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Abstract

:

Fluorescence labeling of gold-aryl nanoparticles, AuNPs-COOH, was achieved by the covalent derivatization with dansyl chloride (DNS-Cl) reagent (5-naphthalene-1-sulfonyl chloride) for potential ssDNA recognition. The fluorescent gold nanoparticles of AuNPs-C6H4-4-COO-dansyl (AuNPs-DNS) of spherical shape and a size of 19.3 ± 8.3 nm were synthesized in a carbonate-bicarbonate buffer (pH = 10.6) at 37 °C. The fluorescence emission at 475 nm was acquired using fluorescence spectroscopy and investigated using time-resolved photoluminescence. The conjugation of ssDNA to AuNPs-DNS using the freeze-thaw and salt-aging methods was confirmed by fluorescence emission quenching, gel electrophoresis separation, and lifetime decrease. Conjugated ssDNA to AuNPs-DNS using the freeze-thaw method was more efficient than the salt-aging method. The purity of ssDNA upon conjugation was measured with optical density, and the obtained A260/A280 ratio was in the range of 1.7–2.0. This research can be applied to other nucleotide recognition and theranostics.
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1. Introduction


The significance of the surface derivatization of metal nanoparticles using covalent routes has been increasing rapidly because of the crucial role of the obtained nanostructures in biomedical applications [1,2,3,4,5,6]. AuNP surface modifications are generally achieved using thiols, amines, phosphines, silica, and biomolecules [7]. These processes follow either covalent-based modifications or noncovalent interactions. Organothiols, disulfides, cysteine-based, and Au-S-bonded gold nanoparticles are most extensively investigated due to their chemically inert outer surface hydrocarbon tails. Several reports have shown the surface derivatization of these thiol ligands through terminal carboxylate and amine functional moieties [7,8]. However, disadvantages in gold-thiolate interfaces originating from their decreased longevity under harsh conditions restrict their role in a wide range of applications [9,10], hence, the construction of robust gold-carbon interfaces has attracted great interest [11]. Aryl-functionalized gold nanosurfaces originating from diazoniums provide immense stability due to covalent Au-C bonds in various solvents and under harsh conditions. Nevertheless, their fluorescence applications are not well explored due to their innate inability to generate fluorescence. Dansyl chloride (DNS-Cl) (DNS-Cl = 5-naphthalene-1-sulfonyl chloride) is a widely used sulfonyl compound as a fluorescent probe in immunofluorescence assays to modify amino acids and proteins via coupling to amine and carboxyl functional groups. Dansylation of carboxyl, amine, and hydroxyl functional groups has shown green fluorescence emission upon coupling [12,13,14,15,16]. The derivatization using DNS-Cl has been established to determine minute amounts of peptides and proteins, understand the functionalized interface layers of polymers, and detect oxygen-containing functional groups [14,16]. Recently, derivatization has been extended to nanocomposites and nanomaterials. The dansyl-labeled AgNPs@SiO2 nanocomposites showed enhanced fluorescence upon derivatization using the amine functional group of aminopropyltrimethoxysilane [17]. The fluorescence of DNS glutathione-capped AuNPs was used for the detection of bovine serum albumin protein [18]. Another dansyl-derivatized AgNP containing 2-aminothiophenyl functional groups was synthesized [19].



Recently, aryldiazonium gold(III) salts reduced gold-aryl NPs have been widely recognized [1,2]. Noncovalent surface modification of gold-aryl NPs is described for the immobilization of proteins, drugs, and DNA [20,21,22]. Recognition of DNA via diazonium routes has been described in a few reports on electrochemical grafted salts on various electrodes. Generally, DNA is functionalized with a diazonium salt, electrochemically grafted, and finally recognized by electrochemistry or fluorescence [23,24]. However, there is no single report on the recognition of DNA over fluorescent gold-aryl NPs. Earlier described DNA recognition over gold-aryl NPs using a polyelectrolyte method [21]. Polydiallyldimethylammonium chloride (PDADMAC) is a biocompatible cationic polyelectrolyte that is used in combination with AuNPs to enhance their cellular uptake and biocompatibility [21]. DNA was stabilized and protected against nuclease degradation over gold-aryl NPs in the presence of the positive polyelectrolyte PDADMAC [21].



An example of the bio/nano interface is the interaction between single-stranded DNA and gold nanoparticles (AuNPs). Aptamer-gold nanoparticle conjugates are effectively utilized as a calorimetric detection tool for several target molecules [25,26,27]. The physical features of AuNPs have been linked to the molecular recognition and programmability of DNA. Hence, nanomedicine [28] and nanotechnology [29] have all seen significant advancements, and supporting this information, there are two recent methods developed in the recognition of DNA over AuNPs. In the first method, using freezing-thaw, a reagent-less conjugation of ssDNA with AuNPs consumes 2–60 min depending on freezing speeds [30,31]. The freeze-thaw method is time-efficient and simple. In the second method, using salt-aging, DNA was mixed with AuNPs. This involves a particular concentration of salt, such as sodium chloride, which is mixed with AuNPs and incubated overnight with continuous agitation to increase the number of recognized DNA strands [32,33,34]. Concerning previous studies, the conjugates displayed different colors after freeze-thawing, in which 13 nm citrate-capped AuNPs (cit-AuNPs) were red, and as expected, the red color turned blue upon freezing and remained blue after thawing [30], and both the methods still retained their stability [29,32].



Gold nanoparticles exhibit strong surface plasmon resonance when illuminated with visible light. The origin of this absorption can be simply described as a collective resonant oscillation of the free electrons in the conduction band of the gold surface [35]. Plasmons in gold nanoparticles with a size much smaller than the incident light wavelength are nonpropagating-excitations and termed localized surface plasmons (LSPs), and photons with a frequency in resonance with the oscillation can excite the LSPs. The resultant oscillation of such plasmons with incident light is responsible for the absorption band [36]. Meanwhile, the photoluminescent properties of nanoscale gold clusters are well known and critically important in many applications. The interband electronic transitions from s to p and radiative recombination to d band holes of the photo-excited nanoclusters are responsible for PL characteristics [37]. However, the quantum confinement effects on localized surface states govern gold nanoparticles’ luminescence nature. Although gold nanoparticles have been extensively used in colorimetric applications, their fluorescence applications are not well explored due to their innate inability to generate fluorescence. In the present work, we utilized dansyl chloride to surface coordinate with the carboxylate functional group on post-synthetic AuNPs-COOH, thus, generating fluorescent gold-aryl nanoparticles (AuNPs-dansyl). This work emphasizes the derivatization of gold-aryl NPs functionalized with carboxylic functional groups (AuNPs-COOH) using DNS-Cl in basic media to form AuNPs-C6H4-4-COO-dansyl. Dansyl chloride reacted with the carboxyl functional groups to generate intense green fluorescence under UV light. This surface reaction extends the possibility of a new realm of post-synthetic modification of gold-aryl nanoparticles. Essentially, modifying the surface of AuNPs with a tunable photophysical probe provides attractive features. The synthesized fluorescent AuNPs-DNS were further utilized for the evaluation of ssDNA conjugation using two methods: (1) freeze-thaw and (2) salt-aging. Moreover, this surface reaction extends the possibility of a new post-synthetic modification of gold-aryl NPs.




2. Experimental Methods


2.1. Chemicals


Sodium nitrite, hydrochloric acid (36.5–38.0%), 4-aminobenzoic acid, dansyl chloride, NaCl, agarose, glycerol, EDTA disodium salt, Tris, and glacial acetic acid were purchased from Sigma-Aldrich. HAuCl4 was synthesized in our lab. Sodium borohydride was purchased from Fisher Chemicals. Sodium carbonate and sodium bicarbonate were purchased from SDS Fine. The ssDNA sequences of P1-ACGATCAGATACCGTCGTAATCTT and P2-GAACCCAAAGACTTTGATTTCTCAT were purchased from Alpha DNA, Montreal, QC, Canada.




2.2. Instruments


The synthesized AuNPs-DNS were characterized with a high-resolution transmission electron microscope (HR-TEM, Field Emission JEM-2100F, JEOL, Akishima, Japan). For the analyses, the nanoparticles in the water/diethyl ether mixture were immobilized on a TEM grid of FORMVAR FCF 400 Cu (Electron Microscopy Sciences, Hatfield, PA, USA). The size of nanoparticles was measured using the ImageJ program. UV-visible absorption spectra were measured using a scanning spectrophotometer (Spectro UV-2510TS, Labomed Inc., Los Angeles, CA, USA) in the 200–800 nm range with 2 nm resolution.



Fluorescence emission spectra were recorded on Shimadzu RF-6000 Spectrophotometer. Lifetime data were obtained in the time-domain using the time-correlated single-photon counting (TCSPC) method using a picosecond pulsed diode laser (Edinburgh instruments) of 406.2 nm and a pulse width of 53.2 ps. Fluorescence lifetime decays were analyzed using a 2-exponential model, which is a good fit to the fluorescence decay curve using the least-squares method of fit analysis with a χ2 value of ~1.0. Fluorescence lifetime decays were analyzed using F980 software. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were recorded on a Bruker (Platinum ATR) Tensor II FT-IR spectrophotometer. X-ray powder diffraction (XRD) data were collected using Bruker D8 ADVANCE diffractometer with Cu-Kα X-ray source at λ = 1.5406 Å operating at 40 kV tube voltage and 40 mA current.



A Renishaw Ramascope was used for Raman measurements of solid samples. All Raman measurements were collected at laser excitation wavelengths of 785 nm in the range of 200–3000 cm−1. ζ-potential analyses of the nanoparticles in solution were carried out using Anton Paar Litesizer 500 and analyzed using KalliopeTM software. Nanodrop Thermo Scientific 2000, was used to quantify the AuNPs-DNS coupled DNA, which was then separated by BioRad DNA Gel Electrophoreses and captured with Gel Doc EZ System, Biorad Laboratories.




2.3. Synthesis


2.3.1. Synthesis of AuNPs-COOH


Water-soluble aryldiazonium gold(III) salt [HOOC-4-C6H4N≡N]AuCl4 was synthesized following our published procedure [38]. The gold-aryl NPs were synthesized by reducing the salt using 0.1 M NaBH4. Briefly, 0.48 g of the salt was dissolved in 50 mL of DI water, and 0.1 M NaBH4 was added dropwise to the solution with stirring (>300 rpm). The resulting purple NPs were purified using a 20-cm long cellulose membrane dialysis tubing with a 25 mm width in 200 mL of DI water overnight at room temperature and stored in the fridge for further use.




2.3.2. Synthesis of AuNPs-DNS


Briefly, 5.0 mL of AuNPs-COOH colloidal solution, in a glass vial, was added to an equal volume of 1.0 M Na2CO3-NaHCO3 buffer (pH 10.6). The solution was stirred for a few minutes, and then a 1/4 volume of DNS-Cl (5 mg/mL) in acetone was added and mixed well by vigorous shaking. Finally, the mixture was placed in the dark at 37 °C for 1.5 h. The AuNPs-DNS formed a beige color with intense green fluorescence under UV light and were then stored in the fridge for further use.





2.4. Methods of ssDNA Conjugation with AuNPs-DNS


2.4.1. Freeze-Thaw Method


The ssDNA of 100 μM and AuNPs-DNS were mixed and frozen at −20 °C for 2 h followed by −80 °C for 1 h. The freezing conditions were effective within 1 h. Subsequently, the experiment was continued at −80 °C since −20 °C was not suitable for the conjugation of DNA with AuNPs-DNS.




2.4.2. Salt-Aging Method


In the salt-aging method, AuNPs-DNS were mixed with 300 mM NaCl and 100 μm of each DNA strand, followed by continuous agitation for 14–16 h or overnight incubation.



After conjugation, using both methods, the conjugates were separated from the unconjugated AuNPs-DNS by centrifugation at 14,000 RPM for 15 min. The pellets were washed 3 times using 5 mM phosphate buffer (pH 7) and resuspended with the same buffer for further analysis. Nanodrop (260/280 nm absorbance) was used to verify the purity and concentration of AuNPs-DNS/ssDNA conjugates. The conjugates were combined with an equal volume of glycerol and were run for 30 min at 100 volts using 1.5% agarose gel. Bands were visualized using the Biorad Laboratories Gel Doc EZ.






3. Results and Discussion


3.1. Synthesis and Characterization


AuNPs-DNS was synthesized by the covalent derivatization of AuNPs-COOH using DNS-Cl under a basic pH of 10.6 at 37 °C, Figure 1A. Dansylation requires basic media and the pH of Na2CO3-NaHCO3 buffer provides the required pH for the reaction to proceed to completion.



Literature examples described the dansylation of aromatic carboxylic acid groups to form esters and primary amines to form amides, which were completed in Na2CO3-NaHCO3 at pH 11 to form fluorescent derivatives under UV light [12,13,14,15,16]. The coupling of SO2Cl with -COOH functional groups resulted in the ester formation of -COO-SO2-. The literature presented two routes for the coupling of DNS with the organic shell instilled on the nanoparticles. First, in the synthesis of Ag@SiO2 NPs/DNS, the organic silicon shell attached to Ag@SiO2-linker-NH2 was derivatized with DNS [17]. In the second route for the synthesis of AuNPs-glutathione-DNS, sodium borohydride was added to form the AuNPs core in the presence of the already synthesized glutathione-DNS organic shell. The pH was kept at <1 to form a superlattice [18]. In our synthesis route, AuNPs modified with the aryl-COOH shell were synthesized first, followed by DNS coupling with the carboxylic functional groups to generate fluorescent AuNPs-DNS, Figure 1B and Figure S1. Our route avoided the possible hydrolysis of the ester linkage if sodium borohydride was used in the reduction of the aryldiazonium gold(III) precursor.



Thin-layer chromatography (TLC) was used to confirm the complete conversion of carboxylic acid to the ester upon dansylation. Initial assessment of successful dansylation of AuNPs was detected using a TLC silica sheet, which showed a bright green fluorescence under short and long UV light, Figure 1C. Previous reports on dansylation indicated successful product separation using TLC [12,13]. Glutathione capped AuNPs showed terminal amino acid conjugation using TLC [39]. Our samples were spotted on TLC plates and were resolved using CH3OH: CHCl3 (1:2) solvent mixtures. Separation using TLC revealed that DNS-Cl traveled far up the plate while AuNPs-DNS was immobile.



UV-visible spectra showed plasmon peaks of the parent AuNPs-COOH and AuNPs-DNS at 530 nm and a broad peak starting at 545 nm, Figure 1D. Gold plasmon peak broadening upon derivatization indicates increased particle size. The proposed reaction corroborates this observation as the covalent bonding increased particle size. In addition, dansyl chloride (in ethanol) spectra resulted in three maximum peaks of absorbance at 375, 267, and 210 nm, and the AuNPs-DNS (in water) showed the maxima at 329 and 246 nm. The shift in values is due to solvent media affecting electronic absorption spectra [40]. The surface charges of the nanoparticles were probed using zeta-potential (ζ-potential). The surface charges of the nanoparticles were probed using zeta-potential (ζ-potential). Generally, for AuNPs-COOH, the ζ-potential ranges from −25 to −35 mV, which is indicative of a stable colloidal suspension due to electrostatic repulsion. Here, we observed the neutralization of charge from −34.4 mV for AuNPs-COOH to −11.4 mV for AuNPs-dansyl. Possibly, this induces the aggregation of the particles and indicates the bulk arylation on the gold surface, Figure 1E.



ATR-FTIR measurements of AuNPs-COOH and AuNPs-DNS indicated the presence of a strong carboxyl C=O band at 1638 and 1647 cm−1, whereas the C=O band at 1697 cm−1 was observed only in AuNPs-DNS. Dansyl chloride vibrational bands, corresponding to ring deformation at 1371 cm−1, υ CC + β CHring at 1236 cm−1, and r CH3 + υsym SO2 + υ CC at 1093 cm−1, were observed in AuNPs-DNS spectra, Figure S2 [40,41]. Raman spectra acquired using 785 nm laser excitation confirmed the dansylation of AuNPs-COOH. The bands at 600, 1076, and 1610 cm−1 were assigned to ring deformation in the aryl shell of AuNPs-COOH. A characteristic band at 1610 cm−1 assigned to the C=O functional group in AuNPs-COOH was observed as a shoulder with a υ C-C band at 1567 cm−1 in AuNPs-DNS. Dansyl chloride spectra showed υ CC + β CHring band at 1409 cm−1, ring deformation band at 1355 cm−1, and γ CCC band at 580 cm−1, which were also observed in AuNPs-DNS, Figure 2A [40,41]. Similar stretching vibration assignments based on FTIR and Raman measurements were assigned to 4-iodobenzene sulfonyl chloride using experimental and theoretical analysis [42].



Excitation of AuNPs-DNS at 340 nm displayed a fluorescence emission peak at 475 nm, Figure 2B. The intense green fluorescence of AuNPs-DNS distinguishes it from the DNS-Cl ligand, Figure S3. The obtained lifetime values for DNS-Cl were as short as τ1 of 0.12 ns and τ2 of 0.54 ns, whereas longer lifetime values of τ1 of 0.89 ns and τ2 of 10.37 ns for AuNPs-DNS were observed, Figure S4 and Table S1. The τ2 value of AuNPs-DNS significantly increased due to dansylation.



TEM images show the morphology of the synthesized AuNPs-DNS, Figure 3. They are generally spherical, with a size of 19.3 ± 8.3 nm. The measured lattice spacing of 0.20 nm, which corresponds to the (200) plane of metallic gold, indicates that aryldiazonium gold(III) salt was completely reduced by NaBH4 to AuNPs, and also, dansylation did not alter the spherical morphology of the parent AuNPs. In our previous studies, spherical AuNPs were also synthesized using aryldiazonium gold(III) salts [38]. The P-XRD pattern showed characteristic diffraction peaks for face-centered cubic (fcc) AuNPs reflections (PDF Card #4-784) at 2θ = 38.1° and 44.1°, Figure S5.




3.2. Freeze-Thaw and Salt-Aging Method for ssDNA Conjugation


The conjugation of ssDNA with the fluorescent AuNPs-DNS using freeze-thaw and salt-aging methods is described. In both methods, the fluorescence emission from AuNPs-DNS was weakened after ssDNA conjugation, as revealed by the concentration and gel electrophoresis of the conjugates. The freeze-thaw method displayed weaker fluorescence emission than the salt-aging method, as shown in Figure 4A,B.



Comparing the results of ssDNA quantification using nanodrop, which describes the concentration of conjugated DNA for each oligo per microliter, the study found that P1 was higher than P2, Figure 5A. The purity of ssDNA upon conjugation was measured by optical density, and the obtained A260/A280 ratio was in the range of 1.7–2.0. Overall, we noticed an increase in the concentration in the freeze-thaw method over the salt-aging method, and DNA purity was nearly 1.8, Figure 5B. This clearly explains the good quality ssDNA in the freeze-thaw method, however, it is lower in the salt-aging method”. Additionally, the fluorescence of the samples in daylight and under UV light indicates that the intensity is much lower in the freeze-thaw method than in the salt-aging method.



Finally, to validate the ssDNA recognition, the samples were run on an agarose gel, which revealed that the band intensities were lower in both processes compared with AuNPs-DNS, but higher in the salt-aging method. P2 showed lower intensity, which supports the 260/280 ratio, Figure 4(iii).



Literature work showed that chloride anions were adsorbed on the surface of AuNPs and decreased DNA conjugation. This competition explains the poor DNA conjugation in the presence of NaCl [43]. Dansyl chloride is a powerful fluorescent agent that can be used to identify the amino terminals of peptide chains. Dansyl chloride can specifically react with the chain’s N-terminal alpha-amino group to produce dansyl-peptide, and the dansyl-amino acid produced by hydrolyzing the dansyl-peptide also has powerful fluorescent properties. Having these properties, dansyl chloride has been used in the application of sequencing for a long time due to its susceptibility to hydrolysis by water and hydroxyl ions [14]. In addition, the salt-aging method is less reliable since it requires a long time and validation, and the results depend on the oligos properties [34,44,45] to achieve an efficient AuNPs-DNS-ssDNA-conjugation without aggregation. A procedure was developed which involved continuous additions and progressive increases in salt concentrations over two days [44]. For example, multilayer-coated GNPs were prepared by sequential modification of GNPs with PEI, a cationic polymer, and finally with antisense-oligonucleotides to target the mecA gene and to suppress methicillin resistance of methicillin-resistant S. aureus [46]. To further support how important the GNPs’ properties with DNA conjugation are, a study was conducted on porous-GNPS and the steric repulsion between 20 layers around the particles, keeping the porous GNPs relatively stable. Furthermore, when compared to GNPs and Tween GNPs, porous GNPs showed a considerable increase in DNA loading [47]. DNA hybridized to GNPs has undergone kinetic and thermodynamic experiments, which revealed that ssDNA first adheres to the GNPs before gradually diffusing over their surface. A DNA hairpin’s secondary structure prevents GNPs and DNA from interacting with each other, immediately enhancing the stability of the attached DNA. This characteristic can be applied to the targeted delivery of specific cancer cells, provided AuNPs are attached with respective nucleic acid sequences. For example, a study was conducted on prostate cancer by attaching GNPs to anti-PSMA antibodies by using an oligonucleotide that was complementary to the sequence of the anti-PSMA (prostate-specific membrane antigen) [48]. Another innovative study conducted by Chang et al., 2006, used DNA functionalized GNPs to create a chip-based DNA biobarcode sensor to find target DNA sequences. In the case of biosensors or biobarcoding, the target DNA can be assessed using complementary DNA attached to GNPs. DNA is assessed using complementary DNA attached to GNPs and subsequent detection of the amplified DNA instead of the original target DNA [49].




3.3. Assessment of Fluorescence from AuNPs-DNS/ssDNA Conjugates


Fluorescence emission intensities were compared for the two ssDNA primers conjugated with AuNPs-DNS. In the presence of both P1 and P2 sequences, the fluorescence emission intensity of ssDNA sequences was significantly quenched and redshifted, Figure 6A,B. AuNPs-DNS showed an excitation wavelength at 340 nm, corresponding to well-resolved fluorescence emission at 475 nm. In addition, ssDNA conjugation resulted in an excitation shift to 320 nm and a fluorescence emission maximum at 515 nm. Previous reports demonstrated the use of fluorescence emission quenching in assessing ssDNA conjugation as a specific hybridization of ssDNA-modified AuNPs with complementary oligonucleotides [50]. Fluorescence emission quenching and shifting perhaps reflected the efficient interactions of ssDNA with AuNPs-DNS.



Fluorescence lifetimes of AuNPs-DNS/ssDNA bioconjugates were measured to probe the ssDNA recognition. The observed biexponential decay suggests that the addition of both P1 and P2 ssDNA sequences remarkably reduced the lifetime of the AuNPs-DNS fluorophores, Figure S6. The excited-state lifetime of AuNPs-DNS decreased from 10.37 to 2.7 ns for the salt-aging method and 0.6 ns for the freeze-thaw method, Table S2. The decreased lifetime of one of the decay components supports the observed quenching [51,52]. There are different quenching mechanisms proposed for nanoparticle-quencher interactions, such as non-radiative recombination, energy and electron transfer, and surface adsorption. Factors including spectral overlap, the orientation of the transition dipoles, and donor-acceptor distance matter in the rate of energy transfer between donor-acceptors [53]. Time-resolved fluorescence lifetime measurements were used to validate the quenching mechanisms of ssDNA interactions with AuNPs-DNS. After the addition of ssDNA, the excited-state lifetime of AuNPs-DNS showed a dynamic quenching since the excited-state quenching and fluorescence lifetime values were changed remarkably [52,53,54,55].





4. Conclusions


Fluorescent gold nanoparticles of AuNPs-DNS were synthesized and characterized. The dansylation of gold-aryl nanoparticles in a basic medium resulted in fluorescent gold nanoparticles. We successfully conjugated ssDNA with AuNPs-DNS with two methods, viz., freeze-thaw and salt-aging. The freeze-thaw method was more efficient than the salt-aging method for ssDNA conjugation to AuNPs-DNS. Fluorescence intensity was quenched by ssDNA conjugation. Fluorescent lifetime and optical density measurements showed a decreased exciton lifetime with good purity of ssDNA after conjugation. This method can be applied to DNA biosensing and related bioanalytical applications.
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Figure 1. (A) Schematic representation showing facile surface derivatization of AuNPs-COOH using DNS-Cl. (B) Cuvette of AuNPs-DNS under UV light, (C,D) UV-visible spectra showing AuNPs-COOH, DNS-Cl, and AuNPs-DNS. (E) Thin-layer chromatography (TLC) for dansyl chloride and AuNPs-DNS UV light irradiation. 
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Figure 2. (A) Raman spectra at λex = 785 nm for dansyl chloride, AuNPs-COOH, and AuNPs-DNS. (B) Fluorescence emission spectra of AuNPs-DNS at different excitation wavelengths. 
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Figure 3. TEM images of AuNPs-DNS. (a,b) AuNPs with low magnification and (c,d) AuNPs with high magnification. 
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Figure 4. Images of samples after ssDNA conjugation with AuNPs-DNS. (A) Freeze-thaw method and (B) salt-aging method (i) daylight images, (ii) UV light images, and (iii) separation of conjugated DNA by gel electrophoresis. 
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Figure 5. Optical density measurements showing ssDNA (A) concentration and (B) purity values upon immobilization on AuNPs-dansyl. 
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Figure 6. Fluorescence emission spectra of (A) AuNPs-DNS + ssDNA (P1) at different excitation wavelengths, (B) peak shifts for AuNPs-DNS upon P1 and P2 immobilization. 
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