed best antifungal activity[211]. 

Thiabendazole, with structural similarity to the che-
lating agents 1,10-phenanthroline and 2,2΄-bipyridine, is 
a well-known anthelmintic agent and fungicide in agri-
culture with poor anti-candida activity. However, its 
copper complex 114 was an activity-strong supermo-
lecule with effective inhibition in growth of C. candida 
strains[212]. 
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The substituents in the aromatic rings have effect on 

antifungal activity. It has also been found that in general 
the complexation of schiff bases with iron, copper, zinc 
and other metals also influences their antifungal activity. 
Makkar et al. found that cobalt complex of ethylidene- 
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aniline 115 gave moderate antifungal activity against A.  
alternata, F. oxysporum and M. roridum[213]. Acylhy- 
drazones constitute an interesting class of chelating  
agents, their metal complexes may have potential use in  
the biological fields. The metal(Ⅱ) complexes of ben- 
zoylhydrazone 116 and 117 showed a significant anti- 
fungal activity against Rizoctonia sp., Aspergillus sp.  
and Penicillium sp.[214]. Among them, the most exten- 
sively investigation was heterocyclic thiosemicarba- 
zones and their metal complexes. The nickel(Ⅱ) com- 
plexes of 5-methyl-2-furfural thiosemi-carbazone were  
found to exhibit moderate antifungal activity against  
human pathogenic fungi, A. fumigatus and C. albicans.  
Although their activities were weaker than their similar  
copper complexes, lower toxicity was observed[215]. The  
copper complex formed with 6-methyl-2-formylpy-  
ridine-N-dimethyl thiosemicarbazone is fungitoxic agai-  
nst the phytopathogenic fungi, A. alternata, F. equiseti 
and M. phaseolina, but it was less active than the free 
ligand[216]. 
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Besides the above complexes with effective antifun-
gal activities, copper(Ⅱ) complexes of sterically hin-
dered catechol derivatives exert pronounced antifungal 
properties against A. niger, Fusarium sp., P lividum, 
Mucor sp. and B. cinerea[217]. The antifungal activities 
of Cu(Ⅱ), Co(Ⅱ) and Ni(Ⅱ) complexes of (2-hydro- 
xyethyl)thiobenzene-1,2-diol 118 against 8 fungi 
showed that the copper complex was the most active 
supermolecule[218]. The marketed antifungal agents such 
as amphotericin B and viroconazole were changed to 

form liposome or nanoparticle supermolecules, they can 
not only improve the drug targeting and but also reduce 
the times of administration. 
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6  Supermolecules as anti-tuberculosis 
agents 

Tuberculosis (TB) is considered to be the highly dan-
gerous infective diseases to cause death with the high 
mortality throughout the world. The traditional anti-TB 
drugs, which have been used in clinic for several dec-
ades, displayed multidrug-resistance to some extent and 
affected clinical therapeutic efficacy. The long treatment 
cycle of tuberculosis increased drug resistance, and de-
creased the effectiveness of most available antitubercu-
lar agents. This resulted in reemergence of tuberculosis 
to threaten human. It is quite urgent to develop new 
anti-TB drugs. 

Isoniazid (INH) is still one of the important anti-TB 
drugs in clinic because of its distinct antitubercule ba-
cillus activity, and its combination with rifampicin is 
often used to treat TB in short-course chemotherapy. 
INH is a good metal ion chelator, and can be coordi- 
nated with Mn(Ⅱ), Co(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), Zn(Ⅱ), 
Cd(Ⅱ), Pb(Ⅱ) and rare earth metal ions to form stable 
complexes and thus ameliorate their liposolubility. 
Vigorita et al.[219,220] prepared the Cu(Ⅱ), Ni(Ⅱ) and 
Co(Ⅱ) complexes of INH, and found that complex 119 
exhibited higher Mycobacterium tuberculosis H37Rv 
growth inhibition than the parent drug. After that, this 
group reported Ni(Ⅱ) complex of isoniazid 120[221], and 
the complex 120b displayed 10-fold higher activity 
against Mycobacterium tuberculosis H37Rv (MIC = 
0.025 μg·mL−1) than rifampin and equal to isoniazid. 

N1-Benzylidene-pyridine derivatives exhibited mod-
erate anti-TB activities. In order to improve their 
anti-TB efficacy, Padhye et al.[222] prepared their Cu(Ⅱ) 
and Fe(Ⅲ) complexes 121(a－b), and found that the 
antitubercular activities for these metal complexes was 
32－64-fold enhancement in comparison with their  
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parent drugs. 
Ciprofloxacin (cf) is often used as anti-TB drug in 

clinic. Its application was limited to some extent because 
of rapid emergence of drug-resistant strains. Lately, its 
metal complexes were found to enhance remarkably the 
anti-TB activities, such as copper(Ⅱ) complex of cipro- 
floxacin (cf) 122. Possibly, the formation of organometal 
complexes increased its liposolubility, made it easier to 
penetrate into the bacterial cell, and at the same time, 
Cu(Ⅱ) ion was reduced to give copper(Ⅰ) species in- 
tracellularly resulting ultimately in oxygen activation 
which is detrimental to the mycobacteria. This result 
revealed that metal complexes with reducibility should 
be valuably helpful for the design of highly active anti-
tubercular drugs[223]. On the basis of this, Padhye et 
al.[224] again reported a mixed-ligand Cu(Ⅱ) complex 
containing ciprofloxacin and phenanthroline 123, but 
this mixed-ligand Cu(Ⅱ) complex did not enhance the 
antitubercular activity, this might be related to phe-
nanthridine to stabilize the cupric species and degrade 
reduction activity of cupric species.  

Ferrocenyl diamine complexes also possess potential 
antitubercular activity[225], the MIC values of complexes 
124a and 124b against Mycobacterium tuberculosis 
H37Rv were 8 μg·mL−1, lower activity than standard 
drug ethambutol (MIC = 2 μg·mL−1). The replacement 
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of the ferrocenyl moiety with the phenyl group (124c 
and 124d) resulted in complete loss of anti-tubercular 
activity. Some silver complexes of hydroxyl acids have 
potent and broad-spectrum antimicrobial activity[226]. 
Cavicchioli et al.[227] synthesized Ag(Ⅰ)-complexes 125 
and 126 coordinated with aspartame and cyclamate 
separately. The anti-mycobacterium activities showed 
that the Ag(Ⅰ)-aspartame complex 125 gave better effi-
cacy against M. kansasIIthe (MIC = 9.75 μmol·mL−1), 
while Ag(Ⅰ)-cyclamate complex 126 has a better activ-
ity (MIC = 15.7 μmol·mL−1) against M. tuberculosis and 
was promising as a new candidate for treatment of 
tuberculosis. 
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7  Supermolecules as antiviral agents 

Viral infections often result in serious diseases such as 
hepatitis, AIDS and SARS to threaten human health and 
life. In spite of this, viral enormous harm to human did 
not result in rapid progress of antiviral drugs. This is 

n 

n

n

n 

n 



 

 ZHOU ChengHe et al. Sci China Ser B-Chem | Apr. 2009 | vol. 52 | no. 4 | 415-458 441 

because viruses replication has close relation to human 
normal cells and would damage normal cells when in-
hibit viruses. Like other anti-infection drugs, antiviral 
drugs in long-term use easily lead to drug resistance, cut 
down curative effect and result in relapse. They have 
become quite urgent problems for clinical therapy and 
drug development to resolve. 

Disoxaril is an anti-rhinovirus agent with good activ-
ity, it was withdrawn from clinical studies due to the 
appearance of asymptomatic crystalluria with large 
dosage, and the concentration of the drug acting on nasal 
mucosa was very low. In order to improve the water 
solubility of disoxaril, Ventura et al.[228] employed 
2,6-di-O-methyl-β-cyclodextrin (DM-β-CD) to encap-
sulate the anti-rhinovirus drug disoxaril, and formed the 
1:1 inclusion complex. It was found that DM-β-CD was 
able to increase significantly water solubility of disoxaril, 
from 123 to 471.42 μg·mL−1 and improve efficiently the 
stability of drugs. The bovine nasal mucosa trail re-
vealed that the formation of inclusion complexes could 
control efficiently the disoxaril release rate, and resulted 
in a lag time of 2 h and enhanced the bioavailability of 
drugs. 

The CD4 cell surface molecules were the first target 
of HIV infection, thus inhibiting the entry of HIV into 
the cells through receptor CD4 antagonism became a 
dramatic method to prevent HIV infection. The entry of 
HIV into the cells requires the sequential interaction of 
the virus with a co-receptor CXCR4, therefore CXCR4 
can serve as a target for the research of new drugs, and 
this is a new breakthrough for anti-HIV therapy. Bicy-
clams AMD3100 is a favorable CXCR4 antagonist, it 
can inhibit replication of both X4 and X4/R5 types of 
HIV[229]. Compound AMD3100 displayed significant 
activity against HIV virus, unfortunately, it was found to 
have significant side effect to heart leading to its with-
drawal from further development as an anti-HIV agent 
in phase Ⅱ studies. In order to improve anti-HIV ac-
tivity of AMD3100, the complexation of AMD3100 with 
metal Zn(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), Co(Ⅱ) or Pd(Ⅱ) ion pro-
duced 1:2 complex 127, and it was found that the Zn(Ⅱ) 
complex (AMD3479) and Ni(Ⅱ) complex (AMD3462) 
were slightly more active than the parent ligand 
AMD3100. The Cu( Ⅱ ) (AMD3469) and Co( Ⅲ ) 
(AMD3461) complexes were less active than AMD3100, 
while Pd(Ⅱ) complex (AMD3158) was virtually inac-
tive. 
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Acyclovir (128) is an efficient nucleobase guanosine 
antiviral agent, and can be transformed into diphoponate 
in body. It could inhibit the replication of HSV by inter-
fering with DNA synthesis, and has become the first 
choice against herpesvirus infection. In order to improve 
the antiviral activity of acyclovir, many metal complexes 
of acyclovir with Cd(Ⅱ), Co(Ⅱ), Cu(Ⅱ), Ni(Ⅱ), Zn(Ⅱ) 
and Hg(Ⅱ) ions have been prepared and character-
ized[230－233], however, so far their antiviral properties 
have not been reported. 
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Research showed that some Co(Ⅲ) organic chelates 
also exhibited favorable antiviral activity. CTC-23 (129) 
was the first reported Co(Ⅲ) organic complex with anti-
viral activity, and displayed moderate activity against 
HSV-1[234]. Its analogue CTC-96 (130) exhibited least 
toxicity and best activity among these series of complex 
supermolecules against HSV-1 and HSV-2. CTC-96 ac-
celerated herpetic dendritic keratitis recovery better than 
trifluorothymidine as reference drug[235]. 
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In addition to above complexes with antiviral activity, 
cobalt(Ⅲ) hexammine complex also exhibited signifi-
cant antiviral activity. The IC50 value against Sindbis 
virus-infected cells is 0.13±0.04 mmol·mL−1[236]. Ruthe-
nium(Ⅱ) complex [H4Ru4(η6-p-benzene)4]2+ was active 
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against the Polio virus without inhibiting the growth of 
human cells[237]. 

8  Supermolecules as anti-epileptic 
agents 

A large number of experiments revealed that metabolic 
defects and glutamic acid anomaly may intensify or in-
duce excitotoxicity, and thus result in some neurogenic 
diseases. Epilepsy is a common neurological disorder, 
characterized by myoclonus, abscise of psychomotor, 
loss of consciousness, paraesthesia, disorder of senti- 
ment and psychomotor. The serious patients may sud-
denly lose the consciousness, tonic-clonic (grand mal) 
with symptom such as screaming, vultus cyanoderma, 
regurgitating foam and pupil diffusion, if the seizure 
lasts in a long time, it may make a threat to life. 

Carbamazepine (CBZ), a widely used anticonvulsant 
drug, was absorbed slow and gave low bioavailability in 
vivo due to poor water solubility and unstable meta- 
bolism. The 1:1 inclusion complex of carbamazepine, 
formed with β-CD, increased its aqueous solubility, and 
could reach enough concentration in minidose through 
controlling release rate[238]. Aryl semicarbazones encap-
sulated with CD or CD derivatives also can improve 
their aqueous solubility and bioavailability. For example, 
the inclusion complex of benzaldehyde semicarbazone 
(BS, 131) with HP-β-CD[239], its minimum dose neces-
sary to produce activity decreased from 100 mg·kg−1 for 
the free semicarbazone to 35 mg·kg−1, indicating that 
this inclusion complex increased significantly the water 
solubility, decreased release rate, and then improved its 
bioavailability. 
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Some metal-NSAIDs complexes possessed not only 

the anti-inflammatory and analgesic activities, but also 
anticonvulsant potential. Many researches in anticon- 
vulsant agents focused on the copper and zinc supra- 
molecular complexes of NSAIDs, especially the Cu2- 
(aspirinate)4 complexes[240]. The [Cu2(aspirinate)4- 
(DMF)2] complex was more effective in inhibiting 
MES-induced seizures than other binuclear or mono-  
nuclear copper chelates of aspirin, but had no activity in 
the scMET model of seizure. [Cu2(niflumate)4] com-

plexes, formed by cupric salt and niflumic acid[241], 
showed some activity in inhibiting Grand Mal and  
Psychomotor type seizures, and this was consistent with 
inhibition of electroshock-mediated brain inflammation. 
However, no activity was found for the prevention of 
Petit Mal type seizures. Some Zn-NSAIDs complexes 
have also been proved to possess anticonvulsant  
activities[242]. Complexes [Zn(aspirinate)2(H2O)2] and 
[Zn-(salicylate)2(phen)] were found to have excellent 
rivalry activity without Rotorod toxicity against  
psychomotor seizures, while complxes [Zn(3,5-DIPS)2- 

(DMSO)2], [Zn(aspirinate)2(H2O)2] and [Zn(salicylate)2-  

(phen)] exhibited particular useful efficacy in protecting  
against MES and scMET seizures. In view of the good  
potential of salicylato-metal complexes in anti-  
inflammatory and anticonvulsant activities, a series of 
metal Zn(Ⅱ), Co(Ⅱ), Ni(Ⅱ) and Mg(Ⅱ) complexes 
with 5-nitrosalicylate were prepared[243]. Only 132b was 
found to exhibit activity against MES-induced seizures, 
and all of the complexes had activity in protecting 
against the less intense minimal clonic seizure. Their 
activity order was 132c>133b, 133a>132a, 132b, 132d. 
Complexes 132a and 133 showed moderate activity 
against the MET-induced seizure and the relative order 
of effectiveness was 133a>133b>132a. 

 

 

9  Supermolecules as cardiovascular 
agents 

Cardiovascular disease is one of the major causes of  
death in developed countries over the world, and also  
has gradually become the life-threating first killer in  
some developing countries. The cardiovascular drugs  
have high requirements in drug release, some require  
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quick drug release, while some demand sustained drug  
release to decrease the times of administration. The in- 
clusion complexation of CD or its derivatives with the  
available cardiovascular drugs can meet these require-  
ments. 

The inclusion complexes of CDs with dihydropyri- 
dines calcium antagonist could overcome the problems 
of low dissolvability and easy oxygenolysis under light. 
The inclusion complexes of β-CD or HP-β-CD with the 
drug nifedipine, nitrendipine, captopril, nicardipine and 
nimodipine separately were confirmed to improve effec- 
tively the stability, bioavailability and solubility of these 
drugs, and the double-layer tablets of nifedipine encap- 
sulated by 2-HP-β-CD and hydroxypropyl cellulose 
could satisfy with the need of different release rate by 
changing their component ratio[244]. Uekama et al. pre-
pared the binary system formed by captopril with 
HP-β-CD or TB-β-CD and the ternary system of capto-
pril/TB-β-CD/HP-β-CD in different molar ratios, and 
investigated their release behavior in dogs[245]. It was 
found that the release rate of captopril from the binary 
HP-β-CD system was rather fast, whereas that from the 
binary TB-β-CD system was comparatively slower, the 
retarding effect being dependent on the amounts of 
TB-β-CD. The release rate from the ternary capto-
pril/TB-β-CD/HP-β-CD system was slowed down by the 
addition of small amounts of HP-β-CD, whereas the rate 
became faster as the molar ratio of HP-β-CD further 
increased (>0.25 molar ratio). The oral administration of 
the ternary captopril/TB-β-CD/ HP-β-CD system (molar 
ratio of 1:0.5:0.5) in dogs gave a plasma profile compa-
rable to that of a commercially available sustained re-
lease preparation. Some works investigated comparably 
the solubility-enhancing efficacy of Nimodipine by the 
use of several CDs including HP-β-CD and their deriva-
tives, and found that HP-β-CD resulted in better solubi-
lizing efficiency than methyl-β-CD, which may be ac-
ceptable for the injectable preparation of parenteral ni-
modipine solutions[246]. Fernandes et al.[247] prepared the 
inclusion complex of triacetyl-β-cyclodextrin (TA-β-CD) 
with nicardipine hydrochloride (NC), and carried out 
dissolution investigation in simulated gastric and intes-
tinal fluids in vitro. The result showed that release rate 
of the inclusion complex was consistent with zero order 
kinetics, and it was concluded that TA-β-CD can be used 
as sustained release preparation excipient. 

DY-9760e (134) was a novel cytoprotection agent for 
the treatment of acute ischemic stroke. Compared to 

neutral HP-β-CD, the electronegative SBE7-β-CD 
formed more stable inclusion complex with 134, and 
resulted in the significant enhancement of water solubil- 
ity and light stability for drug 134[248], and also de-
creased the DY-9760e-induced cytotoxicity toward 
HUVECs and vascular damage in rabbits[249]. 
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10  Supermolecules as MRI agents 

Magnetic resonance imaging (MRI) is a special imaging  
technique with multiparameter and polynucleation. Its  
physical principles are involved in the use of special  
frequency of electromagnetic waves to irradiate the hu- 
man tissues placed in the magnetic field and then result  
in the nuclear magnetic resonance of hydrogen atoms in  
different tissues. The electromagnetic waves were ab- 
sorbed and then emitted so-called nuclear magnetic  
resonance (NMR) signal[250]. This NMR signal revealed  
the internal structural information of matter, and the later  
was measured and analysized to be able to give the cor- 
responding physical and chemical information. Thus this  
technique exhibits important application values in phys- 
ics, chemistry, biology, medicine, etc.[251]. 

Since Lauterbur first used MRI in 1973, the MRI  
technique has been widely used in various biomedical  
domains as clinical diagnosis with no traumatic occ- 
lusion and multi-contrast. No matter in clinical diagnosis  
or fundamental researches, MRI has currently become  
an indispensable tool[252]. Its distinct feature is that the  
images are very clear for soft tissue. Up to now, none of  
any diagnostic imaging can be compared with MRI[253].  

Metal ions, such as Gd(Ⅲ), Dy(Ⅲ), Fe(Ⅲ) and 
Mn(Ⅱ) with large magnetic moment, could form stable 
chelates by chelation with appropriate ligands. These 
complex supermolecules may decrease toxicity and in-
crease molecular volume, and have become the chief 
objects in the research of MRI contrast agents[254]. Free 
Gd(Ⅲ) with hydration water and most of its corres-  
ponding complexes were not compatible to venous 
blood, easy to precipitate, and exhibited strong toxicity. 
Therefore, it was of importance to choose a series of Gd 
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complexes which were stable in blood or humor[255]. The 
first magnetic resonance contrast medium Gd-DTPA, 
Gd(Ⅲ) complex of diethylene triaminepentaacetic acid 
(DTPA), was developed by Bayer Schering Pharma, 
Germany, and was used in clinic in 1988. To date, nine 
Gd(Ⅲ) complexes have been used as MRI contrast 
agents in clinic, they are Magnevist (135a), MultiHance 
(135b), Primovist (135c), Vasovist (135d), Omniscan 
(135e), OptiMARK (135f), Dotarem (136a), ProHance 
(136b) and Gadovist (136c). Besides Gd(Ⅲ) complexes, 
Mn-DPDP complex Teslas- can (137) has also entered 
into the clinical practice[256]. 

Recently, the development and application researches 
of contrast agents mostly focused on the improvement of 
the ligands, and Gd(Ⅲ) was generally chosen as metal 
ion. The ligands included both linear and macrocyclic 
compounds. The current design has been majorly ori-
ented on modifications of the structural motifs of DOTA 
and DTPA to improve their selectivity and biocompati-
bility[257]. In recent years, much effort in the develop-
ment and application of contrast agents has been mainly 
expended two following aspects. 

First is to modify the ligands to reduce their toxicities 
and increase the stability and selectivity. 

The introduction of some functional groups in the 
modification of the ligand backbone of the contrast 
agents could ameliorate their hydrophobicity to obtain 
the tissue- or organ-specific contrast agents. Currently, 
major research fields were involved in three types of 
targeting contrast agents including liver-targeting agents, 
tumor-targeting agents and blood pool agents. Some 
hydrophobic groups, such as long chain bisamide, ali-
phatic moiety and phenyl ring, have been incorporated 
into the backbone of these complexes to increase their 
hydrophobicity, facilitate them to be absorbed selec-
tively by hepatic cell, and therefore possessed great po-
tential as liver imaging contrast agents. The contrast 
agents Gd(BOPTA) and Gd(EOB-DTPA) have been in 
the stage of clinic trials. 

Supramolecular complex Gd-DTPA is a MRI contrast 
agent being used extensively in clinic. It belongs to ionic 
contrast agent with high osmotic pressure and short de-
tention time in vivo, and is easy to excret from kidney 
metabolism, as well as has no tissue or organ specificity. 
Complex Gd-DTPA was modified to form electroneutral 
molecules, and thus exhibited much lower osmolality  

 
 

and toxicity in animals. The reaction of Gd-DTPA with 
bias-mides produced bisamido non-ion ligands such as 
Gd(DTPA-BDMA), Gd(DTPA-BDEA), Gd(DTPA-BIN) 
and Gd(cyclic-DTPA-1,2-pn)[258]. The animal expe- ri-
ments and MRI evaluation showed that four neutral 
Gd-DTPA bisamide derivatives gave good relaxation in 
bovine serum albumin, and possessed features of liver 
targeting, better water solubility, hypotoxicity, and long  
detention time in vivo. The Gd-DTPA derivative MS-325  
(Vasovist, 135d)[259] showed favorable binding ability  
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with human serum albumin (HSA) by using a bulky hy-
drophobic residue consisting of two phenyl rings at-
tached to a cyclohexyl moiety linked, and reduced filtra-
tion of glomcrulus monomer, which resulted in low  
renal excretion rate and prolonged halflife time in blood 
vessel. Complex 135d is also the first Gd(Ⅲ)-based  
contrast agent for angiographic applications to proceed 
to human trials. Chong et al. also prepared a series of 
DOTA derivatives 138－141[260] with liver targeting, 
these supramolecular complexes displayed higher relax-
ivity than standard Gd(DTPA) and Gd(DOTA). The 
Gd( Ⅲ ) complexes of the piperidine backboned 
PIP-DOTA and PIP-DTPA displayed reduced kidney 
accumulation, compared with the nonspecific 
Gd(DOTA). The strategy to increase lipophilicity and 
rigidity of the chelate system and thus enhance heap- 
tobiliary clearance and complex stability by incurpora- 
ting either a piperidine or an azepane ring into the DTPA 
system appears desire for the design of liver specific 
MRI contrast agents. Gd(Ⅲ) complexes 138－141 are 
promising to act as MRI liver agents or nonspecific 
agents in clinic. 
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Recently, many researches focused on Gd-DOTA de-  
rivatives. The complex P760 (142), a gadolinium mac-  
rocycle based on a DOTA structure that is substituted by 
hydrophilic bulky groups, had higher relaxivity and 
good biocompatibility[261]. In rabbits, 5 minutes after the 
injection of 142, the blood concentration of 1036±105 
μmol·kg−1 was equivalent to the blood concentration of 
Gd-DOTA 1 minute after injection. Furthermore, the 
slow permeability process, increased the sensitivity of 
142 for revealing permeability abnormalities, especially 

for tumor detection, and it displayed potential applica- 
tion. The complexes 143 and 144 were another two 
DOTA derivatives[262], and lanthanide radionuclide che-
lates of 143 and 144, when linked to appropriate bio-
molecules such as monoclonal antibodies or small pep-
tides, were promising radiopharmaceuticals for MRI 
imaging. The Gd(Ⅲ) complex supermolecule of amphi-  
pathic macrocyclic polyamine 145 could have been used 
as pH responsive MRI contrast agents in vitro[263,264]. 
The T1-relaxivity (r1) of Gd(Ⅲ)-HADO-DO3A (145a) 
increased 142% on changing the pH from 6 to 8. The pH 
dependence was thought to arise from the formation of 
supramolecular structures caused by deprotonation of 
the amphiphilic complex at alkaline pH. These com- 
plexes are able to form supramolecular systems such as 
micelles and mixed micelles in aqueous solutions, in the 
presence or absence of surfactants. The formation of 
these supramolecular systems increased the efficacy of 
the contrast agent due to an increase in the rotational 
correlation time (τR) of the Gd(Ⅲ) complex. 
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The novel bifunctional ligand 146 contains both 
acyclic and macrocyclic moieties[265], and the compound 
146c was fortuitously discovered during the preparation 
of 146b. The Gd(Ⅲ) complexes of 146(a－c) were pre-
pared and indicated that Gd(Ⅲ) complexes of ligand 
146 possessed higher relaxivity than Gd(C-DOTA). The 
supermolecules formed by the complexation of ligand 
146 with radiolabeled atoms 177Lu, 90Y, 205/6Bi and 153Gd 
exhibited good stability with retention time of 11 days in 
serum. The ligand 146 may be further modified by con-
jugating to the monoclonal antibody trastuzumab and 
then be used as antitumor agents. 
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Another aspect in the exploitation and application of 

contrast agents is to couple with macromolecule cova-
lently, resulting in the enhanced relaxation efficiency 
and targeting property. 

The DTPA and DOTA were introduced by polyester 
or polyamide into the backbone of polymer, or coupled 
covalently with natural or artificial synthetic polymer to 
be capable of forming macromolecular MRI contrast 
agents. They could decrease molecular spin rate, in-
crease relaxivity, maintain stable concentration in pro- 
longed time in blood vessel, and further profit angio- 
graphy, as a result these compounds were called blood 
pool contrast agent. In addition, when an organ- or tis-
sue-targeting group was attached to this macromo- lecu-
lar metal complex, it could be endowed with organ- or 
tissue-targeting property. 

The Gd chelates of DTPA derivatives coupled with 
deoxycholic acid moiety had a higher relaxivity and 
longer half-life in human blood[266]. Preliminary clinical 
tests showed that Tl decurtated to about 100 ms when 
injected 50 mmol·kg−1, and had good visualize effective 
toward aeteria coronaria in 30 min. 

The Gd-DTPA derivatives in covalent conjugation  
with the surface of polyamidoamine dendrimer sepa-  
rately to form dendritic chelates exhibited higher rela-  
xivities than Gd-DTPA. The macrocyclic Gd(Ⅲ) com- 
plexes formed by the conjugates of polyamidoamine 

(PAMAM) backbone with macrocyclic polyamine 
Gd(Ⅲ) complexes[267] could decrease the internal mobil-
ity of the MRI photographic developer, enhance its re-
laxivity efficacy , and could be used as pH-responsive 
MRI contrast agent in vivo.  

The supramolecular assembly, resulting from the 
self-association of a hydrophobic modified dextran 
(MD), a polymer of β-CD (pβ-CD) and a Gd(Ⅲ) chelate 
147[268], led to homogeneous stable nanoparticles with 
diameter of about 200 nm. This system possessed larger 
loading capacity, and exhibited a great relaxivity en-
hancement (r1 48.4 m·MS−1, at 20 MHz and 37 ), while ℃

for the Gd(Ⅲ) chelate itself the r1 value was 5.2 m·MS−1. 
The MD/pβ-CD nanoparticles appeared to be a good 
candidate for the delivery of contrast agents that could 
be further improved in terms of relaxivity by using Gd 
complexes endowed with a shorter exchange lifetime. It 
could also be improved in terms of stability by using a 
multifunctionalized Gd(Ⅲ) chelate of higher affinity 
and through the modification of the nanoparticle surface  
with hydrophilic polymers. 
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The excellent efficacy of MRI contrast agents enables 
them to be an important assistant method in daily appli-
cation. The first liver-targeting contrast agent has been 
in market, lymph and blood pool contrast agents will 
also be in market soon. In the near future, diseased re-
gion or organ targeting contrast agents with wide app-  
lication will become a basic tool in medical diagnosis 
image. With the development of new MRI techniques, 
such as MR angiography (MRA), perfusion MRI and 
diffusion-weighted MRI and their extensive use in 
clinical diagnosis, the research and development of MRI 
contrast agents will be faced with greater challenges. 
The major trends in the research and development of 
MRI contrast agents will focus on the tissue- or organ-  
targeting materials with high relaxivity and specificity, 
high contrast enhancement with low doses, low toxicity 
and side effects, and minimal expense. Along with the 
progress of biocoordination chemistry, NMR spectros-  
copy and medicine, it is no doubt that more and more 
novel, highly effective and low toxic contrast agents will 
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be used in clinic and bring more benefits to human. 

11  Supermolecules as other pharma-
ceutical agents 

Insulin is the most effective and the first choice in the 
treatment of advanced-stage diabetes. However, polype-  
ptide drugs like niditas insulin can aggregate by the in- 
teraction of internal hydrophobic residues and are often 
accompanied by drastic reduction of biological potency. 
The application of CD complexation represents a unique 
and effective strategy for improving drug solubility and 
activity by stabilizing them against aggregation[269]. Sa- 
jeesh et al. prepared HP-β-CD-insulin complex encap- 
sulated mucoadhesive nanoparticles, which could pro-  
tect the insulin from proteolytic degradation, resulting in 
the good oral insulin delivery systems[270]. Hirayama et 
al. prepared polypseudorotaxanes of pegylated insulin 
with CDs as supramolecular system. It was found that 
the release rate of the insulin in the γ-CD polypseudoro- 
taxane was lower than that of insulin alone, and the 
γ-CD polypseudorotaxane could prolong hypoglycemic 
effect of insulin in rats. The results indicated that the 
pegylated insulin/CD polypseudorotaxanes could work 
as a sustained drug release system[271]. Tolbutamide 
(TBM) was used clinically in tablet form as an oral hy-
poglycemic agent, and the inclusion complex of TBM 
with β-CD or HP-β-CD increased its aqueous solubility, 
dissolution rate and oral absorption rate[272]. Metal vana-
dium was a trace metal ion in higher animals and was 
well known to be essential to some organisms[273], and 
the vanadium complex VO-Hglu of D-gluconic acid as 
anti-hyperglycemic agent showed good efficacy and 
necessity to further develop as potential drug. 

The inclusion research of tacrolimus showed that  
complex of β-CD with tacrolimus gave the highest sta-  
bility constant among natural α-, β- and γ-CDs, this in- 
dicated that the cavity of β-CD matched with tacrolimus  
well[274]. Rocuronium bromide is frequently used as  
neuromuscular block agent in surgery. But a reversal  
agent, for example, neostigmine as inhibitor of acetyl-  
cholinesterase (AChE) was often administered in order 
to facilitate rapid neuromuscular recovery after surgery 
and to prevent residual blockade. However, the reversal 
agent would cause side effects like bradycardia, nausea 
and vomiting. Zhang et al.[275] prepared γ-CD-ro- 
curonium bromide inclusion complex, and X-ray crys- 
tallography data showed that their complex was stable in  

 

the cavity of γ-CDs, which blocked the pharmaco-activ- 
ity of rocuronium indirectly. The γ-CD derivative rap-
idly reversed the neuromuscular block effect of ro-
curonium bromide in vitro (mouse hemi-diaphragm) and 
in vivo (anaesthetized monkeys), and appeared to be 
superior to neostigmine without any toxic side effects, 
now has entered into clinical trial stage.  

Dopamine plays an important role in maintaining  
physiological functions of human body, and numerous  
efforts have been devoted to the development of dopa- 
mine for medicine. The macrocyclic compound 148  
could easily include aromatic amine guests such as  
dopamine, tyramine and phenyl ethylamine[276]. In order  
to improve its selectivity, considering the hydropho-  
bicity of cavity and steric conformational restriction, the 
substituent groups R1 and R2 of 148 were changed to 
afford their corresponding derivatives with better selec-
tivity to dopamine. This provided a new research ap-
proach for dopaminergics drugs. In the researches of 
macrocyclic compound cyclophanes, imidazolium or 
benzimidazolium cyclophanes became the highlight. For 
example, bis-imidazolium 149 and tetraimidazolium 150 
have gained large success in host-guest researches and 
mimicking enzyme catalysis[24－26, 277－280], and the onium 
cations in macrocycles as the host molecules of su-
pramolecular drugs inevitably play important roles in the 
research and development of supramolecular drugs. 

Buserelin acetate, an artificial synthetic nonapeptide, 
could form inclusion complex with DM-β-CD. Ultra- 
violet absorption and circular dichroism (CD) spectro- 
scopies indicated that the aromatic rings in side chain 
residues of L-tryptophan and L-tyrosine and butyl group 
in serine were incorporated into the hydrophobic cavity 
of DM-β-CD, and resulted in space conformational 
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changement of peptide chain, prevented unstable sites 
from being attacked by prolease, and thereby enhanced 
the stability of buserelin[36]. Flutamide (FLT) is a non- 
steroidal antiandrogen, and the formed FLT-HP-β-CD 
complex could improve oral bioavailability relative to 
FLT suspension. Intravenous pharmacokinetic profiles 
for both FLT and FLT-HP-β-CD were identical[281]. Bary 
et al.[282] investigated the effect of HP-β-CD on bioa- 
vailability of hydrocortisone (HC) as ophthalmology 
administration in the rabbit from New Zealand, and 
found that HP-β-CD increased the bioavailability of HC 
in the cornea by 75% and enhanced permeability of 
cornea greatly. 

12  Conclusions and outlooks 

As was mentioned above, supermolecules as chemical 
drugs formed by two or more molecules through the 
weak interactions of non-covalent bonds have been a 
quite rapidly developing, increasingly active and newly 
rising interdisciplinary highlight. Supramolecular drugs 
have been playing positive roles in many medicinal as-
pects such as antitumor, anti-inflammatory, analgesic, 
antimalarial, antibacterial, antifungal, antivirus, anti-  
epileptic, cardiovascular agents and magnetic resonance  
imaging agents and so on. In particular, a lot of  
supramolecular drugs as anti-tumor, anti-inflammatory  
and magnetic resonance imaging agents etc. have been  
extensively used in clinic, and brought benefits to  
mankind. The supramolecular drugs might enhance  
effectively the stability and safety, decrease the toxicity,  
eliminate abnormal flavour, overcome multidrug  
resistance and reduce adverse effects, improve the  
drug-targeting, the biocompatibility and bioavailability  
and so on. All of these properties could improve greatly  
the therapeutic efficacy of drugs. More importance is  
that numerous supermolecules as clinical drugs’ candi- 
dates are in actively ongoing research and development, 

and have shown that supermolecules as chemical drugs 
possess enormous potential. In addition, supramolecular 
drugs might spend less expense, take shorter time and 
have larger possibility as clinic drugs for their successful 
research and development, these virtues have been pow- 
erfully encouraging numerous researchers to engage in 
the research and development of novel supramolecular 
drugs. As predicting, it is inevitable that the research and 
development of supermolecules as chemical drugs will 
become increasingly active in near future. 

Currently, much important progress has been made in 
the research of supermolecules as chemical drugs. The 
hosts of supramolecular drugs were involved in cyclo-  
dextrins, porphyrins, polymers and some other structural  
compounds, and the guests themselves were drugs or  
non-drug molecules, but major researches in this field  
focused on the cyclodextrin, porphyrin and metal com- 
plexes. Thus it should be fairly said that the research of  
supramolecular drugs was still in their initial stage. With  
the further expansion of supramolecular chemistry and  
the deep investigation of the supramolecular drugs, the  
research and development of supramolecules as chemi- 
cal drugs will be consequentially further extended. The  
key topic area to research in the future might mainly  
include the following eight aspects:  

(1) Continuing using drugs themselves as guests to 
prepare supramolecular drugs, inevitably, further exten-
sion to employ some non-drug guests and/or non-drug 
hosts;  

(2) Continuing using CDs and their derivatives as 
hosts, meanwhile, future highlight probably in more and 
more efforts toward exploring other traditional macro- 
cyclic compounds as hosts, such as cyclophanes, crown 
ethers, calixarenes, porphyrins, phthalocyanines, cyclo- 
peptides, cucurbiturils and so on;  

(3) Researches of metal complexes becoming more 
active, increasingly important field maybe in the de- 
sign and synthesis of novel organometallic ligands as 
drugs;  

(4) Design and synthesis of highly selective hosts and 
their researches as novel types of drug-delivery systems 
to facilitate the drugs to reach easily and safely the target 
organs;  

(5) Design and synthesis of highly drug-loaded hosts 
being able to load more drugs and the researches of 
these hosts as drug carriers;  

(6) Researches in the solubility, stability, drug disso-
lution, selectivity as well as safety of supramo-  
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lecular drugs themselves;  
(7) Exploring the action mechanism of supramolecu-  

lar drugs;  
(8) Studies in structure-activity relationships of supra-  

molecular drugs. 
With the further expansion of supramolecular chem-

istry and its extensive extention in pharmaceutical sci-
ences, as well as the ongoing progress of cell biology, 

molecular biology, pharmaceutics, materials science, 
medicine and other disciplines, it is inevitable that more 
and more workers will engage in the research and de-
velopment of supramolecules as chemical drugs. More 
and more supramolecular drugs with good efficacy, low 
toxicity and good pharmacokinetics properties will be 
used in clinic and make remarkable contributions for the 
protection of human health. 
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