

  Uses of Dendrimers for DNA Microarrays




Uses of Dendrimers for DNA Microarrays







Sensors 2006, 6(8), 901-914; doi:10.3390/s6080901




Review



Uses of Dendrimers for DNA Microarrays



Anne-Marie Caminade *, Clément Padié, Régis Laurent, Alexandrine Maraval and Jean-Pierre Majoral *





Laboratoire de Chimie de Coordination CNRS, 205 route de Narbonne, 31077 Toulouse Cedex 4, France









*



Author to whom correspondence should be addressed.







Received: 27 April 2006 / Accepted: 27 July 2006 / Published: 24 August 2006



Abstract:



Biosensors such as DNA microarrays and microchips are gaining an increasing importance in medicinal, forensic, and environmental analyses. Such devices are based on the detection of supramolecular interactions called hybridizations that occur between complementary oligonucleotides, one linked to a solid surface (the probe), and the other one to be analyzed (the target). This paper focuses on the improvements that hyperbranched and perfectly defined nanomolecules called dendrimers can provide to this methodology. Two main uses of dendrimers for such purpose have been described up to now; either the dendrimer is used as linker between the solid surface and the probe oligonucleotide, or the dendrimer is used as a multilabeled entity linked to the target oligonucleotide. In the first case the dendrimer generally induces a higher loading of probes and an easier hybridization, due to moving away the solid phase. In the second case the high number of localized labels (generally fluorescent) induces an increased sensitivity, allowing the detection of small quantities of biological entities.
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1. Introduction


The growing demand for genetic information has stimulated the search for quick and reliable analytical methods. Among them, biosensors such as DNA microarrays and DNA microchips are gaining an increasing importance, in particular in molecular medicine for gene expression studies, for the detection of nucleotide mutations, or for genotyping of individuals, in forensic applications, but also in analytical chemistry, applied in particular to the preservation of food safety and environment quality [1-3].



Typical devices consist of two parts: first a nucleic acid (oligonucleotide or PCR (Polymerase Chain Reaction) products) immobilized at discrete positions on surface activated slides and constituting the probe, and second, a sample constituted of a complex mixture of fluorescently labeled nucleic acids, which contains the target. The supramolecular interaction (the hybridization) between the probe and the target is generally quantified by fluorescence using a high resolution scanning laser. The key point is the hybridization, due to the well-known supramolecular phenomenon of bases pairing [4], in which purine bases (Adenine and Guanine) are hydrogen-bonded to complementary pyrimidine bases (Cytosine and Thymine), creating A-T pairs (two hydrogen bonds) and G-C pairs (three hydrogen bonds) (Figure 1).


Figure 1. Principle of a DNA chip or DNA array. Only the oligonucleotide complementary to the one immobilized on the surface can hybridize. The hybridization occurs through supramolecular recognition of complementary bases (Adenine with Thymine, and Cytosine with Guanine) linked to the sugar and phosphate backbones, as illustrated by one example.
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The degree of sophistication of such devices increases continuously and progresses towards ultra-sensitive detection methods. In this short review, we wish to emphasize the role played by dendrimers for improving the sensitivity and reliability of such devices. Dendrimers are macromolecules having a branched structure similar to branches of trees, consisting in repetitive units emanating from a core. Their size depends on the length of the branches and the number of branching levels (the number of “generations”), typically a few nanometers. The shape of dendrimers in solution and for relatively high generations approximates a sphere, highly functionalized on the surface. One of the most important features of dendrimers is their numerous end groups, functionalized as desired for particular purposes, and fully accessible (Figure 2). The use of dendrimers in connection with DNA arrays is recent (first paper in 1997), and it is a “hot” topic with 70% of the papers published within the last three years.


Figure 2. Schematization of the classical method of synthesis of dendrimers, showing the presence of the functional end groups (f).
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2. Role of dendrimers


Two main types of uses of dendrimers for bioarrays can be distinguished: either the dendrimer is connected to the slide and is used as support of the probe, ensuring the moving of the probe away the solid surface, for improving hybridization, or the dendrimer is used as multiply labeled entities connected to the target for an easier detection. Both topics will constitute the two sub-headings of this review; the first one represents approximately 2/3 of the total number of publications.



2.1. Use of dendrimers as linkers for the probes to microarray slides


Glass and silica are typical materials for optical sensors. They have several advantages such as a good chemical resistance and a low intrinsic fluorescence. Their main drawback is the limited density of the surface silanol groups, generally reacted with aminosilane to bind DNA, resulting in a poor surface coverage with DNA. To overcome this problem, substrates affording a higher binding capacity than aminosilane are needed, and dendrimers appear as a particularly interesting alternative, due to their numerous end groups.



The first report connected to this field appeared in 1999, when Beier and Hoheisel [5] described the synthesis of dendritic structures on either aminosilanized glass, or plasma aminated polypropylene surfaces. Acylation reactions using acryloylchloride, followed by the reaction with tetraethylenepentamine, then again with acryloylchloride, and finally with 1,4-bis(3-aminopropoxy)butane afford a mixture of branched products linked to the solid surface. These branched products are not true dendrimers due to their inhomogeneous composition, but they possess several NH2 functional groups, which are usable either as starting points for the in situ synthesis of oligonucleotides, or for the immobilization of pre-synthesized oligonucleotides or of PCR products (Figure 3). In both latter cases, the solid phase surface must be activated prior to immobilization, using homobifunctional linking agents, such as phenylenediisothiocyanate (PDITC), disuccinimidyl carbonate, disuccinimidyl oxalate, or dimethylsuberimidate.


Figure 3. Synthesis of a dendritic linker structure, for multiplying the number of reactive site for attachment of nucleic acids. A mixture of dendritic structure is created by this procedure, only one type is shown.
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The first example of use of true dendrimers was given by Benters, Niemeyer and Wöhrle [6], who grafted the fourth generation PAMAM (polyamidoamine) dendrimer [7] (64 NH2 groups) onto glass surfaces pre-treated by 3-aminopropyltriethoxysilane and either disuccinimidylglutarate (DSG) or PDITC. After the grafting of PAMAM dendrimers on the surface, the homobifunctional reagents DSG and PDITC were used both to intermolecularly crosslink the dendrimers and to generate reactive groups suitable for reaction with amino-derivatized oligonucleotides (Figure 4). It was expected that the crosslinking should improve the stability of the array. The best results were obtained with the arrays generated using PDITC. In this case, high homogeneity of the spots was observed, as well as a remarkable stability. The intensity of the signal remained constant for more than 110 simulated regeneration cycles, showing that these slides are fully reusable. Thus, these arrays are particularly interesting, as emphasized also by their ability to immobilize proteins [6].


Figure 4. Grafting of PAMAM dendrimers on a surface, then cross-linking and activation using PDITC or DSG, to allow the grafting of amino-modified oligonucleotides.
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A very closely related work was published later, the only difference concerning the type of function linked to the surface of the material. In this case, the R substituents in Figure 4 are aldehydes, able to react in condensation reactions with the NH2 end groups of PAMAM dendrimers, to create imine bonds, reduced by NaBH4 to afford amines, increasing the stability. The grafting of oligonucleotides is carried out as above using PDITC [8].



However, these arrays have a drawback, concerning the loading in oligonucleotides. Only an approximate twofold higher loading is achieved with the dendritic surface compared to classical surfaces, presumably indicating that many functional groups of the PAMAM dendrimers are consumed to form the polymeric network [6]. Thus, it appeared interesting to test the same type of methodology, but avoiding cross-linking [9]. The grafting of the fourth generation PAMAM dendrimer was carried out as already illustrated in Figure 4, starting from an isothiocyanate- a carboxyl- or an epoxy-modified surface. Subsequently, glutaric anhydride, N,N'-dicyclohexylcarbodiimide, and N-hydroxysuccinimide were used as activating agents of the NH2 terminal groups, instead of PDITC and DSG, avoiding cross-linking. Then, amino-modified oligonucleotides were grafted to the dendrimer, and subsequently, hybridization with a complementary Cy5-labeled oligonucleotide probe was carried out. The signal intensity shows approximately 10-fold higher fluorescence for the dendritic linker system compared to classical systems (Figure 5). Furthermore, up to 10 regeneration and rehybridization procedures were carried out without loss of signal intensity. Single Nucleotide Polymorphism (SNP), which is particularly important for location of disease-causing genes, are also clearly detectable in hybridization assays. In particular, one mismatch in Cy5-labeled 212mer single stranded DNA obtained by PCR leads to a decrease in signal intensity of 60-92%, depending on the position of the mismatch.


Figure 5. Comparison of the fluorescence intensity measured after hybridization with a fluorescent labeled oligonucleotide on a “classical” surface and on a surface modified by PAMAM dendrimers.
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Other types of dendrimers were used for obtaining DNA microarrays. The most closely related to PAMAM dendrimers are DAB-AM dendrimers (poly(propyleneimine) dendrimers) [10], possessing NH2 end groups. The experiment was carried out with generation 3, possessing 16 NH2 end groups, and the epoxide modified solid surface shown in Figure 5. Oligonucleotides and cDNA were non-covalently immobilized on this dendritic surface. A schematic illustration of the supramolecular interaction between DNA and the functional groups of DAB-AM is illustrated in Figure 6. However the results obtained for hybridization and fluorescence with these dendrimer-modified slides are not better than the results obtained for non-dendritic arrays [11].


Figure 6. Presumed type of supramolecular interaction between an oligonucleotide and the end groups of DAB-AM dendrimers.



[image: Sensors 06 00901f6]






Our contribution to the field of dendritic bioarrays began in 1999, with the immobilization of a protein (Human Serum Albumin (HSA)) [12]. A fifth generation phosphorus-containing dendrimers built from a trifunctional core and bearing aldehyde end groups (G5) was added to quartz or glass slides classically pre-treated by aminopropyltriethoxysilane [13]. AFM (Atomic Force Microscopy) images of the slides showed a total coverage of the surface by the dendrimers covalently linked to the surface by imine linkages. Immobilization of proteins was attempted, expecting that it could be accomplished by reaction of the aldehyde groups of the dendrimers with the NH2 groups of proteins. HSA was chosen as a model protein. On the AFM picture shown in Figure 7, the presence of clusters of HSA can be detected, confirming the immobilization.


Figure 7. Structure of the fifth generation phosphorus dendrimer built from a trifunctional core and bearing 96 aldehyde end groups, its reaction with a slide functionalized by NH2 groups, and the subsequent immobilization of Human Serum Albumin, analyzed by AFM.



[image: Sensors 06 00901f7]






These first experiments showed that phosphorus dendrimers possessing aldehyde end groups can lead very easily to the elaboration of DNA microarrays. Indeed, the aldehydes allow both the direct grafting to the NH2 groups of the solid surface of the slide, and also the direct reaction of the remaining aldehydes with amino-modified oligonucleotides, without any additional linker for both reactions, contrarily to all the previously reported examples. Analogous phosphorus dendrimers, built from a hexafunctional (cyclotriphosphazene) core instead of a trifunctional core was used (Gc); this core allows to multiply by two the number of end groups at the same generation, compared to previous core (G). Generations 1 (Gc1, 12 CHO end groups) to 7 (Gc7, 768 CHO end groups) [14] were tested for the elaboration of DNA microarrays, using a 35mer DNA probe to be hybridized with a 15mer Cy5-labeled complementary strand. The best results concerning the signal-to-noise ratio were obtained with generations 4 to 7, thus generation 4 (Gc4) was used, because it is easier to synthesize than higher generations. The immobilization efficiency of this “dendrislide” was tested with different concentrations of an amino-modified 35mer oligonucleotide Cy5-labeled, and compared to 10 commercially available glass slides. The fluorescence intensity reaches saturation at 10 μM DNA probes, as well as for two others slides. Thus, the binding efficiency of the dendrislides is good, in particular when compared to aminosilanized glass slides, but not better than some commercially available slides [15]. However, this result does not preclude the efficiency of the target capture (the hybridization), especially at low concentration.



To quantify the target/probe hybridization sensitivity, “dendrislides” and 12 commercially available glass slides were functionalized by a 35mer oligonucleotide, spotted at 10 μM in solution then hybridized with increasing concentrations of a Cy5-labeled 15mer oligonucleotide complementary to the probe, from 0.001 nM to 100 nM. The logarithmic expression of signal intensities versus concentration of targets illustrates a clear advantage of the dendrislides over all other microarrays at target concentrations < 1 nM. At 0.001 nM of DNA target a fluorescence signal was still quantifiable only using the dendrislides (Figure 8) [15]. Thus, the detection sensitivity of dendrislides is 10- to 100-fold higher than arrays made with most other functionalized glass slides. This high hybridization sensitivity is particularly interesting for studies involving very low amounts of biological materials.


Figure 8. Measurement of the hybridization efficiency of the “dendrislide” elaborated from Gc4, compared to the efficiency of 12 commercially available slides. A fluorescence signal is detectable only with the dendrislide at 1 pM concentration of target.
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The reusability of the dendrislides was also tested and was found excellent even after 10 hybridization/stripping cycles in the case of oligonucleotides [16], but the stripping process was found less effective using dendritic arrays bearing the whole yeast genome spotted as PCR products [15]. Interestingly, single nucleotide polymorphism (SNP) can be detected with the dendrislides. The hybridization of four 15mer oligonucleotides having a single base mutation in the middle (position 8) with a 35mer oligonucleotide probe grafted on the dendrislide is only effective with the oligonucleotide sequence strictly complementary [16]. An alternative method to deposit the complementary oligonucleotide onto the dendrislide has been proposed. It consists in microcontact printing using stamps, the “ink” being the oligonucleotide to be deposited. Comparison of the quality of the printing on the dendrislide and on a classical slide by fluorescence and by Atomic Force Microscopy revealed an excellent definition of the contours of the patterns only with the dendrislide [17].



These DNA chips elaborated from the Gc4 dendrimer can be converted to nanocapsule arrays, by grafting on liposomes oligonucleotides complementary to the oligonucleotides bound to the array. Two series of liposomes were synthesized, each series bearing one type of oligonucleotide. A fluorescent dye derived from rhodamine (green) was used for labeling the liposome membrane of one series, and a fluorescent dye derived from Cy5 (red) was encapsulated in the liposome internal volume of the other series. Both series of liposomes were then mixed and deposited on a glass slide spotted with 3 different oligonucleotides; the first one is complementary to one series of liposomes, the second one is complementary to the other series of liposomes, and the third one is not complementary. Following hybridization, detection of fluorescence on the chip revealed colored spots corresponding to the fluorescent dyes used; each kind of liposome binds specifically to the spot corresponding to the complementary oligonucleotide on the chip (Figure 9). Such a process is potentially usable for the encapsulation and spotting of proteins, keeping their conformation and activity within the liposomes [18].


Figure 9. Specific liposome attachment to the array constituted of Gc4 dendrimer via complementary oligonucleotide hybridization; attachment is detected by fluorescence.
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The nature of the support of the array can be varied in order to use other methods of detection than fluorescence. The fourth generation phosphorus dendrimer Gc4 was linked as previously to a special silica membrane, which is a piezoelectric membrane. The complementary oligonucleotide hybridized in this case does not bear a fluorescent label but a biotin label, well known to be selectively recognized by streptavidin. This functionalized piezoelectric membrane was integrated in a flow injection analysis system, and its resonant frequencies were measured using the optical beam deflection technique. Measurements were carried out on the biotinylated DNA hybridized membrane, and after injection of a solution of streptavidin-conjugated gold nanoparticles. The mass loading induced by the supramolecular recognition between streptavidin and biotin is detected by a modification of the resonant frequency of the membrane. The mass sensitivity has been estimated to -3.6 Hz/pg, which is by a factor of several hundreds better than state-of-art values for piezoelectric mass-sensing devices; a 3.9 kHz shift of the resonant frequency has been recorded for the membrane without and with colloids (Figure 10), demonstrating the potential use of such devices as biosensors [19].


Figure 10. Left: schematic representation of biotinylated oligonucleotides hybridized to complementary oligonucleotides linked to a piezoelectric membrane through the Gc4 phosphorus dendrimer; supramolecular recognition of streptavidin-conjugated gold colloid by biotin. Right: resonant frequencies measured before and after the grafting of gold colloids to the piezoelectric membrane.
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Besides “classical” dendrimers, DNA dendrimers were also used for the elaboration of DNA biosensors. These DNA dendrimers are built from dendritic monomers constituted of single-stranded nucleic acid molecules partially hybridized, which can in turn be sequentially hybridized in order to form nucleic acid dendrimers, with a controlled exponential growth governed by supramolecular interactions [20]. About 18 layers of the fourth generation of such DNA dendrimers, possessing as end groups about 30 single-stranded arms specific to the waterborne pathogen Cryptosporidium parvum, were immobilized onto a quartz-crystal microbalance. The numerous probes on the outermost layer accessible to the Cryptosporidium DNA target yielded a three-dimensional surface hybridization and consequently a large resonant-frequency response [21] (Figure 11).


Figure 11. Synthesis of DNA dendrimers by selective hybridizations up to the fourth generation, and functionalization of end groups by specific single-stranded arms. Deposit onto quartz-crystal (only a monolayer is shown for simplicity), then hybridization by the target and detection by modification of the frequency-time response of quartz-crystal microbalance.
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Cone-shaped dendritic molecules called dendrons possess one functional group located at the core, in addition to the functional groups linked to the surface, and they have been used also very recently for the elaboration of DNA microarrays. Dendrons linked to a solid substrate by their surface groups generate mesospacing on the solid. The grafting of gold nanoparticles on each apex of the immobilized dendrons and their detection by AFM give an average separation of 3.2 nm [22]. Coupling of amino-modified oligonucleotides with the NH2 of the immobilized dendrons, using di(N-succinimidyl)carbonate (DSC) as linker affords DNA microarrays. Such process provides each probe DNA with ample space for hybridization with incoming DNAs, resulting in high hybridization yields (80-100%) (Figure 12). These particular arrays have been used to detect a successful discrimination ratio of 100:<1 between a complementary pair and three internal single-base mismatched pairs [22]. Single nucleotide variations in the exons 5-8 of the p53 gene in genomic DNAs from cancer cell lines were also detected with a high selectivity and sensitivity [23]. A wide range of temperature (37-50°C) is usable, and in general the hybridization behavior on these arrays is similar to the solution one [24].


Figure 12. Dendrons grafted to a solid substrate by their surface groups, generating mesospacing; coupling of amine-tethered oligonucleotide through DSC linker. High hybridization yields are obtained with this nanostructured surface.
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2.2. Use of dendrimers as multiply labeled entities connected to the target


Besides the sensitivity of the slides, which can be improved by using dendrimers as shown in the previous part of this paper, amplification of the signal resulting from detection events can also be enhanced using dendrimers in particular as fluorescent labels. Indeed, the end groups of dendrimers can be fluorescent entities, and their number should afford high fluorescence intensity. However, such highly fluorescent dendrimers must be linked to the target, and dendrons appear as good candidates for such purpose. Indeed, fluorescent dyes can be linked to their end groups, whereas an oligonucleotide or a PCR product can be connected to their core. Such strategies has been applied to various sizes of polyether-type dendrons, bearing Cy3 dyes (1, 2, 3 4 or 9 dyes) as end groups and PCR amplicons of different human herpes viruses (herpes simplex virus (HSV-1 and HSV-2), varicella zoster virus, Epstein-Barr virus, cytomegalovirus, and HHV-6). The fluorescence signal enhancement via the dendrons of the microarrays specifically hybridized to these fluorophore-labeled pathogenic DNAs was up to 30 times compared with a single fluorophore (Figure 13) [25].


Figure 13. Schematic illustration of a dendron possessing nine Cy3 dyes and one PCR product (for instance HSV-1 amplicon). Fluorescence intensities of the microarray hybridization experiments plotted against the concentration of HSV-1 amplicons, depending on the number of attached fluorophores; white circles: 1 Cy3 per DNA double strand, red circles: 9 Cy3 per DNA double strand.
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Besides fluorescence, radioactivity is also a main tool in biology, especially γ-32P. The principle shown in Figure 13 for fluorescent entities was also applied to oligonucleotide dendrons [26] containing bunches of nine oligonucleotides labeled with [γ-32P] ATP, and one specific oligonucleotide linked to the core. These multiply labeled structures showed much higher sensitivity than non dendrimeric (monomeric) labels when used as probes to arrays bearing oligonucleotides complementary to that of the core of the dendron. The large dendrimeric structure does not significantly affect the hybridization yield [27].



Some DNA dendrimers of type shown in Figure 11 have been especially designed to be used as highly fluorescent labels. In fact, the single-stranded arms on the surface of these dendrimers are used to attach two types of functionalities, one type is the label (mainly Cy3, Cy5, Alexa Fluor 546, or Alexa Fluor 647), the other type of functionality will enable the attachment to the desired probe; both are attached by hybridization with oligonucleotides. These types of compounds are called 3DNA® dendrimer by Genisphere Inc. and are generally used for an indirect detection. Indeed, first a 3DNA capture sequence must be linked to the oligonucleotide or PCR products to be analyzed (the target), second the product must be hybridized to the microarray printed with the complementary oligonucleotide or PCR product, and third the fluorescent 3DNA is hybridized with the capture sequence (Figure 14) [28]. This indirect method has been found more efficient than a classical direct method for the labeling of the partial genome of the methylotrophic yeast Hansenula polymorpha and its detection on DNA arrays [29], and for the detection of rare stranscripts available in small quantities, such as hair cells in cochean tissues of mouse ear [30].


Figure 14. Use of 3DNA dendrimers bearing ∼ 45 fluorescent dyes (Cy3, Cy5, Alexa Fluor 546, or Alexa Fluor 647) and oligo/conjugate with application specificity for the indirect labeling of cDNA.
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These 3DNA dendrimers have been used as highly fluorescent, sensitive and versatile labels for a number of purposes. In particular, they have been used in comparison with more classical techniques for the detection of predetermined ratio values from target external mRNA standards (spikes of Arabidopsis thaliana) in background of total RNA [31], for studying the influence of multiple scanning on the accuracy of detection [32], and for designing a microassay array that quantify the measurement of hybridization stoichiometry in molar units [33].





3. Conclusion


The use of dendrimers (or dendrons) for improving the sensitivity of microarrays is still in its infancy, however promising leads are already identified. When used as linkers between the solid surface and the oligonucleotide probe, dendrimers generally allow a higher loading in oligonucleotide, and their remoteness from the solid favors hybridization, which occurs as easily as in solution. Furthermore, the systems created using dendrimers are generally very robust and they can undergo without any damage several hybridization / deshybridization cycles. Their reusability has been shown in several cases, for dozens or hundreds of experiments.



When used as fluorescent or radioactive multiply labeled entities linked to the target, dendrimers (or dendrons) are always much easily detected than monomeric labels, inducing important increases in sensitivity, particularly useful when only very small quantities of biological materials have to be analyzed. Such methodology has been applied recently to “suspension microarrays” using beads (microspheres) instead of planar microarrays [34].
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