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Abstract. 
In recent years, the application of dendrimers in biomedicine attracted much attention from scientists. Dendrimers are interesting for biomedical applications because of their characteristics, including: a hyperbranching, well-defined globular structures, excellent structural uniformity, multivalency, variable chemical composition, and high biological compatibility. In particular, the three-dimensional architecture of dendrimers can incorporate a variety of biologically active agents to form biologically active conjugates. This review of dendrimers focuses on their use as protein mimics, drug delivery agents, anticancer and antiviral therapeutics, and in biomedical diagnostic applications such as chemically modified electrodes.


1. Introduction
Dendrimers are a class of well-defined hyperbranched polymers first developed under the name cascade polymers by Buhleier et al. in 1978 [1]. These initially small hyperbranched molecules were the basis for polypropylene imine (PPI) dendrimers, developed by the Meijer and Mülhaupt groups in the early 1990s [2, 3]. In 1983, Tomalia et al. reported a new class of dendrimers based on a mixture of amines and amides, the so-called polyamidoamine dendrimers, commonly known as PAMAM dendrimers [4]. A number of other dendrimer designs were reported by various research groups during the 1980s and 1990s, and the development of new dendrimer designs is ongoing [5]. The word dendrimer arises from the Greek dendron, meaning “tree” or “branch,” and meros meaning “part.” Other names for dendrimers are “arboroles” or “cascade polymers.”
On a molecular level the dendritic branching results in semiglobular to globular structures, mostly with a high density of functionalities on the surface together with a small molecular “volume.” A typical dendrimer is comprised of three different topological parts: (a) a central core which is either a single atom or an atomic group having at least two identical chemical functions; (b) building blocks with several interior layers composed of repeating units; and (c) multiple peripheral functional groups, generally located on the exterior of the macromolecule, which play a key role in their properties. The first part, the focal core, encapsulates various chemical species that exhibit unparalleled properties due to the special nanoenvironment surrounded by extensive dendritic branching. Next, the various interior layers composed of repeating units provide a flexible space created within the voids of dendritic building blocks, which are able to encapsulate various small guest molecules. Finally, the third part of a dendrimer is the multivalent surface, which can accommodate a large number of functionalities which can interact with the external environment, thereby defining the dendrimer’s macroscopic properties [6].
The three-dimensional structure of dendrimers gives them a variety of unique properties, such as nanoscaled globular shape, well-defined functional groups at the periphery, hydrophobic or hydrophilic cavities in the interior and extremely low polydispersity [7], and thus a wide range of potential applications. For example, most dendrimers have globular structures with molecular diameters less than 10 nm, which can be modulated by varying dendrimer generations. This property gives dendrimers similar sizes and shapes as specific proteins and other biomolecules and thereby makes them perfect as biomimics [8]. Also, the highly regular branching pattern of dendrimers imbues these dendritic architectures with well-defined numbers of periphery functional groups, providing opportunities for the presence of drug molecules, targeting moieties, and solubilizing groups on the surface in a multivalent fashion [9–12]. Moreover, hydrophobic and hydrophilic cavities in the interior of dendrimers make them useful candidates as unimolecular micelles for the encapsulation of guest molecules, especially drugs [13–15]. Finally, the low polydispersity of dendrimers assures the reproducibility of biodistribution of polymeric prodrugs using them as scaffolds [16, 17].
During the last decade, these dendrimers have proved to be promising nanocarriers for various drugs including anti-inflammatory, antimicrobial, and anticancer drugs [18–20] in different routes of drug administration [21, 22]; however, the application of dendrimers as scaffolds of prodrugs is particularly interesting [23–25]. Dendrimers are interested in the discovery of drugs by virtue of their activities against prion diseases [26], Alzheimer’s disease [27], inflammation [28], HIV [29], herpes simplex virus (HSV) [30], bacteria [31], and cancer [32]. In this review, we study the applications of dendrimers as protein mimics, delivery agents for drugs, and anticancer or antiviral therapeutics. In addition, we also discuss the use of dendrimers in biomedical diagnostic applications such as modified electrodes.
2. Dendrimers as Possible Globular Protein Mimics
Proteins are amphiphilic molecules that use macromolecular scaffolds to control the presentation of functional groups at their surfaces. Given the versatility of proteins as functional materials in biological systems, it is desirable to understand and develop ways to control presentation of functional groups in synthetic amphiphilic macromolecules. Recently, polymeric scaffolds have been used to achieve biomimetic functions [33, 34]. It should be noted that dendrimers are the only class of artificial macromolecules that are an excellent choice for biomimicry of proteins due to their high molecular weights and branched architecture.
In this context, within the PAMAM dendrimers family, some molecules closely match the sizes and contours of many important proteins and bioassemblies. For example, insulin (3 nm), cytochrome C (4 nm), and hemoglobin (5.5 nm) are approximately the same size and shape as ammonia-core PAMAM dendrimers generations 3, 4 and 5, respectively (Figure 1). Furthermore, generations 5 and 6 PAMAM dendrimers have diameters approximately equivalent to the thickness of lipid bilayer membranes (~5.5 nm) of biological cells, while a generation 2 dendrimer matches the width (2.4 nm) of DNA duplexes.














	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	

Figure 1: Size and shape comparison between protein and PAMAM dendrimers: (a) insulin, (b) cytochrome C, (c) hemoglobin, and PAMAM dendrimers generations (d) 3, (e) 4, and (f) 5.


However, although there are many similarities between dendrimers and globular proteins, it is also important to note significant differences. Whereas globular proteins are tertiary structures resulting from the intricate folding of sequenced linear structures, they are extremely fragile and susceptible to denaturing conditions, such as temperature, light, and pH. Furthermore, folded proteins generally produce densely packed interiors and surfaces possessing highly heterogeneous domains of functionality, hydrophobicity, and hydrophilicity. In contrast, dendrimers are robust, covalently fixed, three-dimensional structures possessing both a solvent-filled interior core (nanoscale container) and a homogenous, mathematically defined, exterior surface functionality (nanoscaffold) [35], as PAMAM dendrimers (Table 1 and Figure 2). The next sections show examples of mimetic applications of dendrimers.
Table 1: Some properties calculated to PAMAM dendrimers by generation [4, 6, 8].
	

	Generation	Molecular weighta	Diameter (Å)b	Functional groups
	

	0 	517 	15 	4 
	1 	1 430 	22 	8 
	2 	3 256 	29 	16 
	3 	6 909 	36 	32 
	4 	14 215 	45 	64 
	5 	28 826 	54 	128 
	6 	58 048 	67 	256 
	7 	116 493 	81 	512 
	8 	233 383 	97 	1 024 
	9 	467 162 	114 	2 048 
	10 	934 720 	135 	4 096 
	


 aThe molecular weight is based on an ideal structure of the dendrimer.

								bMolecular dimensions were determined by size exclusion chromatography. 






	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 2: Representation of G2.0 PAMAM with 16 terminal amine groups.


2.1. Dendrimers Mimicking in Angiogenesis
The dendrimers that mimic the surface structure of proteins involved in angiogenesis inhibition have been developed for use in antitumor systems [36]. Angiogenesis is an important process for tumor growth which is initiated by angiogenic factors, such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (b-FGF). These growth factors bind to their receptors on endothelial cells with the dependence of heparin or heparan sulfate proteoglycan (HSPG) in the extracellular matrix (ECM).

The participation of binding to heparin or HSPG leads to potential targets for antiangiogenic activity. It is well known that endostatin is an endogenous angiogenic protein that binds to heparin or HSPG and inhibits some functions of endothelial cells, resulting in a potent suppression of angiogenesis. Shimamura et al. [37] focused their attention on the characteristic positive-charge-rich surface of endostatin and the interaction between its arginine residues (Arg) and either heparin or HSPG. This group designed novel arginine-rich dendrimers, TX-1943 (8 Arg residues), and TX-1944 (16 Arg residues), which mimic the surface structure of endostatin and evaluated their antiangiogenic ability, in vitro and in vivo. In vitro studies demonstrated that both dendrimers bound to heparin. Besides, this investigation showed that angiogenesis inhibition of b-FGF stimulated proliferation and tube formation of endothelial cells (Figure 3(a)). However, in vitro the antiangiogenic activity of TX-1944 was stronger than that of TX-1943 (Figure 3(b)). Moreover, both types of dendrimers exhibited potent antiangiogenic activity in the chicken embryo chorioallantoic membrane assay, in vivo. These data suggest that arginine dendrimer can be used to suppress or prevent the growth and metastasis of solid tumors.


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
	
	
	
		
			
			
				
			
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
	
		
		
		
		
		
		
	
	
	
	
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
	
		


	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 3: Schematic representation of (a) process of angiogenesis and (b) antiangiogenic activity of arginine-rich dendrimers,TX-1944 and TX-1943.


2.2. Biomimetic Regeneration of Hydroxyapatite
Dental enamel is the hardest mineralized tissue in the human body [38, 39]. This hard tissue comprises 96% inorganic materials and 4% organic materials and water by weight. The inorganic content is nanorod-like hydroxyapatite (HAP) crystals arranged into highly organized hierarchical microstructures. These special structures play an important role in determining the unique physicochemical properties of dental enamel. Recent studies have reported that extracellular matrix proteins, such as amelogenin, are essential for the control and modulation of these special structures during the biomineralization of enamel [40]. However, these proteins that induce and control the crystallization of apatite are almost completely degraded or removed during enamel maturation [41–47]. Therefore, unlike dentine and bone, mature enamel has no ability to reform highly organized crystals. Conventional treatments replace the defected enamel with substitute materials, such as resin and amalgam. These substitute materials are quite different from the normal enamel in chemical composition and crystal structure. Moreover, these materials require the sacrifice of healthy tooth tissue. Thus, the materials are not ideal for repairing defective enamel. Nowadays, biomimetic synthesis of enamel-like HAP has attracted much interest from research groups. Many methods have been used in vitro to form enamel-like crystals, including amelogenin, calcium phosphate solution, and nanohydroxyapatite. Some have used amelogenin to mimic the biomineralization process of enamel [48–55].
One study of biomimetic regeneration of hydroxyapatite was done by Chen et al. [56, 57]. Their investigation set out to mimic protein-crystal interaction during biomineralization with the use of artificial proteins (dendrimers). They demonstrated that PAMAM dendrimers capped with carboxylic acid can be absorbed to enamel crystals. Recently, Wu et al. [58] synthesized carboxyl-terminated poly(amidoamine) (PAMAM-COOH), alendronate (ALN) conjugate (ALN-PAMAM-COOH), in order to mimic the organic matrices induced biomineralization process in developing enamel and enhance the binding strength at the remineralization interface (Figure 4).


	
	


	
	



	
		
			
		
			
		
	


	
		
			
		
			
		
	


	


	





	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	





	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	





	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	































Figure 4: Schematic representation of the regeneration process of hydroxyapatite with alendronate (ALN) conjugate to carboxyl-terminated poly(amidoamine) (PAMAM).


Overall, their results suggest that ALN-PAMAM-COOH is highly promising as a restorative biomaterial for in situ remineralization of human tooth enamel. Another example is the work of Chen et al. [59]; they investigated the effect of G3.0 PAMAM dendrimers with carboxylic acid (PAMAM-COOH) on crystal growth on etched enamel. Their study showed that PAMAM-COOH can function as an organic template on the demineralized enamel surface to induce the formation of HAP crystals with the same structure, orientation, and mineral phase of the intact enamel in relatively short time.
2.3. Collagen-Mimetic Dendrimers
Collagen is a fundamental constituent of extracellular matrixes on which tissues are built in vertebrates and comprises about one-third of proteins in animals [60]. It is a vital component of connective tissues such as bone, cartilage, skin, and tendon, and its high tensile strength is due to its triple helical structure. Collagen obtained from human cadavers and bovine sources induces disease transmission and allergic responses [61], so, it is necessary to develop synthetic and artificial material analogous to collagen. In this sense, Kinberger et al. [62] reported the synthesis of collagen mimetic dendrimers based on a trimesic acid (TMA) core structure and a tris-based scaffold. Gly-Pro-Nleu and Gly-Nleu-Pro sequences were used to synthesize collagen-mimetic dendrimers. Thermal denaturation monitored by optical rotation and circular dichroism measurement showed that dendrimers exhibited a triple-helical structure. Their results also indicated that collagen-mimetics synthesized from the Gly-Nleu-Pro sequence were thermally more stable triple-helical structures than the equivalent structures formed from the Gly-Pro-Nleu sequence. The same group of researchers described another collagen-mimetic dendrimer composed of the Gly-Pro-Nleu sequence fabricated on a G1 PAMAM core [63]. The collagen-PAMAM conjugates were synthesized to prepare collagen mimetic dendrimers with increased functionality with respect to the TMA-based structures and to study the effect of different dendritic architecture on collagen mimetic melting transitions. They suggested that synthesis of PAMAM collagen-mimetic conjugates and their resultant complexation with metal cofactors such as Cu2+ and Ni2+ may have extraordinary biological properties.
3. Dendrimers as Drug Delivery Agents
Oral drug delivery is the most desirable route for polymeric drug carriers and has been used for the administration of many drugs. However, the oral bioavailability of polymeric drug carriers is often limited by their large size and molecular weight. Therefore, the variation in the mechanism and net permeability of polymeric drug carriers has been attributed to the difference in their structural features such as hydrodynamic volume, molecular weight, molecular geometry, and charge [64]. Dendrimers as drug delivery carriers are of great interest due to their highly controllable structure and size, and the terminal functional groups of dendrimers show higher chemical reactivity compared with other polymers [65]. The functional groups of dendrimers have been conjugated to various biologically active molecules. In this regard, PAMAM dendrimers have been extensively investigated for oral drug delivery [66–70], because they are a family of water-soluble polymers characterized by unique tree-like branching architecture and a compact spherical shape in solution [71]. Their potential as a drug carrier arises from the large number of arms and surface amine groups that can be utilized to immobilize drugs, enzymes, antibodies, or other bioactive agents (Figure 5) [72, 73].













































































































































































	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	













Figure 5: Schematic representation of the use of dendrimers in different medical applications: cell repair, diagnosis, and delivery agents.


Initial studies have showed that PAMAM dendrimers can permeate across epithelial barriers by a combination of transcellular and paracellular routes and can transiently open tight junctions. This enhances their transport via the paracellular pathway [74, 75] suggesting their potential as oral drug carriers [76, 77]. However, limited data are available for a systematic correlation of the structure of these polymers with their transport across biological barriers, specifically the intestinal epithelia. In this sense, a general trend observed is that cationic PAMAM dendrimers are more toxic than their anionic counterparts, larger dendrimers are more toxic compared to smaller dendrimers of similar surface functionality, and masking cationic residues with noncharged groups improves tolerability of PAMAM dendrimers and their uptake by the epithelial cells [78].
Wiwattanapatapee et al. [79] investigated the effect of PAMAM dendrimer size, charge, and concentration on uptake and transport across the adult rat intestine in vitro using the everted rat intestinal sac system. They studied cationic PAMAM dendrimers (generations 3 and 4) and anionic PAMAM dendrimers (generations 2.5, 3.5, and 5.5). They showed that [80] I-labeled dendrimers suggested that transport across the intestinal membrane was charge dependent, and they demonstrated that cationic dendrimers tissue uptake was higher than serosal transport. Finally, 2.5G and 3.5G dendrimers were assumed to be transported through third-phase endocytosis. In contrast, 5.5G and cationic dendrimers were observed to be taken up by specific or nonspecific adsorptive endocytosis.
3.1. Dendrimers in Administration Drug
The application of dendrimers in pharmaceutical and medical chemistry is fast becoming one of the most attractive areas of dendrimer chemistry and the potential of dendrimers as drug administration agents has been explored for several researchers. For example, D’Emanuele et al. [81] synthesized prodrug by binding propranolol with 3G and lauroyl-3G PAMAM dendrimer and determined the effect of these conjugates on transport of propranolol across the adenocarcinoma cell line CaCo-2. They observed the following: the apical (A) to basolateral (B) apparent permeability coefficient, Papp, of propranolol was increased and its B→A Papp decreased following conjugation to G3 dendrimers. Conjugation of propranolol to lauroyl-G3 dendrimers further increased its A→B Papp. Furthermore, they show that the A→B Papp of propranolol conjugates was reduced in the presence of the endocytosis inhibitor colchicine, suggesting that the enhancement mechanism involves endocytosis-mediated transepithelial transport (Figure 6). The A→B Papp of conjugated propranolol was not altered in the presence of the P-gp inhibitor cyclosporine A suggesting that conjugation of drug to dendrimer allows the bypassing of the efflux transporter. The results suggest that dendrimer-drug prodrugs may be used to increase drug solubility and bypass drug efflux transporters, therefore increasing drug bioavailability.





	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	






	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	






	


	


	


	





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	



	


	


	





	


	


	


	


	


	


































































	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	


	
		
		
	
	
		
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	
















	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	













Figure 6: Schematic representation of transepithelial transport mechanism of dendrimer-drug complex.


Subsequently, Na et al. [82] studied the prolonged delivery of ketoprofen using PAMAM dendrimers. Ketoprofen or 2-(3-benzoylphenyl)-propionic acid is a nonsteroidal anti-inflammatory drug with well-known anti-inflammatory, antipyretic, and analgesic properties. However, this drug has low solubility in water and causes local or systemic disturbance in the gastrointestinal tract. Therefore, this group investigated the potential of polyamidoamine (PAMAM) dendrimers as drug carriers of ketoprofen by in vitro and in vivo studies. The in vitro release of ketoprofen from the drug-dendrimer complex is significantly slower compared to pure ketoprofen. Antinociceptive studies using the acetic acid-induced writhing model in mice showed a prolonged pharmacodynamic behavior for the ketoprofen-PAMAM dendrimer complex.
Afterwards, Cheng et al. [83] investigated the potential of PAMAM dendrimers as drug carriers of CPT through aqueous solubility studies. Camptothecin (CPT), a plant alkaloid isolated from Camptotheca acuminata is a potent anticancer agent against a wide spectrum of human cancers, including lung, prostate, breast, colon, stomach, bladder, ovarian, and melanoma cancers. However, CPT has an extremely low solubility in aqueous medium, which presents a major challenge during drug formulation in clinical trials. Results showed that the aqueous solubility of CPT was significantly increased by PAMAM dendrimers.
In the same context, Goldberg et al. [84] evaluated G3.5 PAMAM dendrimer-SN38 (7-ethyl-10-hydroxycampothecin) conjugates with ester-linked glycine and β-alanine spacers for their suitability in oral therapy of hepatic colorectal cancer metastases. This work showed several important advantages about the use of G3.5-SN38 conjugates. First, because the drug is covalently conjugated to the dendrimer rather than complexed, the conjugates are relatively stable in the gastric and intestinal environments, minimizing premature drug release upon oral administration. Other studies conducted of G3.5-SN38 conjugates on Caco-2 monolayers, model of intestinal epithelial barrier, did not showed low cell viability, while comparable concentrations of SN38 caused significant cytotoxicity. Furthermore G3.5-glycine-SN38 and G3.5-βAlanine-SN38 showed half maximal inhibitory concentrations values (IC50) of 0.60 and 3.59 μM, respectively, in HT-29 cells treated for 48 h, and these data indicate the efficacy of the drug delivery system in colorectal cancer cells with longer incubation time. In addition, these systems can be used at higher concentrations (100 μM versus 10 μM) due to the low intrinsic toxicity of G3.5 dendrimers, allowing for greater drug transport across the gastrointestinal barrier and a higher dose at the site of action. Finally, G3.5-Gly-SN38 conjugates release the drug in the presence of carboxylesterase allowing for the targeted treatment of colorectal hepatic metastasis.
4. Dendrimers as Carriers or Scaffolds for Diagnosis and Therapy
Dendrimers have been used to carry a variety of small molecule pharmaceuticals. These molecules have a number of advantages for use as carriers or scaffolds for diagnosis and therapy. For example, the amphiphilic property and the interior cavities of dendrimers can be used to encapsulate hydrophobic or hydrophilic drugs depending on dendrimer components [85, 86]. In addition, dendrimers are monomolecular polymer micelles and this property avoids the instability of drug formulations using traditional amphiphilic polymers. On the other hand, the generation-size linear correlation of dendrimers means that they can be selected for a suitable size for specific biomedical applications. For example, medium-sized dendrimers of around 5 nm are used for MRI contrast agents in the diagnosis of lymphatic systems [87]. The highly branched, multivalent nature of dendrimers makes them ideal candidates for tissue engineering applications, and they are used as cross-linking agents, modulators of surface charge and surface chemistry, and primary components in scaffolds that mimic natural extracellular matrices.
4.1. Dendrimers as Anticancer Drug Carriers
Initial studies of dendrimers as potential delivery systems focused on their use as unimolecular micelles and “dendritic boxes” for the noncovalent encapsulation of drug molecules. For example, in early studies, DNA was complexed with PAMAM dendrimers for gene delivery applications [88], and hydrophobic drugs and dye molecules were incorporated into various dendrimer cores [89–92]. An advantage of using dendritic unimolecular micelles rather than conventional polymeric micelles is that the micellar structure is maintained at all concentrations because the hydrophobic segments are covalently connected. However, this approach suffers from a general drawback in that it is difficult to control the release of molecules from the dendrimer core. In some cases, harsh conditions are required, whereas in others the encapsulated drug is not well retained and the molecules are released relatively rapidly [93, 94]. An alternative approach to the development of dendrimers as anticancer drug carriers is to exploit their well-defined multivalency for covalent attachment of drug molecules to the dendrimer periphery. The drug loading can be tuned by varying the generation number of the dendrimer, and release of the drug can be controlled by incorporating degradable linkages between the drug and dendrimer. For example, encapsulation of the well-known anticancer drug cisplatin within PAMAM dendrimers gave conjugates that exhibited slower release, higher accumulation in solid tumors, and lower toxicity compared to free cisplatin [95].
In this regard, Malik et al. [96] prepared anticancer prodrugs, complexed carboxylate-terminated PAMAM dendrimers with cisplatin. They observed that cisplatin molecules can be released from the dendrimer scaffold by hydrolysis. Moreover, the prodrugs showed sustained release behavior (<1% after 80 h), much greater maximum tolerated dose, bioavailability of cisplatin, and prolonged survival period of tumor-bearing mice. Similarly, Malik and Duncan [97] showed that the dendritic polymer platinates may be administered intravenously, orally, parentally, subcutaneously, or topically to an animal with a malignant tumor in an amount which effectively inhibits the growth of the tumor. Also, dendritic polymer platinates exhibit high drug efficiency, high drug carrying capacity, good water solubility, good stability on storage, reduced toxicity, and improved antitumor activity in vivo. On the other hand, the work of Balogh et al. [98] showed the encapsulation of silver salts within PAMAM dendrimers produced conjugates that exhibited slow silver release rates and antimicrobial activity against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli bacteria.
4.2. Dendrimers as MRI Contrast Agents
Magnetic resonance imaging (MRI) is an important tool in modern medicine, providing high-quality three-dimensional images without the use of harmful ionizing radiation. The signal intensity in MRI stems mainly from the relaxation rate of in vivo water protons and is enhanced by the administration of a contrast agent prior to the scan. Such agents include a paramagnetic metal ion that decreases the relaxation times of nearby water protons. Different groups of contrast agents are established for clinical application: gadolinium chelates, superparamagnetic iron oxide particles, and hepatobiliary contrast agents. However, the gadolinium chelates constitute the largest group of MRI contrast agents and are considered to be safe. The crucial properties of MRI contrast agents include good biocompatibility, low toxicity, and high relaxivity. Low molecular weight MRI contrast agents diffuse rapidly from blood vessels into the interstitial space and are excreted from the body very rapidly [99]. Paramagnetic metal chelates such as Gd(III)-N,N′,N′′,N′′′-tetracarboxymethyl-1,4,7,10-tetraazacyclododecane (Gd(III)-DOTA), Gd(III)-diethylenetriamine pentaacetic acid (Gd(III)-DTPA), and their derivatives are used as contrast agents for magnetic resonance imaging (MRI), because these metal chelates increase the relaxation rate of surrounding water protons [100]. However, the shortcomings of these low molecular weight contrast agents include short circulation times within the body and inefficient discrimination between diseased and normal tissues. Subsequently, macromolecular Gd(III) complexes have been developed by conjugating Gd(III) chelates to biomedical polymers, including poly(amino acids), polysaccharides, and proteins to improve image contrast enhancement. These macromolecular agents have demonstrated superior contrast enhancement for blood pool imaging and cancer imaging in animal models. Unfortunately, the clinical application of macromolecular agents in general is limited by their slow excretion rate which results in their accumulation within the body, that is, the liver. In addition, the long residence time of MRI agents enhances the risk of potential toxicity by Gd(III) ions released during the metabolism of these agents [101, 102].
On the other hand, Wiener et al. [103] developed a new class of magnetic resonance imaging contrast agents, Gd(III)-DTPA-based PAMAM dendrimers, with large proton relaxation enhancements and high molecular relaxivities. These 6th generation PAMAM dendrimers possess 192 reactive terminal amines, which can be conjugated to the chelating ligand 2-(4-isothiocyanato-benzyl)-6-methyl-(DTPA) through a thiourea linkage. This dendrimer has a relaxivity a six times higher than that of free Gd(III)-DTPA complex. In vivo experiments on rabbits show excellent MRI images of blood vessels and long blood circulation times (>100 min) upon intravenous injection. In addition, Kobayashi et al. [104] synthesized small dendrimer-based MRI contrast agents and investigated the relationship between relaxivity and dendrimer generations using Gd(III)-DTPA based PAMAM dendrimers. The results of this study revealed that relaxivities increased as the dendrimer generation increased, but there was no significant increase in relaxivities beyond 7th generation.
4.3. Dendrimers as Tissue Regenerators
The field of tissue engineering has progressed greatly over the past few decades [105, 106]. The goal of this field is the regeneration of native tissue by supplementing the natural healing process of the body or the creation of entire organs for transplantation. The first step constructing tissue construct is the selection of an appropriate scaffold material. Scaffolds may be as simple as a two-dimensional surface upon which cells can grow, or sophisticated scaffolds may encapsulate one or more cell types in three dimensions [107]. Most scaffolds are prepared as porous structures that allow for the diffusion of nutrients to and waste product away from the cells. The goal of tissue engineering applications is for the encapsulated cells to regenerate native extracellular matrix (ECM) and eventually replace the scaffold altogether. Therefore, the scaffold must biodegrade at a rate that complements the biosynthesis of new ECM.
Polymeric scaffold compositions can be divided into two main categories: natural and synthetic. Natural scaffolds are constructed from proteins, carbohydrates, or glycoproteins. Collagen is the most commonly used protein for scaffold construction [108]. Fibrin is another protein used for scaffold construction due to its ability to assemble into mesh-like networks [109]. Hyaluronic acid [110] and chondroitin sulfate [111] are key structural components and have been used extensively as tissue engineering scaffolds. Carbohydrates such as alginate [112], dextran [113, 114], and chitosan [115] are also used as scaffold materials due to their ability to form hydrated networks. The synthetic linear polymers, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(caprolactone) (PCL), and poly(ethylene glycol) (PEG) have also been used extensively as scaffold materials [116, 117].
4.3.1. Dendrimers in Cell Repair
Intact extracellular matrices (ECMs) have demonstrated potential as biomaterials in various tissue engineering and clinical applications [118, 119]. These ECM scaffolds provide a natural three-dimensional support to aid the initial mechanical requirements necessary to support damaged or excised tissue [120–122]. In addition, ECM provides vital biological cues for cellular recognition which is essential for initial cellular attachment, subsequent cellular differentiation, in-growth of vascular networks, and secretion of new ECM requisite for eventual scaffold remodeling and tissue regeneration. Dendrimer works as a linker to the scaffold and as a carrier of bioactive molecules. The dense functional groups terminated on surface of dendrimers can react with intrinsic functional groups in protein-based scaffolds to form covalent binding. Conveniently in this way, scaffold stability can also be tailored by controlling the extent of cross-linking, which has the benefit of extending their in vivo life [123]. Availability of multiple functional groups effectively amplifies the number of sites available for conjugation with exogenous bioactive molecules. For example, Chan et al. [124] used generation 1 polyamidoamine (G1 PAMAM) dendrimer as a model dendrimer and incorporated into cholecyst-derived extracellular matrix (CEM), a novel intact extracellular matrix derived from the perimuscular subserosal connective tissue of porcine cholecysts developed in their laboratory [125]. They observed the incorporation of varied feed concentrations of PAMAM dendrimer in CEM using the EDC/NHS cross-linking system resulted in covalent binding of PAMAM on CEM. Varied degrees of cross-linking, improved stability of CEM to enzymatic degradation, increased amine functional groups useful in tethering bioactive agents, maintenance of tensile strength but increased flexibility of scaffold, and preservation of the ability of DENCEM to support cells in vitro were observed.
On the other hand, Boduch-Lee et al. [126] showed the design and synthesis of star polycaprolactone-hydroxyapatite films for use as a biodegradable matrix for bone tissue engineering. They used a hybrid scaffold composed of poly(caprolactone) (PCL) chains conjugated to a poly(L-lysine) dendritic core to fabricate an HA-composite for in vitro bone regeneration. The effect of these scaffolds was evaluated in the cell line MG-63. They observed that the dendrimer-PCL HA hybrid performed much better than linear PCL, suggesting that the dendritic architecture presents advantages over linear polymers for the purposes of in vitro bone cell growth and adhesion over 24 hours.
4.4. Dendrimers in Vaccine Development
Vaccination has proven to be a very cost-effective way of controlling infectious diseases caused by microbial pathogens and has been known in its modern form since the pioneering work in the late 18th century when Jenner introduced vaccinia (cowpox virus) as the first reliable vaccine [80]. Subsequently, many other successful vaccines have been developed, empirically, on the basis of attenuated or killed microorganisms or their toxins. Nevertheless, efficient vaccines are still needed for HIV1, tuberculosis, malaria, and a range of respirator and intestinal infectious diseases. Vaccination has been a powerful tool for eradicating smallpox and decreasing formerly widespread diseases like polio, measles, and rinderpest. Even so, a wide range of infectious diseases are still abundantly present around the globe (malaria, tuberculosis, and bacterial and viral diarrhea being the most widespread). Such diseases are generally caused by complex pathogens where a more rational approach in vaccine design is needed [127].
Therefore there is a growing need for a new-generation of vaccines to target these infectious diseases. With an increased knowledge of the molecular actions of the immune system, there is now a unique possibility to exploit well-defined chemical methods to create such new vaccines with optimal qualities. Dendrimers have optimal characteristics to fill the need for efficient immunostimulating compounds (adjuvants) that can increase the efficiency of vaccines. Also dendrimers can provide molecularly defined multivalent scaffolds to produce highly defined conjugates with small molecule immunostimulators and/or antigens [128]. These molecules are ideal carriers of small antigens, making it possible to prepare multimeric antigenic conjugates with well-defined molecular properties for human uses and they do not induce adverse host responses, including immune and/or inflammatory reactions upon administration. The interest has focused on one specific class of dendrimers, namely, the peptide dendrons described in 2005 by Crespo et al. [129]. Historically, these structures were rooted in the peptide world rather than the dendrimer world, peptides being the subject of intense interest as antigens in the 1980s due to the advances in peptide solid-phase synthesis that were occurring at that time [130] and due to the realization that high-affinity immune reactivity demanded the development of efficient methods for presenting peptides to the immune system. The basic structure described by Tam [131] is a dendron constructed solely from lysine, taking advantage of the two amino groups (R and 
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) that are present in each lysine molecule and act as branching points for logarithmic growth. A two-layer dendron thus has four free amino groups and a three-layer dendron has eight, equally divided between R- and 
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-amino groups. Tam coined the name “major antigenic peptide” (MAP) for such a structure derived from molecules of interest, not only limited to peptides, but also any small molecule that could bind covalently to the terminal amino groups of the MAP “core” dendron.
4.4.1. Dendrimers as Molecularly Defined Carriers/Presenters of Small Antigens
The final goal of human immunodeficiency syndrome (AIDS) research is a vaccine, since any combination of drugs has not caused a complete curing of AIDS [132]. In this sense, Wang et al. [133] examined the vaccine function of the multiple antigen peptide (MAP) which was synthesized by coupling the V3 loop (third variable region of envelope glycoprotein gp120 of HIV) sequence to lysine dendrimer by Tam [134], Tam and Lu [135]. They observed that the MAP elicited relatively high and sustained levels of HIV-1-specific neutralizing antibodies in animals. In the same context, Baigude et al. [136] reported the synthesis of first glycopeptide dendrimer-type AIDS vaccine model consisting of a V3 loop peptide-succinyl-maltose-proline-poly(lysine) dendrimer scaffold. To increase the antigenic efficiency of V3 loop or related peptides, they designed glycopeptide dendrimer type AIDS vaccine with modified V3 peptide sequences. This vaccine model is different from the previously reported dendrimer vaccine, because it contains a sugar moiety. By introducing sugar into the dendrimer, enhancement in water solubility and decreases in the cell toxicity and the antigenicity of dendrimer itself can be achieved [137].
On the other hand, infection with Streptococcus pyogenes, commonly known as group A Streptococcus (GAS). It is responsible for acute and postinfectious complications, including rheumatic fever and rheumatic heart disease (RHD). RHD is a global health burden, and Australia’s indigenous population has one of the highest incidences of RHD worldwide. A potential peptide (J14) vaccine candidate has been previously identified from the C-terminal region of the M protein. However, such peptide-based vaccine development is hampered by a lack of carriers and adjuvants suitable for humans use. Zaman et al. [138] developed a fully synthetic peptide subunit vaccine candidate based on polyacrylate dendritic polymer. Intranasal administration of this nanoparticulate construct without additional adjuvant induced J14-specific IgG, which was also capable of in vitro opsonization of GAS, highlighting the potential of self-adjuvanting polyacrylate nanoparticle-based construct as a peptide vaccine delivery platform that may afford promising opportunities for treating systemic GAS infection.
In this regard, Wang et al. [139] reported immunization studies with a multiple antigen peptide vaccine designed to rely on “universal” T epitopes from tetanus toxin to produce T-cell help for induction of protective antibodies against the repeat region of the PyCSP. They observed that, when delivered with a nonionic block copolymer adjuvant, the vaccine protected 78% to 100% of three inbred strains of mice and 100% of outbred mice against “universal” T epitopes from tetanus toxin to produce T-cell help for induction of protective antibodies against the repeat region of the PyCSP challenge. In this sense, the protection was associated with antibody titer, and passive transfer of purified IgG from immune mice protected naive recipients. Similar protection was achieved when the peptide was encapsulated in liposomes with lipid A and mixed with aluminum hydroxide. This research showed for the first time solid protection against P. yoelii by polyclonal antibodies against the CSP, and these data provide the rationale for assessment of a similarly constructed and formulated P. falciparum CSP multiple antigen peptide vaccine in humans. By far, most of the reported immunizations with MAP constructs have been performed with traditional adjuvants. Moreno et al. [140] tested aluminium hydroxide, Freund’s adjuvant, and a saponin adjuvant (QS-21) for their ability to induce antibodies together with a MAP structure containing Plasmodium falciparum T- and B-cell stimulatory peptides. They observed that the addition of a coadjuvant QS-21, a purified saponin, significantly increased the immunogenicity of the alum-adsorbed MAP in both mice and monkeys, providing a vaccine formulation suitable for phase I trials in human volunteers. Another example is the work of Ota et al. [141]; they showed that pRL1a multiple antigen peptide- (MAP-) sensitized dendritic cell (DC) and P815 cell lysis by pRL1a-specific B-24 CTL was blocked by incubating target cells at 4°C during sensitization. This finding suggested that pRL1a MAP was mostly internalized in DC and P815 cells and produced pRL1a peptide epitopes for presentation with H-2L(d). Furthermore, they showed that sensitization with pRL1a MAP was inhibited by the addition of chloroquine, cycloheximide, and brefeldin A to the culture.
5. Dendrimers in Modified Electrodes
The area of electrochemical biosensors has significant development in the past few years, with the development of enzyme biosensors, immunosensors, and DNA sensors. Devices are being successfully used in clinical chemistry, food industry, and environmental fields. To achieve high specificity, high sensitivity, rapid response, and flexibility of use, it is clear that the research continues to focus on new assembly strategies. The use of layer-by-layer (LBL) assembly method for the design of electrochemical biosensors has attracted extensive attention. Recently, other strategies have been applied in the construction of LBL thin films through hydrogen-bonding interactions, charge-transfer interactions, biological interactions, and so forth. It would be possible to construct many different types of multilayer thin films through different LBL assembly strategies. The LBL technique has been found as a highly useful way for assembling a number of organic and inorganic substances with diverse nature, including proteins [142–144], DNA [145], viruses [146], dendrimers [147], and nanoparticles [148–150]. The organized multilayer architectures have attracted great interest because of their broad range of applications in the fields of biosensors, nonlinear optical devices, surface modification, and so forth.
On the other hand, in order to perform increasingly complicated and demanding tasks using chemically modified electrodes, complex molecular structures need to be constructed, with a high degree of control over the design and structure of the systems. This requirement has been tackled for polymer films on electrodes, where it has been demonstrated that, by constructing polymeric bilayers on electrodes, the electrode system may display unique properties [151–154]. Dendrimers are promising candidates for such functional coatings [155] due to their ability to self-organize into superstructures at the interfaces [156, 157]. Their globular shape and multifunctional periphery make them well suited for the construction of multilayer nanocomposite materials. Besides, the multilayered configuration based on dendrimers offers advantages for several applications including catalysis, encapsulation and controlled release, chemical and biological sensors, and biomimetic materials. Because of the interior void structure of dendrimers [158], the resulting multilayer film puts up only minimal diffusion restriction for analytes and electron-transferring substances ensuring desired enzymatic and electrocatalytic reaction over the whole range of multilayers. Dendrimer modified electrodes have been used for the detection of halogenated organic acids [159] and for the construction of protein modified electrodes [160–162].
5.1. Dendrimers in the Design of an Electrochemical Detector or Sensors
The DNA microarray approach has become increasingly important in basic research into the genetics of disease and also in the more practical applications of medical diagnosis and treatment. Various methods have been used to detect sequence-selective DNA hybridization, including optical [163, 164], electrochemical [165, 166], and piezoelectric transduction techniques [167, 168]. Of these techniques, the electrochemical method has attracted particular attention because of its high sensitivity, low cost, and compatibility with microfabrication technology. Studies in this direction have been developed by Kim et al. [169]; they developed a sandwich-type electrochemical DNA sensor using ferrocenyl-tethered poly(amidoamine) dendrimer (Fc-D) as electrocatalyst to enhance the electronic signals of DNA detection as well as a building block to immobilize capture probes. Fc-D was immobilized on a carboxylic acid-terminated self-assembled monolayer (SAM) by covalent coupling of unreacted amine in Fc-D to the acid. They demonstrated that electrocatalysis enhanced the ability to discriminate between DNA sequences. Besides, the new combination of electrocatalysis using Fc-D and biochemical amplification with alkaline phosphatase (ALP) enabled the sequence-selective detection of various targets, including single-base mismatched oligonucleotide and also the quantification of target over a range of concentrations (0.1 nM to 10 μM). These results suggest that the introduction of the electroactive layer will allow highly sensitive amperometric measurements of ALP label in electrochemical enzyme immunoassay (EEIA) as well as DNA biosensors.
Similar idea was developed by Li et al. [170] who reported a sensitive electrochemical approach for sequence-specific DNA detection based on polyamidoamine (PAMAM) and signal amplification with nanoparticles (NPs, Figure 7). A gold electrode was modified with 3-mercaptopropionic acid and reacted with an amino-terminated polyamidoamine (PAMAM, G 4.0-NH2) to obtain a thin film. Single-stranded 3-biotin end-labeled oligonucleotide was immobilized onto the film to obtain a stable recognition layer through biotin-avidin combination to detect complementary target, using signal amplification with Au NPs and [Ru(NH3)6]3+ as redox electroactive indicators.















Figure 7: Schematic representation of an electrode modified with self-assembly monolayer over gold surface.


On the other hand, hydrogen peroxide is an essential mediator in food, pharmaceutical, clinical, industrial, and environmental analyses, so the determination of hydrogen peroxide is practically important. In this sense, Liu et al. [171] worked on the development of a H2O2 biosensor using self-assembly technique. The G4 PAMAM dendrimers were covalently linked to cystamine-modified Au electrode through glutaraldehyde cross-linking. With the help of the amino groups located on its surface, the nano-Au particles are adsorbed. Horseradish peroxidase (HRP) was attached to the electrode surface via nano-Au. When G4 PAMAM dendrimers were immobilized on the electrode, owing to their spherical structure, the surface area and the density of amino groups on the electrode increased, the amount of adsorbed nano-Au on the electrode also increased, and this would result in the increase of immobilized HRP. Thus, a higher sensitivity could be expected as compared with that of the conventional biosensors. The determination of H2O2 was performed with the aid of the electron mediator hydroquinone. In the presence of HRP, H2O2 oxidized 
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, the later was subsequently reduced at the electrode with an applied potential of −200 mV versus saturated calomel electrode (SCE). The resulting biosensor showed a linear response to H2O2 over a concentration range from 
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 mol L−1 with a sensitivity of 0.53 A L mol−1 cm−2 and a detection limit of 2.0 μmol L−1 based on a signal-to-noise ratio of 3. The apparent Michaelis-Menten constant (
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) of the biosensor was evaluated to be 0.52 mmol L−1. The biosensor exhibited high sensitivity and good stability and reproducibility. Performance of the biosensor was evaluated with respect to possible interferences and the application to real sample analysis.
Tang et al. [172] reported that a novel amperometric biosensor based on self-assembling glutamate dehydrogenase (GLDH) and poly(amidoamine) dendrimer-encapsulated platinum nanoparticles (Pt-PAMAM) onto multiwall carbon nanotubes (CNTs) has been developed for the determination of glutamate. The LbL film modified enzyme sensors showed a good reproducibility, stability, and high sensitivity, which can efficiently preserve the activity of enzyme molecules and prevent enzyme leaking. The results showed that it had series of attractive characteristics, such as a large determination range (0.2–250 μM), a short response time (within 3 s), a high sensitivity (433 μA/mM−1 cm2), and good stability (85% remains after 4 weeks). The fabrication method of biosensor opens a new opportunity for the development of simple and reliable other enzymes. Moreover, the film is expected to have potential applications in the construction of screen-printed biosensor, in virtue of many advantages such as ease of fabrication and enhanced electrocatalysis.
Tang et al. [173] investigated an enhanced amperometric biosensor based on incorporating one kind of unique nanobiocomposite as dopant within an electropolymerized polypyrrole film. The nanobiocomposite was synthesized by self-assembling glutamate dehydrogenase (GLDH) and poly(amidoamine) dendrimer-encapsulated platinum nanoparticles (Pt-DENs) onto multiwall carbon nanotubes (CNTs) and the (GLDH/Pt-DENs)n/CNTs/Ppy hybrid film was obtained by electropolymerization of pyrrole onto glassy carbon electrodes. The results showed that the self-assembled (GLDH/Pt-DENs)n/CNTs nanobiocomposites can be incorporated within polypyrrole film by electropolymerization method. The CNTs, Pt-DENs, and Ppy all played multiple functions, such as promotion electron transfer, improving the anti-interference ability, decreasing the overpotential, and keeping the enzyme activity, which greatly enhanced the performance of the resulting biosensor. The (GLDH/Pt-DENs)n/CNT/Ppy hybrid film modified biosensor was used to detect glutamate as substrate with high sensitivity, low detection limit, fast response, and nearly free of interference. Thus, they demonstrated that the combination of special nanomaterials (CNTs and Pt nanoparticles) with conducting polypyrrole possesses a broad range of potential applications in all kinds of amperometric biosensor.
Bustos et al. [174] have designed different electrochemical detectors using modified electrodes; for example, they prepared composites of hydroxyl-terminated PAMAM dendrimers, generation 4.0 containing either Ir, Pt, or Rh nanoparticles (Figure 8). These composites were then immobilized on a glassy carbon electrode (GC) and incorporated as an amperometric detector for dopamine in a high-performance liquid chromatograph (HPLC). The analytical performance of the electrochemical detectors with a typical UV-Vis optical detector for dopamine revealed that the sensitivity of the GC electrode modified with dendrimer-Rh composite is comparable to that of the spectroscopic detector, with a detection limit of 0.15 M, and is linear up to at least 1.0 mM (
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). Furthermore, they found that an electroanalytical approach suffers minimal matrix effects that arise in the analysis of dopamine in samples of urine.


	
	
	
	
	
	
	
	
	









	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	





	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
	


	


	
	


	
	
	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	




	
		
			
			
			
			
		
		
			
		
		
			
		
	



Figure 8: Schematic representation of the methodology used to prepare dendrimer aggregates (PG4.0), metal nanoparticles (DENs): (A) dendrimer complexes, ion, (B) ion chemical reduction, and (C) dialysis to purify the DENs formed. Images (a, b, c, and d) of the solutions prepared in each of the steps of the methodology to get nanoparticles: Ir, Os, Pd, Pt, Rh, and Ru.


In the same context, García et al. [175] prepared composites of hydroxyl-terminated PAMAM dendrimers generation 4.0, which containing Pt nanoparticles. These composites were synthesized at different reaction times using a microwave reactor. Next, they immobilized each composite electrochemically on a prefunctionalized glassy carbon (GC) electrode that was incorporated as a flow injection amperometric (FIA) detector, for the selective detection and quantification of dopamine (DA) in untreated urine samples. The analytical performance revealed that the DENs-Pt modified GC electrode with the composite synthesized for 30 min in the microwave reactor showed the best response for the detection of DA in samples of nontreated urine, since the detection and quantification limits are smaller (19 and 9 ppb, resp.) than those corresponding to the naked a GC electrode (846 and 423 ppb, resp.) using the FIA detector.
6. Conclusion
The characteristics of dendrimers, including high branching, well-defined globular structures, excellent structural uniformity, multivalency, variable chemical composition, and high biological compatibility, makes these compounds ideal carriers in biomedical applications such as drug delivery, imaging, and tissue engineering. Dendrimers are an important tool for drug discovery because of their ease of surface modification as well as their ability to interact with charged functional groups. In addition, dendrimers are a new class of MRI contrast agents. However, for tissue engineering new scaffolds need to be designed with better chemical, mechanical, and biological features. On the other hand, dendrimers in the design of electrochemical detectors are promising research field for the development of new tools for supporting the diagnosis of diseases in a short time without a pretreatment of sample obtaining the lowest DL and QL in vivo detecting.
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