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Abstract

In this paper, we describe the use of weakly interacting DNA linkages to assemble nanoparticles
into defined clusters. Gold nanoparticles (AuNPs) were synthesized and functionalized with thiol
modified single-stranded DNA (ssDNA) and hybridized with sSDNA linkers of a defined length
(L). The self-assembly kinetics were altered by manipulating interparticle energetics through
changes to linker length, rigidity, and sequence. The linker length regulated the hybridization
energy between complementary AuNPs, were longer L increased adhesion, resulting in classical
uncontrollable aggregation. In contrast, L of six complementary bases decreased adhesion and
resulting in slower nucleation that promoted small cluster formation, the growth of which was
studied at two assembly temperatures. Results indicated that a decrease in temperature to 15 °C
increased cluster yield with Le as compared to 25 °C. Finally, the clusters were separated from
unassembled AuNPs by sucrose gradient ultracentrifugation (UC) and studied via UV-visible
spectrophotometry (UV-vis), dynamic light scattering (DLS) and transmission electron

microscopy (TEM).
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Introduction
The fabrication of nanoscale structures has been widely explored across many disciplines

including chemistry, physics, and materials science. Nanomaterials self-assembled from the
bottom-up 2 have utilized intrinsic assembly properties of proteins,* polymers®” and DNA.310
DNA has been shown to be a particularly interesting nanofabrication tool due to its inherent
programmability and sequence specificity, and used to facilitate assembly in both a direct!!-14
and templated manners.’>" Assembly properties of DNA have been harnessed to readily and
reversibly self-assemble nanoparticles (NPs) including, metal NPs,'®2' magnetic NPs?? and
semiconductive quantum materials like quantum dots (QD)? and quantum rods (QR)?* with
unique tailorability. For example, it was shown that interactions between these NPs can be tuned
by manipulating assembly parameters such as DNA length,2> NP concentration and ionic
strength?® to alter interparticle distances,?” thermal denaturation temperatures? and hybridization
Kinetics. 2931

Such assembly considerations open new avenues of research leading to the development
of unique approaches, which strategically design these nanomaterials into specified
conformations or morphologies. Recently, researchers have shown that finite NP assembly can
be manipulated with special consideration to NP size,*? assembly molar ratio® and interacting
surface ligands.®* For instance, packing parameters associated with spherical NPs can limit
growth of an assembly solely through manipulations to the particles diameter. Alternatively,
application of limited number of DNA on the NP surface can also induce controlled
morphologies due to the limited strands available for assembly.>>*® These approaches however
often involve multiple DNA sequences, step-wise assembly schemes and laborious purification

procedures.



One potentially advantageous hybridization scheme is to assemble uniform, DNA-capped
NPs with maximum functionalization, into discrete clusters, in a simple, straightforward manner,
where cluster morphology can be controlled and isolated. Manipulations to interparticle energies,
achieved through changes in the DNA sequence and length, can set the scale of adhesion
between the NPs and control both the hybridization kinetics and subsequent stability of the NP
clusters.® % Previous reports have shown that purification of discrete gold NP (AuNP)
assemblies is achievable via agarose gel electrophoresis,** anion-exchange high-performance
liquid chromatography (HPLC)*? and chemical gradient centrifugation.*®

In this work, we focus on the assembly properties of AuNPs with scalable DNA linkages.
Two AuNP batches capped with non-complementary DNA strands are assembled solely with the
addition of a DNA linker (L) with recognition sequences ranging from 6-15 bases. We show that
kinetics of assembly can be controlled as a function of this L length. Further, implementation of
scalable L, resulting in tailorable interparticle energies, also promotes changes to AuNP
assembly size. We further show that a decrease in assembly temperature, influences the
morphology and stability of the assembly, which in turn, results in an increase in population (%)

of discrete AuNP clusters.



Experimental Details

Chemicals: Single stranded oligonucleotides (sSDNA) were purchased from Integrated DNA
Technologies. Hydrogen tetracholoraurate hydrate (99.99%), Sodium phosphate dibasic
heptahydrate (98.0-102.0%), Sodium phosphate monobasic monohydrate (98.0-102.0%), Sodium
citrate tribasic dihydrate (cit, 99%), 10x TAE buffer and D-L-Dithiothreitol (DTT, 98%) were
purchased from Sigma Aldrich. Sodium chloride (NaCl, 99%) was purchased from Fischer.
Sucrose (Lab Grade, 98%) was purchased from Ward Scientific and used without further
purification. Ultrapure water (18.2 MQ) was prepared by a Sartorius Stedim Arium 61316

reverse osmosis unit combined with an Arium 611DI polishing unit.

DNA Purification: Thiol single stranded DNA, ssDNA, (IDT) was reduced with 200uL of
100mM DTT for 30 minutes. The DNA strands were subsequently run through a G-25 Sephadex
column and eluted with 10mM phosphate buffer (pH = 7.4). The eluted DNA fractions were
analyzed utilizing both UV-Vis and specified DNA extinction coefficient, to determine

concentration.

Gold Nanoparticle Synthesis (12nm): Gold nanoparticles (Au, 12 + 2 nm) were synthesized via a
modified citrate reduction procedure.?® Briefly, 50mL of gold (1) chloride (HAuUCls, 1mM) was
heated to 100°C and allowed to boil for 30min. A separate solution of trisodium citrate (cit,
38mM) was warmed and added to the reaction vessel in one aliquot with stirring. Upon color

change to red the vessel was removed from heat and left to cool, stir and anneal overnight. Gold



nanoparticle concentrations were measured using UV-Vis spectroscopy with an extinction

coefficient of 1.0 x 108 M-tcm™ through the Beer-Lambert correlation.

DNA-Nanoparticle Functionalization: Separate batches of citrate-capped AuNPs (cit-AuNPS)

were functionalized with complementary ssDNA sequences.®* Briefly, a 1mL aliquot cit-AuNPs

was functionalized with the A(5’-S-CHs-TTT TTT TTT TTT TTT TAA CCT AAC CTT CAT-

3”) DNA strand, containing a 15b spacer region and a 15b binding sequence. A second 1mL

AUNP aliquot was functionalized with the B(5’-S-CHz-TTT TTT TTT TTT TTT ATG AAG
GTT AGG TTA- 3’) DNA strand, containing the same number of spacer and binding bases.
AuUNPs were functionalized with excess DNA (200-500x) to ensure maximum coating. To
maximize DNA surface coverage AuNPs were subject to a slow salt (NaCl) aging process to
200mM. The salt aging process was necessary for effective screening of DNA charge repulsions
of phosphate backbones between neighboring DNA strands, further ensuring maximum
coverage. DNA-coated nanoparticles were cleaned respective speed and time (9000 RPM, 1hr)

three times to rid the solution of excess DNA.

DNA Linker Functionalization: Previously functionalized A—-AuNPs (1mL) were incubated with
one of four complementary linker strands overnight. Each linker contained the same 15 base
binding sequence complementary to A-AuNPs however each differed in the toehold region
available for B-AuNP binding. The Lis, L1z, Lo, and Le linkers have toehold regions of 15, 12, 9
and 6 bases, respectively. Table 1 summarizes each specified DNA sequence. To ensure

maximum hybridization of linker on A-AuNP DNA strands, linkers were added in excess



([L]:[A-AuNP] = 80). L-A—AuNPs were cleaned at respective speeds (9000RPM, 1h.) three
times to rid the solution of excess linker.

Table 1. Summary of both particle-bound thiol single-stranded DNA (ssDNA) and
DNA-bound linker sequences used for discrete nanoparticle self-assembly strategy.

Sequence Name Sequence # of Bases
A 5-S-CHs-TTTTTTTTTTTTTTT TAACCT AACCTT CAT-3’ 30
B 5>-ATT GGATTG GAAGTATTTTTITTTT TTT TTT-CHs-S-3’ 30
Lis 5’-TAC TTC CAA TCC AAT ATG AAG GTT AGG TTA-3’ 30
L1 5>-TTC CAATCC AAT ATG AAGGTT AGGTTA-3’ 27
Lo 5’-CAA TCC AAT ATG AAG GTT AGG TTA-3’ 24
Ls 5°-TCC AAT ATG AAG GTT AGG TTA-3’ 21

DNA Quantification: Previously functionalized A—AuNPs were quantified to determine the
number of DNA strands present on an individual AuNP, using a Cy3 fluorescence procedure.
Briefly, a sample of A-AuNPs was allowed to incubate with a complementary oligonucleotide
strand containing a Cy3 fluorophore overnight ([Cy3] : [A-AuNP] = 100). The Cy3-A-AuNPs
were centrifuged and the supernatant containing the excess unbound Cy3 fluorophore was
collected and studied using fluorescence spectroscopy. Fluorescence was recorded and compared

to Cy3 standardization curve to determine the number of DNA strands on the AuNP surface.

Sucrose Gradient: Sucrose concentrations (15-75% w/v) were prepared separately. Each sucrose
solution also contained 200 mM NaCl consistent with DNA salt aging. Roughly 700uL of each
sucrose concentration was placed sequentially in a 5mL ultracentrifugation tube and allowed to
chill in the refrigerator overnight to create a sucrose gradient. Overnight chilling ensures proper
gradient formation and gradient stability. AUNP samples were loaded atop the chilled gradient

and allowed to spin at 10,000RPM for 10 min. as to not pellet the system. Subsequent



centrifugation spins were run at the same speed and time until optimum separation was achieved.

AUNP bands were extracted and purified via dialysis overnight with buffer exchange.

Instrumentation

UV-Visible Spectrophotometry (UV-vis): UV-vis spectra were collected on Varian Cary50 Bio
UV-Vis spectrophotometer between 200 and 800nm. Melting analysis was performed with a
Varian Cary Temperature Controller and was preformed between 25-75°C with a temperature

ramp of 1°C/min while stirring.

Dynamic Light Scattering (DLS): The DLS results were measured using a Malvern Zetasizer ZS
instrument. The instrument is equipped with a 522 nm laser source, and a backscattering detector

at 173°. Data was analyzed using the CONTIN method.

Fluorescence: Fluorescence spectra were collected on a Horiba Jobin Yvon FluoroMax-4
SpectroFluorometer between 515 and 700 nm. Experiments were performed with a 563nm light

source, 3nm slit width, and excitation at 500nm.

Agarose Gel Electrophoresis: Gel electrophoresis experiments were preformed using a
conventional gel electrophoresis box with a VWR regulator. Gold nanoparticle samples were

loaded to a 1% agarose gel in 1x TAE buffer, with applied voltage of 70eV for 45 minutes.

Transmission Electron Microscopy (TEM): TEM measurements preformed on a JOEL JSM-

2000EX electron microscope with an accelerating voltage between 80-120K and a tungsten



filament at the SUNY-ESF, N.C. Brown Center for Ultrastructure Studies. Particle analysis size
analysis was completed with ImageJ on statistically relevant populations (n > 150). To analyze
cluster morphology, a specialized image-processing package, F1JI was employed. The use of the
BioVoxxel Toolbox* allows for extended particle analysis and cluster indication software to
help label and quantify the number of discrete clusters present in the selected TEM micrograph.
The software analyzes particle clusters by detecting individual nanoparticle locations, distances
between nearest neighbors, and particle densities to find, accept and map clusters in each image.
Specifically, Gaussian Blur = 2.0, cluster diameter = 12-50 nm, cluster density = 6.0, and

iterations = 25 were used for analyses.

Ultracentrifugation (UC): Sucrose separations were completed with use of a Beckman Coulter
Optima Max-UP Ultracentrifuge at speeds of 10,000 RPM for 10 min, using gradual 2.5 min

acceleration and deceleration intervals.



Results and Discussion

Scheme 1 illustrates the general self-assembly strategy employed in this study. Briefly,
citrate-capped gold nanoparticles (AuNPs) were functionalized with two types of ssDNA, type
—A and —B following standard methods.344546:3747:48 A_AUuNPs were then further hybridized with
a sSDNA linker (L) with 15 bp complementarity to —A, but varying in complementarity from 6—
15 bp (Le—L15) to B-AuNPs. By varying L, effective attraction (hybridization energy, E) between
A- and B- AuNP was attenuated, from -25.88 kCal for Lis, to -10.02 kCal at Le. In this
embodiment, the E decrease can be manifested in lower thermal denaturation temperatures (Tm),
but also in decreased self-assembly kinetics, which, which may in turn may lead to different
assembly sizes (i.e., cluster growth).

Scheme 1. Idealized Assembly Schematic for Discrete Nanoparticle Clustering
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The AuNPs were synthesized via a traditional approaches®® to produce a spherical
nanoparticle with diameter (D) of 11.3 = 1.8 nm. Figure 1a shows a TEM micrograph of the
AUNPs and their associated statistical analysis. Next, sSDNA functionalization with A— and B—
type was confirmed by UV-vis and DLS. The UV-vis measures the surface plasmon resonance

(SPR) band of the AuNP arising from the collective oscillation of conduction electrons of the



AUNP surface, which is a function of dielectric properties,*® particle size and shape®® and
interparticle distance.>* DLS on the other hand estimates the total hydrodynamic diameter (Dn) of
the DNA-AUNP conjugate. Figure 1b highlights two unique UV-vis signatures, the SPR of the
AUNPs (~520 nm), and a weaker absorbance related to the ssDNA. (~260 nm). Figure 1c shows
the DLS results which measured Dn ~12 nm (i) for the citrate capped AuNP, Dy ~ 24 (ii) for A-
AUNP and ~21 nm (iii) for B-AuNP. These values correspond to 6~7 nm thick ssSDNA layer,
which is consistent for ssDNA of this length.?®°? Further, the quantity of DNA per AuNP was
determined via a fluorescence based protocol.>® Using A’- and B’-Cy3 modified ssDNA
complements, we determined ~70 (x12) ssDNA per AuNP for the conjugates in this study (Table

s1).
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Figure 1. (a) Representative TEM micrograph for the cit-AuNPs used in this study (D = 11.3 £
1.8 nm). (b) UV-vis spectra of B-AuNPs (i) and Lis—A-AuNPs (ii). (c) DLS for cit-AuNPs (i),
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B- (ii) and A- (iii) functionalized AuNPs. (d) DLS results for A-AuNPs (i) after addition of
linker Ls (ii), Lo (iii) and L2 (iv), (L15 not shown).

As illustrated above, the A-AuNP and B-AuNP are not complements, and instead, a
sSDNA liker (L) must be added to initiate assembly. In our system, L was first incubated with A—
AuNP at molar ratios of [L]:JA-AuNP] = 80. Hybridization occurs due to the 15bp
complementary anchor region (see Methods). This incubation was confirmed via DLS. Figure 1d
shows the measured Dn increase to ~34, ~38, ~49 nm for Ls, Lo, and L1, respectively. Next,
these L-A-AuNPs (denoted as A-L) were incubated with B-AuNPs at [A-L] = [B-AuNP], and

UV-vis was used to monitor the assembly over ~10 h.

Figure 2 shows representative UV-vis signatures for the assembly using L1 (a), Lo (b),
and Le (c). In each case, the SPR decrease was observed as a function of linker length and time.
The assembly show two distinct features: a dramatic decrease in SPR intensity over time and a
red-shift of 11 nm for Lis and 9 nm for Li> and Lo, respectively. Decrease in SPR intensity
suggests that A—Lo.15—B aggregates grow rapidly, inducing macroscopic aggregation, leading to
significant shielding of SPR within the growing aggregate, light scattering, and sedimentation
out of solution. The SPR red-shift is due largely in part to the interparticle distance becoming on
the order of the AuNP diameter. With these characteristics in mind, the results suggest that
smaller aggregates form in the Le case as compared to Lis. Further, DNA-mediated assembly
was confirmed through thermal denaturation of the A-L-B linkages where subsequent

disassembly of the clusters was performed with temperature and monitored via UV-vis.>* 58
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Figure S1 plots the Tm for each linker system which were determined to be 32°C, 48°C, 54°C

and 58°C for Le—Ls, respectively.

n
o

2.0

] (a) i (b)
1.5 15
2 ] 3
5 5 1
£ 1.0+ 2 104
o E o .l
17} il @
Qo ] o
< ] < 1
0.5 0.5
O T I T | T I 0 r I r I '—";i., -
400 500 600 700 800 400 500 600 700 800
0 Wavelength (nm) Wavelength (nm)
S O
c | _ 6004
©| J@ =R
- - : - .\\.
15 o M
Q — 6L 5 10 15
o . )
g ] g 1 O‘E\ / Linker (bp)
-g 1.0 Q e N T
y N
§ Py © 9L
o R
4 <
05 0.5 % )( 12L
0 1 7 T ]

T I T I T I
400 500 600 700 800 0

T ' [ |
Wavelength (nm) 200 400 600

Time (min)
Figure 2. UV-vis for assembly of A—L-B clusters at L1> (a) Lo (b) and Ls (c), where absorbance
is shown at 150 min time intervals (L1s not shown, see Sl). (d) Corresponding kinetics traces, fit
to the Avrami nucleation model. Results indicate T = 650, 282, 256, 116 min and n = 0.02, 1.2,
1.2 and 1.4 for Le—L1s, respectively.

We next compared the apparent assembly kinetics as monitored by SPR change. Figure

2d shows the kinetic traces of the assembly, as monitored at 525 nm. The results show that the

rate of assembly varies with the linker length. The kinetic profiles were fit with the Avrami

& x-xq,0"

nucleation model,* Abs:Absoe8 £ ', where Xo is onset reaction time, ¢ is characteristic

nucleation time and n is the dimension parameter. The kinetic fitting results determined 7z = 650,
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282, 256 and 116 min. and n = 0.02, 1.2, 1.2 and 1.4, for Le—L1s, respectively. Results indicate
that A—Li5—B assembly shows the fastest onset of aggregation, due to the decreased 7 and an
increased n, suggesting 3D nucleation and growth. Similar results are shown for A-Le—B and A-
L1>—B showing a high n value, however, the magnitude of = was slightly slower than that of the
A-L15-B. In contrast, the assembly for A—Ls—B system is limited. The high z and low n value,

suggest assembly of a decreased cluster size.

Due to these results and our goal of assembling smaller clusters, we focus the rest of the
paper on the Les assembly system. As notice above, the combination of A-AuNP and B-AuNP
with the Le linker has low hybridization energy and a Tm ~ 32 °C. Because this temperature is
closer to room temperature than traditional assembly systems, we further probed assembly at
lower temperatures. Changes to assembly temperature may induce changes to both the on/off
kinetics and thermodynamic stability of the system. Briefly, Ls-A-AuNPs and B-AuNPs were
allowed to assemble at equal molar ratios, [A-Le] = [B], at 15°C and 25°C. Figure 3 shows UV-
vis spectra (a-b) where the SPR is monitored for ~10 h at 15 (a) and 25 °C (b). Comparatively,
the results show a slight red-shift in the SPR of 2 nm when A-L¢B is assembled at 15°C as
opposed to no SPR shift when assembled at 25°C. Furthermore, the UV-vis also shows a greater
SPR intensity decrease at the lower assembly temperature. The kinetic profiles (c) are shown of
the assembly at 15°C (i), 25°C (ii), along with a single, unhybridized [A-Ls] control (iii). We
can attribute the change in kinetics to the relationship between assembly temperature and the Tp,.
Assembly facilitated closer to the Tm can be more reversible than assembly at lower temperatures
where thermal energy is not significant enough to break linkages. Assembly is promoted at the

lower temperature as shown through the more significant slope in the kinetic profile as compared
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to room temperature and the hybridized control. Therefore A—Les—B clusters at 15°C may be

more stable and may not dissociate as easily as clusters formed at 25°C.
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Figure 3. Representative UV-Vis spectra over the course of an assembly for A-Ls—B clusters at
15(a) and 25°C (b). (c) UV-vis monitoring of assembly kinetics for A—Ls—B clusters at 15°C (i),
25°C (ii) in comparison with unhybridized control. (d) DLS of A-Les—B clusters assembled at
25°C (i) with Dp =56 nm and at 15°C (ii) with Dy = 150, and 1084, respectively.

The size of the temperature-facilitated A—Le—B clusters was measured via DLS. Figure
3d shows the DLS plot where the 15°C assembly showed primary Dy peaks at ~150, (ii), while
the 25°C assembly showed a smaller overall Dn with only one peak at ~56 nm. While these are
the most prominent peaks observed at these temperatures it is important to note that in both
assembly systems, the spectra are broad, indicating possible the presence of multiple structures,

sizes or cluster morphologies.
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To overcome the possible heterogeneity of the A-Le—B clusters, sucrose gradient
ultracentrifugation (UC) was explored as a separation strategy. Recently UC has been used to
separate AUNP assemblies,*>%%-83 as well as DNA Origami® and quantum dot (QD) conjugates.?*
Figure 4 shows a schematic (a) of UC-band position determination as well as resulting UC

separations for single un-hybridized A-AuNP (b) and A—Le—B clusters assembled at 25°C (c) and

15°C (d). Overall band position in the gradient was calculated by using d = M where

Wtotal

deotar IS the total length of the tube, dband is the distance from bottom of the tube to the band center
and Wotar IS the total width of the tube. Results show distinct differences in the band position
between the two assembly temperatures. As shown, the band for A-Ls—B clusters assembled at
25°C (c) travel a short distance in a single, uniform band, while clusters assembled at 15°C (d)
travel further through the gradient and the band disperses significantly. The A—Ls—B clusters
assembled at 25°C traveled only a short distance (dvana = 0.29), suggesting few clusters or
assemblies under these conditions. In contrast, the A-Ls—B clusters assembled at 15°C showed
(dhana = 1.44), indicating a larger (i.e., heavier) cluster, which also showed broadening. A plot of

dband poOsition over time is shown in Figure 4c.
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Figure 4. (a) Schematic of UC-band position determination. Photograph of UC results for
gradient separation for Le—A—AuNPs (b), and A—LsB clusters assembled at 25°C (c) and 15°C
(d). (e) Plot of UC d traveled for the Le—A—AuUNPs (i), and A—Le—B at 15°C (ii) and 25°C (iii).
(c) UV-vis plot of A—Le—B assembly products at 25°C (i) and 15°C (ii).

To investigate the morphologies of the A-Le—B clusters created as a function of
temperature, the samples were collected after UC separation and studied via TEM. Figure 5
shows representative TEM micrographs (a) of the A—Ls—B clusters assembled at 25°C (i-ii) and
15°C (iii-iv). Additional micrographs are shown in Figure S4 and Figure S5. We can observe
differences between the resulting geometries for the two systems. When assembled at 25 °C
(i,i), a major component of the assembly is individual AuNPs. A small population shows
groupings of AuNPs. In contrast, the results when assembled at 15°C, show clusters that are

larger and more structured.
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Figure 5. (a) Representative TEM images for the A—Le—B assembled at 25°C (i-ii) and 15°C (iii-
iv). Corresponding statistical analysis of observed clusters, with quantity of individual AuNP (n)
tabulated for assembly at 25 (b) and 15°C (c).

Figure 5 shows the results of statistical analysis of the micrographs, where the number of
AUNP per cluster (N) was determined. The assembly at 15°C show a decreased population (%)
of single particles and an increased population (%) of A-Ls—B clusters with a higher degree of
order. While a high population (%) of individual AuNPs (N = 1) is shown for both 15°C and
25°C assemblies, the change is significant in the N = 2-7, region. Comparatively, a larger number
of clusters with N = 2-7 are found to assemble at 15°C relative to 25°C, ultimately yielding a

13% increase in cluster size.
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Collectively, these results demonstrate the tailorability of the DNA-mediated cluster
assembly by controlling assembly kinetics. By assembling the AuNP using linkers with melting
temperatures close to room temperature, only small aggregates (clusters) were observed. One
challenge is the persistence of single isolated AuNPs in the final cluster populations (TEM),
despite uniform bands in the UC separation. We speculate that a small percentage of AuUNPs
may be de hybridizing during separation and TEM sampling, or more likely, this distribution in
N is an indication of the on/off assembly rate in the clusters. While the relationship between
linker length and melting temperature is not novel, the use of weakly hybridizing linkers to
manipulate assembly kinetics may allow researchers a useful tool when designing a multi-
assembly system in which external stimuli (temperature) is used to activate assembly, such as in

dynamic assembly or reconfiguration,® or in smart assembly.>%

Conclusions

In conclusion, DNA-mediated assembly of nanoparticle clusters via manipulation of
assembly kinetics was described. Implementation of variable DNA linker length (L = 6-15)
provided an attractive means for controlling assembly and allowed for the control of cluster
growth. Assembly using L = 9 - 15 resulted in classical uncontrolled aggregation, whereas
assembly at L = 6 showed slow growth of cluster. The L = 6 assembly was further studied at 15
and 25°C, with better cluster stability at the lower temperatures. The clusters were further
separated by sucrose gradient ultracentrifugation, and cluster growth was confirmed by TEM
confirmed. The number of nanoparticles per cluster (N) was determined to range between 2—7 by
at 15 °C, but single nanoparticles were also observed. These results suggest that it may be

possible to assembly small clusters of nanoparticles in a straightforward one-step manner by
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kinetic control, as opposed to approaches using multiple purification steps of quantized numbers

of DNA per nanoparticle.
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