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Abstract

The discovery and elucidation of genetic codes have profoundly changed not only biology but also 

many fields of science and engineering. The fundamental building blocks of life comprises of four 

simple deoxyribonucleotides and yet their combinations serve as the carrier of genetic information 

that encodes for proteins that can carry out many biological functions due to their unique 

functionalities. Inspired by nature, the functionalities of DNA molecules have been used as a 

capping ligand for controlling morphology of nanomaterials and such a control is sequence 

dependent, which translates into distinct physical and chemical properties of resulting 

nanoparticles. Herein, we provide an overview on the use of DNA as engineered codes for 

controlling the morphology of metal nanoparticles, such as gold, silver and Pd-Au bimetallic 

nanoparticles. Fundamental insights into rules governing DNA controlled growth mechanisms are 

also summarized, based on understanding of the affinity of the DNA nucleobases to various 

metals, the effect of combination of nucleobases, functional modification of DNA, the secondary 

structures of DNA and the properties of the seed employed. The resulting physical and chemical 

properties of these DNA encoded nanomaterials are also reviewed, while perspectives into the 

future directions of DNA mediated nanoparticle synthesis are provided.
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1. Introduction:

The synthesis and characterization of colloidal metal nanoparticles is an area that has 

garnered much interest over the past years, because the properties that these nanoparticles 

exhibit at the nanoscale have demonstrated enormous potential in applications that span 

many diverse areas such as medicine,[1–5] photonics,[6–8] catalysis,[9–15] sensing[16–19] and 

electronics.[20, 21] The arrangement of atoms in such a nanoscale-confined environment has 

played a major role in determining the physical and chemical properties of these metal 

nanoparticles.[21–25] Hence, the ability to precisely control their morphologies, such as shape 

and surface structures is a major avenue to realize their full potential in a myriad of 

applications.
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Among the methods to control the nanoparticle morphologies, solution-based synthesis 

methods involve regulation of kinetic and thermodynamic parameters.[26, 27] These 

parameters are often interdependent and can be meticulously tuned by the selection of 

different precursors,[28, 29] temperatures,[30, 31] solvents,[32, 33] pH,[34–37] additives,
[21, 23, 25, 38, 39] and capping ligands.[40, 41]Among all those parameters, the capping agent 

has been the center of interest. The capping ligand is often involved in a range of functions, 

including binding to a specific facet of the nanocrystals, influencing precursor reduction and 

diffusion, and providing overall colloidal stability.[41–45] For example, commonly used 

capping ligands, such as cetyltrimethylammonium bromide/chloride (CTAB/CTAC), citrate, 

polyvinylpyrrolidone (PVP) and polyols, have shown the ability to bind specific facets of 

noble metals such as {100} or {111} independently or when complemented with other 

ligands such as halides ions (for example, Br− is known to stabilize the {100} facet).[46–48] 

While these capping ligands have been successful in controlling morphologies of metal 

nanoparticles, the lack of systematic variations and fine tuning of their structures, charges or 

functional groups largely limits their ability to accurately control nanoparticle morphology.

To overcome the above limitation, materials scientists and engineers have resort to 

biomolecules[49] that have been perfected through evolution, such as amino acids,[42] 

peptides,[50–52] protein,[44, 53] virus capsids[54] and nucleic acids[55] to be used in the 

synthesis of nanomaterials. Among them, the unique structure of DNA showcases several 

tunable properties such as charge, length, affinity and functional groups,[56] and these 

properties have been exploited extensively in the field of self-assembly,[57, 58] sensing and 

imaging.[17, 59, 60] Recently, they have also been utilized as capping ligands to precisely 

control the morphologies of nanomaterials during the synthesis.[61, 62]

This review aims to summarize the recent progress in sequence specific DNA-mediated 

control of metal nanoparticle morphologies. We will briefly discuss the DNA-mediated 

synthesis of metal nanoparticles, and focus on highlighting the importance of sequence 

dependent “DNA-encoded” morphological control of metals at the nanoscale. The process 

by which the DNA of different sequences employed determines the final shape of metal 

nanoparticles is quite complex and yet very elegant. The challenges thus faced in 

understanding such a system, along with solutions and promising approaches will be 

discussed. Finally, the functional properties of these DNA encoded metal nanoparticles will 

be presented to show promises of this class of materials for many applications.

1.1 Why use DNA in the synthesis of colloidal metal nanoparticles?:

DNA has traditionally been considered as a storehouse of genetic information, which 

consists of different combinations of four deoxyribonucleotides (G, A, T and C). The 

elucidation of genetic codes is a major milestone in biology that allows the DNA to encode 

biological functions. From a material chemist’s perspective, the structure of DNA consisting 

of the sugar–phosphate backbone and the nitrogenous bases can be considered as a well-

designed blend of hydrophobic and hydrophilic functional groups. The property of single 

stranded DNA (ssDNA) to be able to bind metal ions was used extensively in the synthesis 

of Ag nanoclusters.[63–65] Shortly after, studies proved that the fluorescence emission from 

these clusters can be tuned by altering the DNA sequence used for the nanocluster synthesis,
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[66, 67] highlighting the importance of the DNA sequences in material synthesis. The 

methodology was then quickly extended to other noble metal particles and adopted for 

different applications, such as in sensing.[68]

Functional modifications, such as amine, biotin and thiol, can be incorporated into the DNA 

sequence without effecting the base pairing ability of that particular sequence. Such 

modifications are especially useful in integrating DNA with other materials such as gold 

nanoparticles[69, 70] and silica particles.[71, 72] The backbone can also be modified to 

phosphorothioate (PS) to maintain the negative charge or to peptide nucleic acids (PNA) that 

exhibits a neutral backbone. The four canonical nucleobases can also be replaced with 

modified bases, with either one of functional groups in the canonical nucleobases deleted, 

substituted, or replaced with a new functional group. For example, HdA, IdA, HdC, mdC, 

AdT and AdG are among many nucleobases analogues that can be synthesized (Figure 1). 

While certain organic polymers used in metal nanoparticle synthesis can be designed to have 

charges and functional groups distributed on their backbone, the length or molecular weight 

of such polymers cannot be controlled as precisely as with DNA. The superior control over 

the structure of DNA makes it a powerful candidate in directing the shape of the 

nanomaterials, and can possibly lead to generating novel morphologies and properties with 

very fine control.

2. Discovery of DNA codes for controlled synthesis of metal NPs:

The process by which the DNA genetic code holds accurate information about the 

translation of DNA into RNA and then into amino acids for proteins is highly sophisticated. 

It is known that the sequence plays a pivotal role in determining the end product; even a 

single mutation can result in a missing, misfolded or malfunctioning protein. By the virtue 

of intricate functionality of DNA and its transcribed products, molecules interact 

specifically, making possible the synthesis of highly complex molecules. Inspired by this 

process in nature, we have explored how a specific sequence of DNA can influence the final 

morphologies and surface structure of a particular nanomaterial when present in the 

synthesis. In other words, we aimed to discover and elucidate DNA “codes” for 

morphologies of abiological nanomaterials. The ultimate goal is to be able to predict the 

final morphology of the nanomaterials simply based on the specific DNA sequences and 

nanomaterial precursors used, exactly like how we are now able to predict protein structures 

with genetic codes. While we are far from being able to predict the final nanostructures at 

this point, considerable progress has been made to understand such synthetic systems. A 

DNA- mediated synthesis involves the DNA directed deposition of metal on a pre-

synthesized seed. To provide information regarding the morphology transition, growth 

mechanisms and properties, electron microscopy-based imaging techniques such as SEM 

and TEM (Scanning Electron Microscopy and Transmission Electron Microscopy) have 

been used to help characterize the final shape of the metal nanoparticles. Furthermore, time-

based electron microscopy studies have shed light on how the nucleation and growth of the 

seed takes place in the presence of DNA. In addition, absorption spectra of the system has 

allowed not only the monitoring of the SPR properties of the metal nanoparticles but also 

analysis of the structure-function relationship between the morphology of the nanoparticle 

and the SPR during the course of the growth. How each of these techniques provide 

Reddy Satyavolu et al. Page 3

Small. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



information on the DNA encoded nanoparticles will be described in details in the later 

sections that discuss the growth mechanisms. In this section, we will describe these systems, 

classified by the seed species employed in the synthesis.

2.1 DNA encoded synthesis based on spherical gold nanoparticles (AuNPs) seed:

Spherical AuNPs are easily among the most well studied Au-based nanomaterials in terms 

of synthesis and characterization.[73–76] The surface of these AuNPs have been modified 

extensively with ligands, including DNA,[77] for self-assembly[69, 70] and other applications.
[78] The affinities of DNA to the surface of spherical AuNPs have also been studied to reveal 

that dT has a lower binding affinity as compared to dA, dC or dG.[79] The translation of the 

DNA affinity into the final morphology of particles when oligomers of DNA with different 

sequences were used, showed remarkable differences.[80] While 30-mer of dT resulted in 

spherical AuNPs slightly larger in size, 30-mer of dA and dC resulted in nano-flower 

(AuNF) (Figure 2A). The uneven growth characteristic of the AuNF that dA and dC 

imposed can be attributed to the higher binding affinity of the nitrogenous nucleobases to the 

surface of the spherical gold seed. In contrast, a sequence like oligo-T with low binding 

affinity only manages to colloidally stabilize the final nanoparticle allowing just a simple 

overgrowth to a bigger spherical nanoparticles, without influencing the shape. These uneven 

features had a direct influence on the plasmonic properties of the nanoparticles that were red 

shifted, where the AuNFs formed by oligo-A had a more red shifted peak compared to 

oligo-C capped particles. As a result, the AuNF colloidal solutions were blue in color. While 

the affinity of the DNA did make a difference in the final shape, the adsorbed and implanted 

DNA on the particle surface contribute to the colloidal stability of the AuNPs.

2.2 DNA encoded synthesis based on gold nano prisms (AuNPr) seed:

The previous study with spherical AuNPs established that DNA-mediated shape control was 

indeed possible. As an extension to demonstrate the precise level of nanoparticle shape 

tunability, AuNPr was used as the seed, because the seed presented different facets than 

spherical AuNPs. The AuNPr was synthesized using a previous protocol[81] and their 

overgrowth was monitored in the presence of 30-mer of dA, dC, dT and a 20-mer of dG. The 

anisotropic nature of the seed, makes the monitoring of shape evolution easier from the 

surface and the edges. The presence of each oligonucleotide resulted in a unique shape. 

Specifically, rough-round plates, six-pointed stars, round plates and hexagonal plates were 

formed in the presence of A30, T30, C30 and G20, respectively (Figure 2B and 3B).[82] The 

{111} surface was preserved in each case except in the formation of the roughing of the 

surface in the presence of A30. In addition, the growth in the presence of different lengths of 

the oligonucleotides (5, 10 and 20-mer of G and 30-mer of other oligonucleotides) yielded 

similar morphologies, suggesting that the sequence of the oligonucleotides, rather than the 

length, plays an important role in morphology control. However, the synthesis in the 

presence of monomeric deoxyribonucleotides, i.e. dAMP, dTMP, dGMP and dCMP led to 

formation of unstable structures that aggregated due to lack of colloidal stability. Therefore, 

the length of the oligonucleotides should be long enough (generally above 5 nucleotides) to 

maintain colloidal stability of the nanostructure of desired morphology.
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2.3 DNA encoded synthesis based on gold nanorods (AuNR) seed:

AuNRs are anisotropic nanoparticles that exhibit unique absorption and scattering properties 

in the near infrared (NIR) region. Owing to the anisotropic nature, AuNRs exhibit both 

longitudinal and transverse localized surface plasmon resonance (referred to as L-LSPR and 

T-LSPR, respectively) characterized by the AuNR aspect ratio[46] and these anisotropic 

optical properties have been utilized for optical[23] and biomedical applications.[83] The 

overgrowth of the AuNRs in the presence of homo-oligomeric 20-mer of DNA not only lead 

to different geometries, but also result in plasmonic spectral tuning.[84] In the case of A20, 

the AuNR overgrowth yielded a dumbbell shaped particle (Figure 2C). The tips of the 

nanorod had more deposition resulting in the red shift of the L-LSPR. The increase in the 

thickness of the rod slightly shifts the T-LSPR wavelength band. C20 and T20 both resulted 

in the formation a cracked octahedron structure with difference in the gap between the two 

pointed features. While the L-LSPR bands for structures formed by both oligonucleotides 

were blue-shifted, this particular difference in gap allows the L-LSPR peaks to be different. 

Specifically, the shorter the gap, as observed in the presence of C20 (17±3 nm gap as 

compared to 24±3 nm in the case of T20), the more is the blue shift. When the gap is close 

to zero, the L-LSPR is blue-shifted to the extent that the L-LSPR merges with the T-LSPR to 

give a single unified LSPR peak, which is observed in the presence of G20. The system 

highlights how subtle changes in the deposition profile can directly influence not only the 

geometric but also physical properties.

2.4 DNA encoded synthesis based on silver nanocubes (AgNCs) seed:

The interaction of DNA with metal NPs is expected to change depending on the identity of 

the metal. While most studies have been focused on gold-based systems, it is important to be 

able to expand the metal NPs to make the above approach more generalizable. DNA-

mediated Ag overgrowth on AgNCs as seeds, was the first system to demonstrate the DNA 

sequence dependent nature of Ag nanoparticle growth.[85] Not surprisingly, the trend of 

affinity of the different oligonucleotides to Ag was different from that of Au. A previous 

study has reported the trend of the affinity to AgNPs to be in the order, C > G > A > T.[86] 

The presence of A10 and T10 resulted in formation of stellated structures, specifically 

truncated octahedra with varying degrees of truncations depending on the sequence. The 

presence of T10 induced smaller particles with larger truncations, while A10 induces larger 

particles with smaller edge-truncations. The overgrowth of AgNCs in the presence of C10 

formed truncated tetrahedra and the presence of G10 interestingly, did not allow any 

overgrowth of the seed (Figure 2D). The stabilization of the {111} facet by the DNA 

containing T, A and C resulted in the gradual disappearance of the {100} facet that was 

initially the dominant facet on the AgNC seed. Further investigations suggested the 

involvement of formation or destruction of secondary structures formed by the DNA 

sequences during the course of the reaction, indicating the structurally dynamic nature of the 

DNA strands in the growth solution. The importance of having to consider the substantial 

role of secondary structure of DNA molecules in control of NP morphologies was 

demonstrated in this study.
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2.5 DNA encoded synthesis based on spherical silver nanoparticles (AgNPs) seed:

Most recently, Yang and coworkers have reported DNA-mediated shape evolution of 

relatively small spherical AgNPs, in the presence of citrate ligand, to anisotropic 

morphologies such as nanoprisms. Oligo-G and oligo-C mediated the formation of 

nanoprisms, while oligo-T and oligo-A resulted in formation of nanodiscs and 2-D nano 

flower bouquets, respectively (Figure 2E). The spherical AgNP seed is generally known to 

have multiple {111} and {100} facets.[87] The presence of citrate allows the spherical seed 

to form multiple twinned particles. Similar to the case of AgNCs which are enclosed mainly 

by {100} facets and {111}, {110} sites, the DNA had a tendency to bind to the {111} facet 

of the spherical seed and further stabilize it. Hence, the {111} facet dominates the final 2-D 

structures. Although the oligo-C would be expected to have a dominant effect on the 

overgrowth of the Ag spherical nanoparticles, the most dominant effect was produced by 

oligo-A sequence, due to the stronger binding affinity of oligo-A with higher energy facets 

(twinned surface) and the lower mobility of the sequence on {111} crystal face, leading to 

the growth of 2D triangular silver bouquets.

2.6 DNA encoded synthesis of Pd-Au bimetallic nanoparticles:

The generalizability of the DNA-encoded nanomaterials synthetic approach was further 

demonstrated, when A10, T10, G10 and C10 was used to control the morphology of 

bimetallic nanoparticles, specifically Pd-Au nanoparticles.[88] Pd nanocubes were used as 

the seed, and in the presence of DNA a co-reduction of Pd and Au precursors was 

performed. The nanocube seed is characterized mainly by six {100} faces and additionally 

{110} and {111} sites, i.e. the truncation of edges and the corners, respectively. The higher 

surface energy of the {110} and {111} sites directs both binding of oligonucleotides 

sequences and deposition of incoming metal. Those sequences with lower affinity to the 

seed such as T10 cannot effectively passivated the high energy sites which allows deposition 

on the high energy sites to form a Pd-Au core-frame structure, i.e. the metal deposits along 

the corners and the edges. Those with higher binding affinity, such as A10 bind to the higher 

energy sites and passivate the surface to lower their energy, resulting in a complete coverage 

of the seed. Therefore rhombi cuboctahedron, cuboctahedron and undulated Pd-Au shell 

over the seed were formed in the presence of A10, C10 and G10, respectively (Figure 2F). 

Metal atom diffusion on the seed also plays an important role in directing the morphology 

and is also simultaneously influenced by the DNA binding affinities. Interestingly, A10, the 

sequence with highest binding affinity to gold, can stabilize Au surface with higher energy, 

to allow the formation of smaller nanocrystallites that eventually coalesce into bigger 

particles that deposit onto the seed. This phenomenon is not observed in the case of the other 

DNA bases.

The ability of DNA to control the morphology of Pd-Au nanoparticles was further tested 

when the seed was changed from a low-index faceted nanocube to a high-indexed concave 

nanocube. The concave cube was different in that it had extended edges and corners in the 

<111> and the <110> direction while the {100} facets were retained at the center.[89] DNA 

was ultimately successful in controlling the final morphology of the Pd@Au core-shell 

nanocrystals but the effect of the high-energy faceted seed cannot be ignored.[90] The 

presence of T10 caused the formation of a gold shell with least deposition of gold along the 
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{100} facet and more deposition in the <111> and <110> directions. The G10-encoded 

structures had rounded vertices, while the edges of C10-encoded structure formed octapods 

with octahedron-like structures consisting of prominent {111} surfaces. Finally, A10 

resulted in the formation of a gold shell with an overall rough surface. The initial metal 

deposition is dictated almost entirely by the seed’s high surface energy. After an initial 

deposition, DNA controls the morphology in a sequence dependent manner. Similar to the 

cubic system, A10 enable the formation of smaller nanocrytsallites before the deposition 

onto the seed. The fine control displayed in tuning the morphology of the shell demonstrates 

the immense potential that DNA has in shaping hybrid materials that possess disparate 

properties.

3. Insights into DNA-encoded metal nanoparticle morphologies:

It is evident, from the above examples, that different sequences of the DNA, reflected by 

their different chemical composition, and hence the structural properties, play an important 

role in defining the final morphology of the metal nanoparticles. The interaction between the 

DNA molecules and the metal atoms can be elucidated to a large extent using chemical and 

physical methods. Understanding the complexity of the DNA structure and their interaction 

with metal nanoparticles on a molecular level allows for deeper insights into DNA-mediated 

nanoparticle growth mechanisms.

3.1 The structure of DNA:

As mentioned earlier, the sugar-phosphate backbone and the nucleobases constitute to the 

framework of DNA. The nucleotide formed by sugar-phosphate group and one of the four 

nucleobases is the recurring unit in a given sequence (Figure 1). Each nucleotide unit 

changes with respect to the nucleobase. The majority of the studies that involve a DNA-

encoded synthesis use DNA molecules that are homo-oligomeric in nature, i.e. the 

nucleobase of the recurring nucleotide unit is kept the same for each individual study. 

Choosing these homo-oligomeric DNA aids deciphering the structural elements of each 

nucleobase involved in stabilizing a particular facet.

Although naturally derived, the ssDNA structurally has many aspects that easily make it 

qualify as a capping agent. First, the phosphodiester backbone contributes to the negative 

charge and thus the hydrophilicity. The negative charge is expected to induce charge 

repulsion between different nanoparticles thus providing colloidal stability. Therefore, the 

extended oligomeric form of DNA is indeed necessary for the stability of metal nanoparticle. 

Nanoparticles synthesized with just mononucleotides tended to aggregate.[82] Additionally, 

the minimum length of DNA required for imparting both colloidal stability and shape 

control was determine to be 5 bases, beyond which the length of DNA does not produce 

length-specific effects. Second, in comparison to the backbone, the aromatic rings of purines 

and pyrimidines in the nucleobases are more hydrophobic. Depending on the pKa values of 

the nucleobases, the pH and composition of the working solution, the nucleobases are either 

protonated or deprotonated.[91] The potential for metal binding stems from the structure of 

the DNA molecules. The nucleobase ring N and the keto O atoms that flank the purines and 
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pyrimidines are involved in metal complexation.[56] The exocyclic amine groups also help in 

metal interaction, ostensibly through coordination.

In the most general structural form of double-stranded DNA (dsDNA), the nucleobases on 

both strands intertwine in an anti-parallel manner, through Watson-Crick hydrogen bonding 

to form a helical structure. The base-pairing interaction is specific in that, adenine and 

guanine (the purines) form hydrogen-bonds with thymine and cytosine (the pyrimidines), 

respectively. In this way, the functional group-rich nucleobases in dsDNA are mostly 

masked from interactions with the surrounding environment. As a result, the dsDNA’s 

sequence has little role to play in a DNA-encoded control of NP morphologies and almost 

all DNA-encoded studies reported so far use ssDNA instead. dsDNA mediated nanoparticle 

synthesis has been studied separately, wherein the sequence of DNA plays no role.[92]

3.1.1. Affinity of the DNA bases to various metals: The interaction of DNA with 

metal ions has been extensively studied.[93–97] While this interaction is important, what 

carries more weight in a DNA-encoded control NP morphology is the interaction of DNA 

with metal surfaces. A variety of techniques have been used in the past to probe the 

nucleobase affinity for gold based surfaces.[98] Among the first examples, Mirkin and 

coworkers reported a temperature-programmed desorption (TPD) and reflection−absorption 

infrared (RAIR) spectroscopic study to calculate the heats of desorption (ΔHdes) of the 

individual nucleobases and nucleosides on a gold surface.[99, 100] The general trend for 

desorption revealed that pyrimidines tend to desorb more easily as compared to purines. 

More specifically, the trend observed with respect to the ΔHdes was guanine (G) > adenine 

(A) > cytosine (C) > thymine (T), which was in agreement with theoretical studies 

performed later.[101] An isothermal titration calorimetry (ITC) investigation of PNA-based 

monomer analogue binding to AuNPs showed the affinity order C > G > A > T.[102] 

Relevant to DNA-encoded synthesis of nanoparticles where single stranded homo-

oligomeric DNA is used, Whitman and coworkers performed more detailed studies on the 

interaction of ssDNA on gold using Fourier transform infrared (FTIR) spectroscopy and X-

ray photoelectron spectroscopy (XPS).[103] Competitive adsorption experiments on Au 

surfaces showed relative adsorption affinity of DNA nucleobases to be A > C ≥ G > T. This 

trend of affinity has been observed in investigating the underlying mechanisms of growth of 

AuNPs in presence of ssDNA sequences and shall be discussed in a later section.[104] A 

more recent study by Liu et al. involving cyclic voltammetry as a method to probe the 

adsorption of unmodified ssDNA at low pH showed that A and C have more effective 

adsorption to the gold surface compared to T and G due to the protonation of functional 

residues and higher affinity to gold surface.[105]

Reports of interaction of DNA nucleobases with other noble metal surfaces or nanoparticles 

are rare. Besides gold, only a few reports of interaction of DNA with AgNPs have been 

reported. The earlier study probed the nucleobase affinities based on surface plasmon 

resonance spectroscopy (SPRS) and the signal intensity of surface-enhanced Raman 

scattering (SERS) and determined the trend to be C > G > A > T.[86] The second study used 

solely colorimetric method to investigate the aggregation kinetics of AgNPs in the presences 

of nucleobases to obtain a different trend of A > T > C ≥ G.[106] The trends in binding 

strengths varied greatly between the two studies, probably due to the differences in 
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experimental conditions and properties of AgNPs, such as their geometries, pre-existing 

capping ligands, and sizes). Thus, the study of DNA interaction with metal surfaces as 

opposed to nanoparticles is capable of providing more consistent trend in binding affinities, 

as demonstrated in the case of DNA interaction with gold surfaces. Despite the differences, 

what these studies highlight is that the conditions of the growth can potentially affect the 

trend of nucleobase affinities for metal nanoparticles and thus the outcome of a DNA-

mediated growth. Additionally, to make DNA-mediated synthesis of noble-metal 

nanoparticles a more generalizable or predictable protocol, it is imperative to understand and 

study the affinities of the nucleotides to various surfaces of different metals. A few studies 

have reported DNA adsorption studies onto metal oxide particles,[107, 108] a class of 

materials that are slightly different from metal particles in that the metals exist in a non-zero 

oxidation state.

3.1.2. The effect of combination of nucleobases: Clearly, the interaction of DNA 

depends on the nucleobases that are present in the sequence, which is a result of the 

interacting functional groups on the nucleobases present. While the use of homo-oligomers 

of DNA does provide for a very fine control of nanoparticle morphology, systematical 

programming the binding affinities of DNA can be achieved by combining nucleotides, 

which can further expand the tunable range of nanoparticle morphology. For a given length 

of a DNA, there is sufficient diversity available with respect to just nucleotide arrangement. 

A classic case is the used of combination sequences in the overgrowth of Au nanoprism. The 

use of homo-oligomers result in shapes that are very disparate. The use of nucleotide 

combinations help access morphologies whose features lie in between the morphologies 

resulting from any two homo-oligomers.[82] As shown in Figure 3B, surface effects by 

nucleotides includes roughening by C and A, edge thickening by G and flattening by T. 

Shape effects are more obviously observed when the homo-oligomers were used, i.e. round 

plates (A, C), hexagonal (G) and six pointed star (T).

A different, yet important aspect of tuning optical properties via nanoparticle shape control 

is evidenced when sequence combinations are used in the over-growth of Au nanorods. The 

study reveals A and G produce dominant effects with respect to shape-control in 

combination with C and T. The oligomeric G and A gave a blue-shifted L-LSPR at 551 nm 

and red-shifted L-LSPR at 856 nm, respectively. Increasing the A base in the combination 

sequence (starting from G20, A10G20, A15G15, A20G10 to A20) involving the two 

dominating bases produces particles that have L-LSPR peak red-shifted from 551 nm to 856 

nm (Figure 3C). This implies that the L-LSPR can be precisely tuned between a given 

wavelength range by using the right sequence combination.

3.1.3. Functional modification of DNA: Specific modification of a functional group 

in a DNA can bring about more predictable changes. For example, the thiol-containing 

capping ligands including alkyl-thiolated DNA are widely used to functionalize gold 

nanomaterials[109, 110] to impart special functionalities given the soft nature of the thiol 

ligands that have a higher affinity for the soft gold metal. Similarly, incorporation of a 

phosphorothioate (PS) modification to the phosphodiester backbone can increase its affinity 

for AuNPs.[111] In the case of AuNR overgrowth in the presence of homo-oligomeric DNA, 
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the use of A20 induces a red-shift to the L-LSPR of the final nano-structures as mentioned 

above. Further increase of the DNA affinity by incorporating PS modifications (1PSA20, 

2PSA20, 4PSA20) resulted in particles with L-LSPR red-shifted dramatically from 856 nm 

(only A20) to 1011 nm (4PSA20) with increasing number of PS modifications. Structurally, 

the gap of the final dumb-bell shaped particles increased from 8±2 nm (only A20) to 28±6 

nm (4PSA20) which accordingly red-shifted the L-LSPR to the NIR-II region (Figure 4).

The PS modification is one of the wide variety of functionalities that can be incorporated 

into a DNA sequence. The incorporation of functional groups can be through the backbone, 

just like the PS modification or via the nucleobase itself. Functional modifications may also 

be employed to elucidate mechanisms in a DNA mediated synthesis. For example, the amine 

and carbonyl groups present on the nucleobases play a significant role in binding to metal 

surfaces. Removal of these groups would help account for the exact role of the base in the 

growth. Similarly, addition of new functional groups such as amine or hydroxyl group can 

help tune the nucleobase affinity and thus the morphology of the particle. With the PS 

modification being able to influence morphologies of nanoparticles, it is clear that the 

backbone can also play a significant role in engaging with the metal surface. The highly 

charged phosphodiester backbone can be replaced by a neutrally charged backbone, such as 

using PNA, that simply connects the nucleobases but keeps the sequence soluble in aqueous 

medium. The incorporation of modified DNA will not only help elucidate the roles of each 

functional group but will further enrich the DNA code library for generating nanoparticles 

with new morphologies.

3.1.4. Secondary Structures of DNA: Single stranded DNA of a particular sequence 

has the ability to fold into structures that involves the intra-molecular or inter-molecular 

interactions such as hydrogen bonding, between the nucleobases present in the sequence. 

The secondary structures arising from homo-oligomers of DNA, i.e., formed by the 

interaction between identical nucleobases are more relevant to the present discussion. DNA 

that are rich in G or C have the ability to form unusual secondary structures under certain 

conditions. For example, the G-rich DNA forms G-quadraplexes which involves G-quartets 

that are planar in nature and generally assemble in presence of a stabilizing cation such as K
+.[112, 113] The C-rich DNA forms the i-motif of C.C+ base pairs involving one or multiple 

nucleic acid strands.[112] The protonation of the N3 of C plays a crucial role in the structure 

formation, thus making it pH dependent. Specifically, the i-motif is more stable at lower pH 

values, such as below physiological pH.[114] The dependence of secondary structures 

formation on the species present in the surrounding environment has led to the design of 

many switchable DNA-based sensors.[115–117]

A typical DNA-mediated nanoparticle growth solution would provide for an acidic 

environment which is simultaneously populated with metal cations, owing to the metal 

precursor in solution.[118] Hence, the formation of secondary structures in solution is a 

possibility and may be of potential importance. The nature of a folded ssDNA or a structure 

that comes together by inter-strand interactions is bulkier when compared to a single 

unfolded ssDNA. Although the nucleobases are masked due to their supramolecular 

preoccupation, the as-formed secondary structure may still show potential to interact with 

the nanoparticle seed’s surface. Thus far, the formation of G-quadraplex and i-motif has 
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been observed in growth solutions where the overgrowth of silver nanocubes was studied in 

the presence of short oligomers of DNA (A10, T10, G10 and C10) (Figure 3A).[85] The 

formation of G-quadruplex occurs only after having added the silver precursor and 

reductant, indicating that the Ag+ ions played a vital role in structure assembly. The Ag+ ion 

sequestration by the secondary structure consequently rendered the precursor unavailable for 

further reduction on the cubic seed surface, thus the morphology of the seed remains 

unchanged. The bulky secondary structure additionally may be involved in the surface 

passivation of the seed preventing any Ag0 deposition. On the contrary, the i-motif structure 

was formed in solution before the addition of the precursor or reductant. Owing to the initial 

slightly acidic environment, the formation of C-H+-C base pairing is favored. On addition of 

precursor and reductant, the high binding affinity of Cytosine to Ag+ disrupts the C-H+-C 

base pairing to form a C-Ag+-C pairing. The Ag+ is still susceptible to reduction and thus 

destabilization of the secondary structure takes place. The formation and destabilization of 

these structures in growth solution can be readily monitored using Circular Dichroism (CD) 

Spectroscopy.

3.2 Properties of the Seed Employed:

All the DNA-encoded synthetic protocols for morphology control involve a seed-mediated 

synthesis. Using a seed is known not only to increase monodispersity and uniformity of the 

final nanostructures,[119] but also influence the metal deposition both in 

monometallic[120, 121] and bimetallic[122] nanomaterials. Although DNA with different 

sequences by themselves are able to direct morphologies very differently from each other 

irrespective of the nanoparticle seed, the function of the seed cannot be overlooked. The 

most important step in a DNA-mediated synthesis is the choice of seed, which determines 

what surfaces the DNA will potentially interact with. By rationally choosing the seed, one 

would be able to obtain desired information regarding the exact influence of the seed and the 

DNA on the final morphology. In this respect, there are two main factors that need to be 

considered while studying the interaction of the seed; 1) the facets that the seed encloses and 

its composition and 2) the capping ligands that pre-exist on the surface of the seed.

3.2.1 Facets of the seed: It is indeed challenging to predict the interaction between 

DNA and a certain metal. However, it is even more challenging to predict the affinities of 

DNA to different facets of a nanoparticle of the same metal. The noble metal nanoparticle 

systems that have been studied for DNA-mediated growth crystallize in the face-centered 

cubic (fcc) lattice. The most common facets that the seeds employed enclose are the low-

indexed facets, i.e. {111}, {100} and the {110} facets, the surface energies of which 

increase in the same order. Most of the systems that have been studied contain only these 

three surface facets. For example, in the over growth of AuNR, the growth is determined by 

the fact that strong binding affinity DNA will bind to {110} and {100} facets on the AuNR 

surface (Figure 5A).[84] For nucleobases with strong affinity such as adenine oligomers, the 

DNA binds to the sides of the rods, which has {110} and {100} facets, resulting in 

preferential growth at the ends and thus formation of dumbbell shape. For nucleobases with 

relatively weaker binding affinity (T20, C20 and G20), the growth initiates from the ends 

and will grow to favor the formation of {111} facet, resulting in the formation of sharp tips 

at the ends of the nanorods. Thus, the binding affinity of DNA to {100} and {110} will 
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determine how much the sides will continue to grow. The weaker binding affinity of the 

DNA results in more growth on the sides, transiting through a cracked octahedron shape and 

eventually form an octahedron as observed for G20. The C20 and T20 have slightly stronger 

binding affinity, probably owing to the secondary structure formation in case of G20, 

resulting in termination of the growth at cracked octahedron shapes.

The AuNPr consists of two planar {111} surfaces and a twinned plane in-between.[81] The 

selected area electron diffraction (SAED) patterns and high resolution TEM studies taken in 

the [111] zone axis of the particle contained the forbidden 1/3(422) reflections, which 

confirmed the presence of twin defect (Figure 5B). The defects increase the surface energy 

of the edge of the prism, allowing the preferential binding of high affinity DNA molecules 

such as A30. The growth in the presence of T10 proceeds with the deposition on this 

twinned edge due to the sequence’s low binding affinity. Thus, during the growth 

progression, the {111} surface is retained at every phase. It is therefore important to 

characterize the seed, as the relative surface energies of the facets plays an important role in 

determining the extent of DNA binding. A more interesting area is to study how DNA 

interacts with high-indexed facets.[123]

3.2.2 Surface functionality of the seed: Before the DNA can have access to the 

facets that the nanoparticle seed displays, it has to be able to surpass the shell of pre-existing 

capping ligands on the seed’s surface. Common ligands that stabilize seeds include CTAB, 

CTAC, PVP, and citrate. Each of these ligands is capable of individually interacting with 

DNA. For example, CTAB as a positively charged molecule tends to have electrostatic 

interaction with negatively charged DNA molecules to form polyplexes. This property has 

been extensively used in DNA isolation protocols in biology.[124–126] In the case of citrate, 

the negative charge of the ligand has the potential to repel DNA from the nanoparticle 

surface.[127] AgNCs have pre-existing PVP on the surface. Although the ligand is neutrally 

charged, its extended polymeric nature makes the Ag surface inaccessible to DNA. It is 

hence important to remove the excess ligand that exists in solution and on the surface of the 

seed to ensure proper interaction between DNA and the nanoparticle surface. However, it 

should be noted that it is important to maintain a balance where there is enough capping 

ligand to stabilize the seed in solution, but not in excess to disrupt the DNA’s interaction 

with the seed. Addition of DNA proceeding the washing of excess ligand ensures the particle 

stability upon DNA binding, similar to a ligand replacement mechanism. Nanoparticles 

containing ligands that are covalently or very tightly bound as in the case of thiol-based 

ligands to Au based particles, would be expected to make DNA binding to the nanoparticle 

surface quite unfavorable.

3.3 Proposed Mechanisms:

3.3.1 DNA mediated growth of gold nano prisms (AuNPr): From the discussions 

thus far, it is clear that DNA-mediated nanoparticle growth involves many different factors 

that affect the final outcome. The factors range from a simple DNA sequence to the more 

complicated surface properties of the seed. In order to elucidate the mechanism, Tan et al.
[104] chose to study the morphological evolution of AuNPr to different shapes[82] in the 

presence of DNA molecules of different sequences. Arresting the growth of the 
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nanoparticles at different time points to understand the morphological evolution can give us 

plenty of information about the intermediates of the reaction and potentially help us 

elucidate the role of DNA. The growth of the AuNPr in the presence of DNA was arrested at 

different time points by 3-mercaptopropanoic acid (MPA), which is known to quench the 

reduction of gold precursor.[128] The intermediates of morphological evolution of the prism 

in the presence of T30 were observed to be the final morphologies formed in the presence of 

the remaining 3 homo-oligonucleotides (A30, G20 and C30). Initially, the prism growth took 

place from the sides and evolved from a nonagon shape to a hexagonal shape to a final six-

pointed star. This observation implied that the DNA was capable of binding to the sides of 

the AuNPr and kinetically trapping the intermediates, the extent of which depended on the 

DNA binding affinity (Figure 6). A30 and C30 arrested the growth at the nonagon shape and 

G20 arrested the growth at the hexagonal intermediate. The intermediates that were trapped 

at an early stage had a smaller diameter as compared to the later intermediates. Hence, the 

particle diameter followed a trend where particles with T30 had the largest diameter, while 

particles with A30 and C30 had the smallest diameter. Since the samples were subjected to 

the same amount of gold precursor, the amount of precursor that was not consumed in the 

diameter increment is now available for growth in nanoparticle thickness. Hence, the second 

phase of growth progression is the growth in thickness, which depends upon the amount of 

precursor available for reduction. The particle thickness obviously had an opposite trend to 

diameter. Particles synthesized in the presence of A30 had the highest thickness and 

particles with T30 had the lowest particle thickness.

The above experiments have identified three factors that DNA operates through: 1) binding 

of DNA to the precursor, 2) DNA binding affinity to the NP surface and 3) density of DNA 

on the seed’s surface. Cyclic voltammetry studies revealed that DNA binding to the 

precursors only influences the diffusion of the precursor towards Au {111} surface, which is 

indicated by the change in cathodic current with change in DNA sequence in the order, T 

(which allows fastest precursor diffusion) > G > C > A. This complies with the second 

factor, i.e., the DNA binding affinity trend to Au where A > C > G > T. Although dependent 

on the binding affinity, the density of DNA on the seed’s surface by itself plays a significant 

role. An experiment where the concentration of T30 was increased to consequently increase 

the strand density on the seed limited the lateral growth of the prism, i.e. decreased the 

diameter and increased the thickness. Increasing the T30 DNA concentration to up to 10 

times resulted in hexagonal particles, suggesting the kinetic trapping of hexagonal 

intermediate owing to the increased DNA density that compensates for the low affinity of the 

sequence. The surface property of the nanoparticles with A30 is rough in nature as compared 

to a smooth round particle formed in the presence of C30. The roughness may be attributed 

to the mobility of the base on the Au surface, specifically Au {111}. The calculated mobility 

of the bases follows the order A < G = T < C.[129] The low mobility of A on the Au surface 

allows Au deposition only in areas where the A30 strand is absent, thereby producing a 

rough surface. On hybridizing T30 functionalized 5 nm AuNP with A30 particles resulted in 

the localization of the 5 nm AuNPs in the cervices of the rough particle, consistent with the 

base mobility-based hypothesis.

Reddy Satyavolu et al. Page 13

Small. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3.2 DNA-mediated growth of Pd-Au bimetallic nanoparticles: A more 

complicated system involving DNA-encoded growth of two different metal nanoparticles 

tells a mechanistic story that not only complements well with the monometallic system 

described above, but also provides new insights into how DNA operates at a more intricate 

level. The Pd cubic seed which is used as a seed in this study contains the {111} and {110} 

sites, whose residing atoms lack a fulfilled coordination number, which makes them 

relatively higher in energy. The DNA binding affinity and DNA density on the seed 

influence two major factors on the incoming metal atoms, 1) the deposition and 2) the 

diffusion. The relative rate of metal atom deposition and diffusion determines the 

morphology of the shell formed [130, 131] and the DNA of different sequences tunes both 

rates (Figure 7A). The low binding affinity of the T10 does not substantially passivate the 

seed’s surface, promoting the deposition of the incoming metal on the high energy sites, as 

observed in the SEM. Hence, the rate of deposition is much higher than the rate of metal 

diffusion on the seeds surface, ultimately constricting the shell formation to the corners and 

edges, forming a Pd-Au core-frame structure. C10 on the other hand, does passivate the high 

energy sites due to higher binding affinity and allows the rates of deposition to be lower than 

the rate of diffusion, to form a complete cuboctahedron shell.

G10 tends to form a secondary structure with the metal precursors and thus the seed’s 

surface is passivated with a rigid structure that inherently has low mobility. The rate of atom 

deposition is higher than the rate of atom diffusion, which initially promotes the formation 

of islands on the cubic core. The deposition therefore occurs in areas where the rigid 

secondary structure is absent. Eventually, after metal atom diffusion events, the formation of 

an undulated Pd-Au shell takes place. Further increase in G10 concentration completely 

passivates the surface and does not allow any growth on the palladium cube. A10 has high 

binding affinity with both the seed and the precursor. Thus, the high energy sites on the seed 

are passivated and the metal deposition and diffusion takes place uniformly to form a rhombi 

cuboctahedron. The A10 sequence also binds to the precursor to form smaller unstable 

nanocrystallites that undergo inter-particle fusion and subsequently deposit onto the seed, a 

major step in an aggregative growth mechanism or Ostwald ripening.[132] The high density 

of A10 on the seed and its binding to the precursor both equally contribute to this 

mechanism. The UV-vis kinetic study, where the growth in presence of different DNA 

sequences was monitored in-situ by the absorption profiles revealed that A10 displays a 

sigmoidal growth curve in comparison to the more common exponential growth curve 

exhibited by the other bases (Figure 7B). The sigmoidal growth curve is characteristic of the 

aggregative growth mechanism.[133, 134]

Further investigation of a similar system consisting of a concave palladium seed instead of a 

cubic seed, revealed the key influence of the core in a DNA-mediated synthesis.[135] The 

existence of high-energy sites on the seed influences the initial deposition of gold onto the 

seed surface in the presence of DNA with low or medium binding affinity, such as T10 and 

G10, C10, respectively, resulting in an overall increased growth rate. DNA with higher 

binding affinity, such as A10, still retains the ability to bind to the precursor and form 

smaller nanocrystallites, validated by the sigmoidal curve observed in the kinetic absorption 

studies. In the absorbance vs. time kinetic profiles, the increase in absorbance takes place 
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within ~5 min for the concave cube vs. ~10 min in the presence of the simple cube, which 

agrees with the increased growth rate. In all of the cases, the rate of deposition is greater 

than the rate of diffusion owing to high surface energy of the protruding edges and corners 

of the concave seed. The deposition along the <111> direction was almost always greater 

than Au deposition along the <100> direction, implying that γ increased in the following 

order: {100} < {110} < {111}. A major influence of the seed was observed in the time-

based SEM studies on the morphological evolution. With a simple cubic core, the influence 

of DNA was evident from the start of growth, whereas, the initial growth in the concave 

cube core was heavily dictated by the surface energy of the seed. Therefore, when the 

growth was arrested at an initial time phase or when less gold precursor was used, the 

morphology that resulted in the presence of T10, G10 and C10 were almost 

indistinguishable, consistent with their similar SPR properties. However, after the initial 

surface energy passivation by gold deposition, the influence of the DNA in the further 

deposition of gold comes in.

The fundamental study of the mechanisms involved in DNA-mediated synthesis of metal 

nanoparticles helps learn the deciding factors in what exemplifies fine-control of 

nanomaterial morphology. Although the salient principles under which DNA-mediated 

shape-control occurs are often interdependent, certain parameters such as seed facets, pre-

existing capping ligands, seed composition, can be decoupled and further studied.

4. Surface properties of DNA-coded nanomaterials:

Some of the most distinct advantages of nanotechnology are its interesting surface, optical 

and chemical properties that sparked widespread interest for its applications in the fields of 

biology,[136, 137] electronics,[138] medicine,[139, 140] batteries,[141] solar cells,[142] and 

sensors.[60] When bulk materials are shrunk to the nanoscale, it takes on different optical and 

chemical properties. Over the past decade, there have been tremendous advancements to 

design and synthesize new nanoscale materials to engineering solutions to different 

problems. Hence, it is important to understand the properties of the novel DNA-mediated 

nanoparticles with different morphologies and explore how these materials can be employed 

for the above applications.

4.1 Molecular recognition:

Surface engineering of nanomaterials is the bridge between nanotechnology and biology. For 

nanomaterials to be used effectively in biology, there is a need for effective and efficient 

modification of biocompatible ligands, allowing the nanoparticles to be soluble and stable in 

the complex biological medium. However, surface modification of nanomaterials has 

generally been met with some level of difficulty[70, 143] and complexity.[144] While it is 

commonly argued that successful surface modification of nanomaterials allowed effective 

use of these nanomaterials in biological applications, these synthetic routes have often been 

either complicated or inefficient in conjugation techniques. The majority of nanoparticle 

synthesis uses the liquid-solid-solution (LSS) phase transfer synthetic route to yield 

semiconducting, upconversion, conducting polymer, organic optoelectronic semiconducting 

and magnetic nanoparticles.[145] Nanomaterials synthesized via these routes often require 
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post modification since the capping ligand is generally hydrophobic in nature and not 

biologically feasible for applications. Gold and silver nanoparticles on the other hand require 

post modifications after synthesis to load DNA via a tedious and time consuming salt ageing 

process[146] or acid treatment.[127, 147] Newer, faster freeze directed protocols have been 

reported but are successful only for Au nanoparticles coated with citrate ligands.[110, 148]

The discovery of DNA-mediated morphological growth of mono or bimetallic nanomaterials 

offers a completely novel approach for an effective DNA modification to render metallic 

nanostructures not only water soluble but more importantly with a bio-recognition capability 

via a one-step synthesis reaction. The DNA mediated morphological growth of nanoparticles 

resulted in the retention of bio-recognition properties of DNA, while DNA itself being used 

as a ligand to stabilize the nanoparticle.[80, 85, 104] It was observed that by incubating A30-

encoded nanoparticles (i.e., rough-round Au particles from Au nanoprism) with 5 nm 

AuNPs functionalized complementary DNA (T30), satellite nanostructures were formed. 

Controls were performed with 5 nm gold nanoparticles functionalized non-complementary 

DNA (A30) resulted in no satellites nanoassemblies (Figure 8A (I)). Interestingly, as 

reported by Wu et al,[85] even though only 10 bases of deoxynucleotides were used in the 

DNA mediated growth of silver nanostructures, satellite nano-assemblies were observed to 

form in the presence of complementary DNA functionalized 5 nm gold nanoparticles (Figure 

8A (II)). These results provide a strong evidence, that only a few bases within the 

oligonucleotides were used as functional ligand to stabilize the morphological growth of 

mono-metallic nanoparticles and majority of the DNA is left exposed to the surrounding, 

allowing the nanostructure be functional for further DNA hybridization. Thiolated DNA 

functionalized on a nanoparticle surface can be replaced with shorter alkyl thiols such as 

mercaptoethanol, on the other hand it has been demonstrated that for AuNFs synthesized in 

the presence of DNA, it is difficult to replace the surface DNA using shorter thiols, 

validating the robust nature of the functionalization.[80] Hence, these intriguing findings 

allows the synthesis of nanoparticles with bio-recognition abilities without post synthesis 

modification.

4.2 Surface plasmon resonance:

Metal nanoparticles exhibit a unique property known as surface plasmon resonance (SPR) 

wherein the conduction electrons on the surface of the nanoparticle interact with incident 

light. The SPR depends heavily on the shape and the size of the nanoparticle and this 

specific property can be used for several applications such as photocatalysis, surface-

enhanced Raman-based detection, and biomedical imaging.[149, 150] DNA mediated growth 

of mono-metallic nanoparticles has also allowed the effective tuning of surface plasmonic 

properties of nanoparticles. One of the most intriguing results yielded from DNA mediated 

morphological growth of nanomaterials was the ability to rationally tune the absorption of 

Au nanorods from the NIR I window to the NIR II window.[84] It was observed that in the 

presence of A20, the L-LSPR peak was intensified and redshift to 856 nm. This is 

accompanied by the formation of dumbbell shape at the ends of the Au nanorods (Figure 

3C). More interestingly, with the addition of phosphorothioate modified A20, the L-LSPR 

peak was found to be further turned to 1011 nm with four phosphorothioate to the DNA 

(Figure 4). This unique tuning to the NIR II window was attributed to the fact that with the 

Reddy Satyavolu et al. Page 16

Small. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase of phosphorothioate modifications, there was larger intraparticle gaps with flattened 

ends to induce a red shift by a significant amount.

4.3 Cellular internalization:

One of the main challenges facing nanotechnology in biological applications has been to 

render nanoparticles not only soluble but also functional to detect, sense or target specific 

analytes in the biological matrix. As mentioned previously, most nanoparticle types ranging 

from semiconductor nanoparticles to lanthanide nanoparticles and gold nanoparticles are 

synthesized as hydrophobic nanoparticles due to the presence of oleic acid as capping 

ligands. While these syntheses yielded highly homogenous small nanoparticles, complex 

surface engineering has to be performed to render these nanoparticles soluble before it can 

be used as delivery agents or nanomedicine within the cells for various applications.[151]

To overcome the above limitation, Wang et al[80] reported that using DNA mediated 

morphological growth method, the synthesized AuNFs consist of high densities of DNA on 

its surface. Dark field microscopy of AuNF in CHO cells showed good distribution of 

nanoparticles within the cell (Figure 8B). By utilizing the light scattering properties of 

AuNF, there was strong evidence for the effective delivery of nanoparticles without the use 

of transfection agents. Additionally, the same study shows that the DNA tethered to the 

DNA-encoded AuNFs is more stable when treated with mercaptoethanol as compared to 

nanoparticles that were conjugated with thiolated DNA, probably because the DNA are 

embedded in between the nanoparticles during the growth, which prevents the DNA from 

dissociating from the nanoparticles. This particular finding is crucial in that biological 

environments contain many small thiolated molecules that can completely replace 

conjugated DNA from the nanoparticle surface but not the DNA that is present on a DNA-

encoded nanoparticle. DNA ligand is the only ligand used in the synthesis of these DNA 

mediated nanoparticles, it is compelling that DNA functionalized nanoparticles resulted in 

the efficient cellular uptake of these shaped AuNF. This can be further supported by another 

independent work by Mirkin et al,[152] where high DNA density on the surface of the 

nanoparticles resulted in greater adsorption to surface proteins on the cell to induce better 

cellular uptake. Since DNA mediated nanoparticles result in a facile synthesis of 

nanoparticles of different shapes, there could also be different cellular uptake rates 

influenced by the shape of the nanoparticles.[153]

Yang and coworkers reported[87] that the silver nanoprisms derived from DNA mediated 

synthesis resulted in particles having good cell viability as compared to that of silver 

nanoparticles, while at the same time the silver nanoprisms exhibit better antibacterial 

properties. Due to the nature of DNA mediated nanomaterials, these particles have been 

demonstrated to be facile in synthesis to yield highly biocompatible properties and at the 

same time offers interesting biological application such as the ones observed in silver 

nanoparticles.

4.4 SERS properties:

SERS properties have also been demonstrated in these DNA-mediated nanoparticles. 4-

methylbenenethiol (4-MBT) was used by the Lu group to demonstrate enhancement factors 
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around 105 and 106 using DNA-mediated silver nanoparticles. The highest enhancement was 

reported to be with C10 on silver nanoparticles with good reproducibility. At the same time, 

truncated Ag nanoparticles with T10 could be used as hotspots for SERS enhancement.[85] 

In addition, SERS was also demonstrated in DNA mediated AuNRs. Enhancement factors 

between 104 and 106 was observed for different shapes such as rods, dumbbells, cracked 

octahedron and octahedron shapes using 4-MBT dye. Similar SERS enhancement was also 

reported by Yang and coworkers using crystal violet. It was observed that the SERS effects 

were stronger using AgNPr as compared to that of silver nanoparticles.[87] Furthermore, the 

NIR absorbing Pd@Au core-shell nanoparticles were used as SERS substrates for the same 

substrate with enhancement factors of up to ~107 when excited by higher wavelength lasers. 

The enhancement factors depended on the morphology of the nanoparticles tracing back to 

the sequence of DNA utilized in the synthesis (Figure 8C).[135]

5. Summary and Outlook:

This review summarizes recent advancements in the field of DNA-mediated growth of 

mono- and bi-metallic nanomaterials with controlled morphologies. Through the discovery 

of DNA codes, the use of DNA with different sequences to tune the morphologies has been 

demonstrated while using gold prisms, spheres, rods, silver and palladium nanocubes as 

seeds. As a result, different shapes and surface structures of nanomaterials were synthesized 

where DNA was demonstrated not only as a stabilizing capping ligand to the nanomaterials, 

but more importantly to systematically control the growth of nanomaterials. It has been 

found that the affinities of the nucleobases play a vital role in interacting and stabilizing 

different metal surfaces that consequently changes the metal deposition profiles in a 

sequence dependent matter. The versatility that this approach introduces to metal 

nanoparticle synthesis is extraordinary. Changing the DNA functionality by altering the 

sequences of DNA bases introduces novel design rules in the generating new morphologies 

of nanoparticles with exclusive properties. More interestingly, in a one-step reaction, these 

DNA directed nanoparticles retained bio-recognition capabilities on the surface. This is quite 

rare in gold and silver nanomaterials without post modification with DNA. The rational 

growth of nanoparticles has also yielded in a systematic tuning of optical properties such as 

LSPR from the visible range to the NIR II window. Several of the final morphologies 

exhibited excellent SERS properties owing to the unique shapes obtained via DNA-mediated 

synthesis. These interesting improvements and modifications to the properties of 

nanomaterials prompt further investigations into the role of DNA to rationally tune these 

properties. These facile routes to synthesize unique nanostructures have been proven to be 

reproducible and stable in aqueous media.

Many questions still remain in the field of DNA-mediated nanoparticle growth with different 

morphologies. While DNA interactions with metal ions and metal intercalators have been 

known,[96, 154, 155] there are only very few systematic studies on DNA interactions with 

nanoparticle surface. Even in the current literatures of the DNA interaction with bulk metal 

surface, the results are often inconsistent between different studies. To advance the field of 

using DNA to mediate the growth of nanomaterials, the detailed interaction of DNA with 

metal surfaces should be elucidated. Another area of interest would be to study the influence 

of different functional groups on the DNA in controlling the growth of nanomaterials. The 
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ease of base modification allows one to remove or add certain functional groups onto the 

nucleobases enabling one to decouple functional parameters that influence the final 

morphologies. In addition, abasic analogues can establish the necessity of having purines 

and pyrimidines for the precise growth of nanoparticles. These studies could further help in 

the rational design of capping ligands that can predictably influence the morphology of 

nanomaterials and consequently their chemical and physical properties. Understanding the 

effects in these two areas will allow better control and design on mediating nanomaterial 

growth and its use as not only a stabilizing ligand but more importantly, a modular ligand 

that is capable of controlling the nanomaterial morphologies.

While the effect of different DNA sequences on the morphologies of Pd-Au nanoparticles 

have been elucidated, it would be interesting to see if the finding from this study can be 

applied to studying of other bimetallic nanoparticles, such as Au-Ag nanoparticles, given the 

similar lattice constants of Au and Ag and the knowledge we have gained on how DNA 

interacts with each of the metals individually. Additionally, almost all of the current studies 

have been focused on noble metal nanoparticles, it is important to explore extension of the 

approach to study more complicated systems that involve other metals and metal-oxide/

semiconductor hybrid materials.[92] Since wide band gap semiconductors have relatively 

small optical cross-sections in the visible spectrum, these materials interact weakly with 

visible light. One way of enhancing this property is by integrating them with plasmonic 

metals either as an oxide core-metal shell or metal core-oxide shell[156–158] and the goal can 

be accomplished with DNA encoded synthesis.

To provide deeper insights into the mechanism of DNA-mediated nanoparticle formation, 

one can take advantage of in situ liquid cell to image growth of nanomaterials in real time 

under the transmission electron microscope (TEM).[159–161] This technique has allowed the 

extensive studies on the defect formation, particle growth rate,[162] oxidative etching,
[163, 164] and Kirkendall effect.[165] Hence, to further advance the field, in situ TEM 

techniques may be employed to study the growth of NP in real time and to accurately 

observe the growth mechanism using both a wet cell and flow cell method. Using this tool, 

the TEM image and its facet changes at each stage of the nanoparticle growth can be 

accurately studied to fully understand what is happening at each stage of the nanoparticle 

growth. These studies are important as current mechanisms were proposed by using 

mercaptoethanol to stop the nucleation of nanoparticles and there could be inaccuracies in 

determining the exact growth of the nanomaterials. To study the exact growth, in situ TEM is 

current the best technique available to determine how the nanomaterial nucleates and further 

grows into the final shape. While DNA mediated growth of gold and silver nanoparticles has 

been reported, it is important to take extra precaution to avoid or minimize electron-beam 

induced reduction of metal ions in the solution that may contribute to some of the 

observations.

At the same time, advancements are being made to elucidate how shape and size of 

nanomaterials influence the cellular uptake in cells.[153, 166, 167] This is an important area of 

interest due to the emergence of nanomaterials in sensing, imaging and drug delivery. 

Besides the conventional studies to investigate the cytotoxicity of nanoparticles, another 

focus would be centered on understanding how shape influences the uptake of cells to 
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maximize delivery into the cells as a delivery vehicle. These DNA mediated mono-metallic 

nanostructures can be further functionalized in the most facile manner with functional 

aptamers for biomedical applications. Another area of interest is the fate of the nanoparticle 

shape after cellular internalization and the extent to which shape related properties such as 

SPR can be utilized after the internalization event, which will be important for biomedical or 

bio-sensing applications.

Finally, most investigations have focused on homo-oligomeric DNA in order to elucidate 

effects of different nucleobases in controlling the morphology. It is important to build upon 

the progress and explore deeper into the effect of different sequence combinations on the 

morphologies of nanomaterials in order to be more analogs to biological genetic codes. The 

holy grail is to develop clear accurate design principles that governs DNA codes for 

abiological nanoparticle morphologies for all sequence combinations and across diverse 

ranges of metals in single or complex hybrid nanosystems. The realization of this goal 

would offer a myriad of new possibilities in the integration of these novel nanomaterials 

with healthcare platforms and offering engineering solutions to current challenges in 

nanoscale fabrication.
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Figure 1. 
Schematic demonstrating a few amongst many functional modifications that can be made to 

the different components of DNA, i.e. the phosphate backbone and the nucleobases.
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Figure 2. 
Schematic representing the different nanoparticle systems studied via DNA mediated shape 

control approach. Systems using gold nanoparticles, specifically spherical AuNP (1A), Au 

Nanoprism (1B) and Au Nanorod (1C); silver nanoparticles, specifically, Ag Nanocube (1D) 

and Spherical AgNP (1E); and Bimetallic nanoparticles (Pd-Au) (1F).
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Figure 3. 
A). Circular Dichroism (CD) measurements demonstrating the disruption and formation of 

the i-motif and the G-quadruplex during the overgrowth of Ag nanocubes in the presence of 

C10 and G10 respectively. (Parts of the figure reproduced with permission.[85] Copyright 

2014 American Chemical Society). B). Scheme showing different AuNP morphologies 

grown from Au prism seeds in the presence of different DNA sequences (the sizes ~200 

nm). (Reproduced with permission.[82] Copyright 2012 Wiley-VCH). C). Overgrowth of 

AuNR overgrowth using different DNA sequence block combinations, monitored by UV/Vis 

absorption and SEM. Scale bars=20 nm. (Reproduced with permission.[84] Copyright 2015 

Wiley-VCH)
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Figure 4. 
Left: Plasmonic properties of the AuNRs overgrown with A20 DNA and A20 with 1, 2 and 4 

PS-modifications. Right: TEM images of the as synthesized nanoparticles. Scale bars are 20 

nm (high magnification TEM image) and 50 nm (low magnification TEM image). 

(Reproduced with permission.[84] Copyright 2015 Wiley-VCH)
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Figure 5. 
A). Schematic representing the overgrowth of Au nanorod seeds in the presence of DNA. 

The facets of the seed play an important role in the DNA binding events. (Reproduced with 

permission.[84] Copyright 2015 Wiley-VCH). B). The growth progression of the Au 

nanoprism in the presence of T30, starting from (a) nanoprism to (b) nonagon to (c) hexagon 

to a final (d) six-pointed star with corresponding model of the NP and diffraction pattern 

(insets). Blue and red lines on the models indicate the distance measured from the center to 

the corners or sides of the particles, respectively, plotted in the bottom right corner. HR-

TEM image of the hexagonal. Scale bar is 2 nm. Red box shows the location where the 

higher-resolution image was observed. (Reproduced with permission.[104] Copyright 2015 

American Chemical Society)
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Figure 6. 
Schematic representing the proposed mechanism of growth of Au nanoprisms influenced by 

DNA in two stages: Shape control and thickness growth. (Reproduced with permission.[104] 

Copyright 2015 American Chemical Society)
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Figure 7. 
A). Schematic representation of the proposed mechanism of growth of Pd−Au bimetallic 

nanostructures influenced by different sequences of DNA. The atomic models represent the 

cross-section of the 3-D models along the black box in each individual case. B). Top: Kinetic 

UV−vis absorption spectra of nanoparticle growth in the presence of T10. Bottom: The plot 

of absorbance vs time at the λmax values for each of the particles. (Reproduced with 

permission.[88] Copyright 2016 American Chemical Society)
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Figure 8. 
The post-synthetic properties of DNA-encoded particles. A). (I).Top: TEM images of AuNF 

synthesized with A30 assembled with 5 nm Au nanoparticles functionalized with thiolated 

T30 (Left) and with a thiolated non-complementary sequence (Right). Bottom: AuNPs 

synthesized with T30 assembled with 5nm Au nanoparticles functionalized with thiolated 

A30 (Left) and with a thiolated non-complementary sequence (Right). (Parts of the figure 

reproduced with permission.[80] Copyright 2010 American Chemical Society). (II). Au 

nanoparticle grown from nanoprism seed in the presence of A30 assembled with AuNP 

functionalized with thiolated non-complementary sequence (Left) and thiolated T30 (Right). 

(Figure reproduced with permission.[104] Copyright 2015 American Chemical Society). B). 

Dark field image of the CHO cells treated with AuNF particles (Left) and without 

nanoparticle treatment (Right). (Figure reproduced with permission.[80] Copyright 2010 

American Chemical Society). C). The SERS spectra of 4-MBT modified on the surfaces of 

different Pd@Au core-shell nanoparticles grown from a concave Pd seed with various DNA 

sequences. (Figure reproduced with permission.[135] Copyright 2018 Springer Nature).
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