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INTRODUCTION 

Nanoparticles can be fabricated from various materials ranging 
from metal atoms (e.g., gold, silver, and iron oxide nano- 
particles),1−3 lipid-based materials (e.g., micelles),4 and amino 

acids (e.g., antibodies and vaccines)5−7 to nucleic acids (e.g., 
nanostructures made of DNA or RNA) or their chemical 
analogues.8,9 While all these nanomaterials were shown to be 
effective in synthesis and self-assembly of functional nanoscale- 
sized objects, nucleic acids offer multiple unique advan- 
tages.10−12 The ability of nucleic acids, in particular RNA, to 
form both canonical (cis-Watson−Crick) and non-canonical 
base pairs13,14 gives rise to a library of structural motifs with a 
myriad of architectural differences.15−17 This library is often 
viewed as modular building blocks to fabricate nucleic acid 
nanoparticles (NANPs) and nanoscale DNA assemblies in a 
controlled and pre-programmed fashion.18−24 In addition, the 
secondary structures of both DNA and RNA can be predicted 
with high level of accuracy, thus opening possibilities to 
generate modular NANPs with defined thermodynamic 
properties and the ability to dynamically respond to the 
external stimuli.25−31 The intrinsic properties of nucleic acids 
to form non-covalent interactions with small molecules, metal 
ions, polypeptides, other nucleic acids, and large proteins 
enable the possibility to fabricate sophisticated nanodevices 
using DNA and RNA as building materials.32−34 These unique 
features expand the possibility of NANPs to serve as highly 

programmable materials, suitable for applications in synthetic 
biology, biotechnology, and biosensing. 

In the past two decades, a wide range of in silico designed 
dynamic nucleic acid assemblies have been shown to respond 
to various ligands including single-stranded oligodeoxynucleo- 
tides (ssODNs).35−37 Particularly attractive are studies focused 

on DNA toehold technologies developed by Yurke and 
colleagues.38,39 In the toehold-mediated strand displacement 
approach, the invading ssODNs bind toehold domains (a 
single-stranded overhanging region of a duplex DNA) 
hybridized with a substrate and a protector strand. This 
binding facilitates the strand displacement through branch 
migration, releasing the protector strand. In their original 
work,39 Yurke and co-workers constructed effective DNA 
molecular tweezers from three strands which can be opened 
and closed repeatedly by cycling additional auxiliary strand or a 
“fuel” DNA. As a result of each cycle, a waste product in the 
form of DNA duplex was produced. Such DNA strand 
exchange processes have recently been introduced as a major 
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ABSTRACT: We introduce a toehold-mediated strand displacement strategy for regulated 
shape-switching of nucleic acid nanoparticles (NANPs) enabling their sequential transformation 
from triangular to hexagonal architectures at isothermal conditions. The successful shape 
transitions were confirmed by electrophoretic mobility shift assays, atomic force microscopy, and 
dynamic light scattering. Furthermore, implementation of split fluorogenic aptamers allowed for 
monitoring the individual transitions in real time. Three distinct RNA aptamers�malachite green 
(MG), broccoli, and mango�were embedded within NANPs as reporter domains to confirm 
shape transitions. While MG “lights up” within the square, pentagonal, and hexagonal constructs, 
the broccoli is activated only upon formation of pentagon and hexagon NANPs, and mango 
reports only the presence of hexagons. Moreover, the designed RNA fluorogenic platform can be 
employed to construct a logic gate that performs an AND operation with three single-stranded 
RNA inputs by implementing a non-sequential polygon transformation approach. Importantly, 
the polygonal scaffolds displayed promising potential as drug delivery agents and biosensors. All 
polygons exhibited effective cellular internalization followed by specific gene silencing when decorated with fluorophores and RNAi 
inducers. This work offers a new perspective for the design of toehold-mediated shape-switching nanodevices to activate different 
light-up aptamers for the development of biosensors, logic gates, and therapeutic devices in the nucleic acid nanotechnology. 

KEYWORDS: NANPs, RNA nanotechnology, fluorogenic aptamers, RNAi, immunorecognitioin 
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Scheme 1. Shape Switching of Nucleic Acid Polygonal Nanoparticles Is Achieved by Utilizing Toehold-Mediated Strand 
Displacement Technique in Conjunction with Split Fluorogenic RNA Aptamers as Reporting Modules 

 

 
 

technique for DNA nanofabrication, machinery, computation, 
and biosensing in order to design autonomous walkers,40 logic 
robot,41 molecular devices and automata,42,43 and other 
structures that mimic biological processes and can be used in 
molecular diagnostics.44 Therefore, the dynamic nucleic acid 
nanotechnology provides a practical method for synthetic 
biology through the programmable structural transformation of 
biologically relevant biopolymers.45,46 

A novel design approach to fabricate highly dynamic NANPs 
is imperative for the fields of RNA and DNA nanotechnology 
in order to improve the communication of functional systems 
with one another or external stimuli. Besides DNA-exclusive 
systems, the structural and functional properties of natural and 
artificial RNAs were applied to address specific questions by 
engineering nanodevices that can interact with intracellular 
components.26,29 Previously reported design principles dem- 
onstrated conditional activation of gene silencing in diseased 
cells in vitro and in vivo using a dynamic RNA and RNA− 

DNA hybrid approach.29,31 More recently, Halman et al. 
introduced a new concept utilizing functionally interdependent 
and fully complementary cognate NANPs.26 In this approach, 
the intracellular presence of two cognate NANPs triggers the 
physical interaction between designed nanoparticles initiating 
isothermal shape change which in turn, activates multiple 
functionalities and biological pathways. It is also important to 
note that the programmable dynamic nature of RNA 
complexes is actively used to generate nanodevices possessing 
Boolean functions. In our previous work, we demonstrated a 
unique design approach to fabricate various logic gates 
(elementary building block for digital circuits) utilizing 
properties of fluorogenic RNA.47 The simple logic gates 
including AND, NAND, OR, and NOR as well as 
combinatorial half-adder circuits made of AND and XOR 
gates were shown to respond in the presence or absence of 
corresponding single-stranded DNA strands. The development 
of novel dynamic NANP platforms demands advancements in 
the robust visualization and tracking techniques that often 
require nanoparticles to be biocompatible. 

The fluorogenic RNA aptamers, also known as “light-up” 
aptamers, activate small fluorophore molecules upon bind- 
ing.48,49 These reporters have shown some advantages over 
other imaging techniques such as FRET, FISH, and molecular 
beacons.50,51 While the latest methods are limited to only 
exogenously introduced NANPs, the fluorescent dyes must be 
covalently linked to either the 5′- or 3′-end of nucleic acids, 
and the light-up RNA aptamers offer excellent real-time 

B 

imaging that is label-free, protein-free, has a high signal-to- 
noise ratio, and possess modularity for simple sequence 
incorporation and tagging.28,52−55 This opens endless 
possibilities to program functional NANPs and nucleic acid 
nanodevices for logical operation in vitro and in vivo.56−59 

In this project, we took advantage of a recent progress made 
in the nucleic acid nanotechnology field, specifically, in the 
areas of split fluorescent RNA aptamers and toehold-mediated 
DNA strand displacement28,60 techniques39 to design and 
experimentally validate multi-color shape switching of NANPs 
in triangular, square, pentagonal, and hexagonal configurations 
(Scheme 1). Furthermore, the in vitro data demonstrate 
excellent internalization of all tested shapes and the ability of 
RNA interference to effectively silence expression of target 
genes. This system can be potentially implemented to monitor, 
in real time, the formation of reconfigurable NANPss as a 
biosensor to advance emerging field of the nucleic acid 
nanotechnology and synthetic biology. 

 

RESULTS 

Design of Oligonucleotide Responsive DNA Polygons 
Enabling Shape Transformation. The original design and 
sequence compositions of the core polygonal NANPs were 
adopted from our previous reports.12,61,62 The major design 
principle behind the shape transition among polygons relies on 
the toehold-mediated strand displacement approach using 
carefully selected invader DNA or RNA single-stranded 
sequences. Figure 1A includes a schematic that displays the 
2D structures of DNA polygons and the principle for the shape 
transitions. The sequences and predicted secondary structures 
are listed in the Supporting Information section in Table S1 
and Figure S1. The DNA triangle strands T1 (colored in RED) 
and T3 (colored in GREEN) were extended at 3′-end and 5′- 
end, respectively, with the addition of 10 nucleotides (nt.) 
ssDNA overhangs or toehold regions. The DNA leading strand 
(central strand within the triangular complex, in BLACK 
color) was designed to serve as a fuel molecule. This long 
auxiliary DNA contains complementary regions to the sides of 
all corresponding square (tetragonal), pentagonal, and 
hexagonal geometries. The addition of invading S4 DNA 
(colored in brown) containing complementary 10 nt. 
sequences to the 3′-end overhang toeholds induces T3 strand 
displacement, resulting in reassociation of this strand to a 
square complex. As the toehold regions play a key role in 
facilitating strand displacement, the length of the toehold was 
chosen to be 10 nt., which generally satisfies the criterion to 
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Figure 1. Toehold-mediated DNA shape transition design and validation. (A) Schematic illustration of the sequential shape transformation from 
triangle to hexagon upon addition of invader strands. (B) Atomic microscopy images of the resulted polygonal nanoparticles demonstrating distinct 
shapes. (C) Average hydrodynamic diameters of polygons measured in solution by dynamic light scattering; errors indicate standard deviations 
calculated using triplicate measurements. (D) Native PAGE analysis of the fractions (pointed by arrows) taken after addition of corresponding 
invader strands to confirm complexation. The fractions run together with annealed control polygons. 

 

 

thermodynamically enhance the energy difference between 
products and reactants (products possess more negative free- 
energy change).63 The transformation from square to pentagon 
was facilitated in a similar manner, the invading DNA P5 
strand (blue) designed to trigger dissociation of the duplex 
within the vertex formed between S4 and T3 strands of the 
square. The P5 strand is designed to carry dual purpose: first, it 
enables hybridization with the T3 strand and thus induces a 
conformational change from square to pentagon, and second, it 
provides a toehold module at its 5′-end to subsequently 

facilitate transformation from the pentagon to a hexagon in the 
following step. The addition of the DNA H6 (gray) invading 
strand completes the transformation process from pentagon to 
hexagon. Upon formation of the hexagonal nanostructure, the 
DNA leading or fuel strand is in a fully hybridized form with 
corresponding invading strands. The secondary structures of 
the corresponding polygonal complexes were thoroughly 
analyzed by NUPACK.64 

Confirmation of the Shape Transition Using AFM, 
DLS, and Electrophoretic Mobility Shift Assays (EMSAs). 
The shapes of the individual NANP polygons were first 
confirmed by atomic force microscopy, as shown in Figure 1B. 
Prior to AFM analysis, individual polygons were assembled in 
one-pot at equimolar concentrations of individual strands and 
purified using non-denaturing PAGE. The resulting images 
confirmed the shapes of the corresponding triangle, square, 
pentagon, and hexagonal DNA polygons. The average 
dimensions of the NANPs were found to consistently increase 
from triangular to hexagonal DNA polygons, as demonstrated 
in the magnified area of the total field AFM surface. Although 
AFM images provide undisputable information about the 
geometric topology of the 2D nanoobjects, the technique is 

limited to identify the actual dimensions of the NANPs due to 
the several factors including imaging in air, sharpness of AFM 
tip, and image deconvolution process.65,66 We, therefore, 
further addressed the question regarding the NANP size by 
performing DLS analysis in an aqueous solution. Assembled 
DNA complexes 0.5 μM in 100 μL were directly subjected to 
DLS measurements without purification. The calculated 
average hydrodynamic diameters were found to be 18.5, 
27.6, 38.8, and 61.4 nm for DNA triangle, square, pentagon, 
and hexagon, respectively, Figure 1C. The data are in general 
agreement with nanoparticle dimension approximated by a 
microscopy technique. 

To determine whether the individual NANP shapes can 
transition from one form to another upon addition of the 
corresponding invader strand, we performed sequential 
addition of the invading strand at a 1:1 stoichiometric ratio 
to the triangular nanoparticle. The subsequent shape transition 
was monitored by means of gel electrophoresis Figure 1D. We 
first assembled DNA triangle NANPs at 1 μM from 
corresponding individual strands (DNA T1, T2, T3, and 
leading) in TMS buffer at pH = 8.0. The self-assembly 
efficiency of the DNA triangular shape formation was 
calculated to be 72 ± 5% using quantification analysis by 
ImageJ software.67 DNA S4 strand was added to the triangular 
nanocomplex, and the mixture was left to equilibrate at 37 °C 
for ∼30 min to allow the strand displacement reaction to 
complete. After taking an aliquot for gel analysis, the DNA P5 
strand was added, and the reaction was allowed to incubate for 
additional 30 min. The same procedure was repeated with the 
final DNA strand H6. The mobility shift analysis performed 
using native 6% PAGE shows distinct bands for the triangle + 
S4 invader sample having an electrophoretic distance identical 
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Figure 2. Toehold-mediated RNA polygons harboring MG, broccoli, and mango fluorogenic RNA reporters. (A) Schematic diagram of polygonal 
shape transition containing split fluorescence aptamers whose shape transitions and fluorescence are influenced by invading strands. (B) AFM 
images of the RNA polygonal nanolattices (including magnified view) with distinct polygonal shapes. (C) DLS analysis of solution structures of 
RNA polygons showing average hydrodynamic diameters, and an error represents standard deviation of the mean obtained from at least three 
independent measurements. (D) Native PAGE analysis of RNA complexes pointed by arrows taken after addition of corresponding RNA invading 
strands confirming formation of polygons. The one-pot self-assembled polygons were used as migration controls. 

 

 

to the control square particle. Similarly, distinct bands are 
obtained for the square +P5 invader and pentagon +H6 
invader samples which co-migrate with corresponding 
pentagon and hexagon control lanes (Figure 1D). The data 
obtained by this gel shift assay indicate successful sequential 
transition of the DNA NANPs from triangle to square to 
pentagon and to hexagon. The presence of 10 nt toehold 
ssDNA regions is found to be critical for the transition to occur 
at an isothermal temperature, the control experiment without 
10 nt ss region did not induce the transition (data not shown). 
We next performed a calculation of the DNA polygonal 
transition yield from one nanoparticle to another using the 
ImageJ gel shift quantification approach. The percentage yields 
for such isothermal sequential transition were found to be 68.1, 
61.5, and 68.8% for square, pentagonal, and hexagonal DNA 
configurations, respectively. This demonstrates a moderate 
result compared to a typical toehold-mediated strand displace- 
ment.68,69 

Design and Validation of RNA Complexes Enabling 
the Report of Shape Transition by Emitting a Distinct 
Fluorescence Signal. The development of novel bioimaging 
tools enabling visualization and quantification of biochemical 
and molecular events temporally or spatially within a cellular 
context is exceedingly important in translational medicine and 
in basic biology. Molecular imaging is rapidly emerging as an 
interdisciplinary subject and has been applied widely to study 
different molecular events including gene expression, molecular 
trafficking/localization and molecular interactions. Therefore, 
based on the DNA shape switching conceptual design, we next 
implemented a split fluorogenic aptamer approach,28 enabling 
detection of transitions based on the distinct fluorescence 
output signals of malachite green (MG), broccoli, and mango 
RNA aptamers. In this approach, the functional RNA aptamers, 

D 

possessing a hairpin conformation, are bifurcated into two 
individual strands diminishing their ability to bind a 
corresponding fluorogen dye molecule. The fluorescence 
activation requires hybridization of both strands to reform 
the binding pocket. 

The core RNA sequences of the polygonal geometries were 
identical to the cognate DNA molecules. The toehold regions 
were extended with corresponding RNA aptamer sequences 
(Figure 2A and Supporting Information Figure S2). The 
triangular nano-construct contained a partial sequence of the 
MG RNA aptamer rT1_M (red-colored strand) and broccoli 
aptamer rT3_broc (green-colored strand) (Figure 2A). The 
addition of the square invader RNA strand, rS4_G, causes 
hybridization of MG RNA aptamer strands into a functional 
state and further displacement of the rT3_broc strand, 
resulting in the nanostructure shape reconfiguration from 
triangular to square geometry. In a similar fashion, the addition 
of the pentagon invader RNA containing the complementary 
half of the broccoli RNA aptamer, rP5_COLI, results in the 
formation of a functional broccoli RNA reporter structure and 
reassembly of the square configuration to pentagonal. For the 
final step, the presence of the Hexagon invader RNA strand 
transforms the pentagon to the corresponding hexagon and 
triggers fluorescence due to the correct folding of the mango 
RNA aptamer.56 The mango RNA aptamer contains TO1- 
biotin-binding domain at the loop region, formed by three 
stacked G-quadruplexes, of the hairpin secondary structure, 
whereas both MG and broccoli RNA aptamer-binding sites are 
localized to the helical stems of the hairpins. Due to its unique 
structural features, the splitting mango RNA aptamer would 
require significant sequence optimization and laborious 
experimental selection to achieve the adequate fluorescence 
output. Instead, the structure of the functional mango RNA 
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Figure 3. Fluorescence emission spectra of polygonal RNA complexes demonstrating formation of RNA aptamer modules only when a specific 
polygonal geometry is present. (A) Steady-state emissions captured from each polygon with individual excitation wavelength (λexc) corresponding 
to RNA aptamers, MG binding aptamer λexc = 615 nm, broccoli aptamer λexc = 475 nm, and mango aptamer λexc = 510 nm. (B) Time-dependent 
fluorescence intensities recorded at 37 °C for the transition from the triangle to square in the presence of rS4_G, from square to pentagon in the 
presence of rP5_Coli, and from pentagon to hexagon upon addition of rH6_Ngoma. 

 

 

aptamer was inhibited by introducing a competitive sequence 
region within the rH6_NGOMA strand, pairing with the 3′- 
end of the mango nucleotides responsible for the correct 
folding, as illustrated in Supporting Information Figure S3. 
Upon interaction with the 5′-end single-stranded region of the 
rP5_coli, the rH6_NGOMA (non-functional state) refolds 
into a functional state rH6_MANGO. As a result, monitoring 
the hexagonal complex formation can be performed by 
observing fluorescence of the mango RNA aptamer. 

It is important to note that the shape transition did not yield 
significant results for both DNA and RNA polygons when 
experiments were conducted at ambient temperature (Support- 
ing Information Figures S4 and S5). These results suggest that 
nucleic acid strand displacement reactions tend to occur more 
efficiently at higher temperatures presumably due to increased 
thermal energy and faster molecular motion, which can 
facilitate the necessary base-pairing interactions and reduce 
kinetic barriers. Given the observed temperature-dependent 
effects, we have raised the question whether the RNA 
hexagonal NANPs can be assembled under isothermal 
conditions (e.g., during transcription). This, in turn, would 
facilitate the application of the designed RNA polygon switches 
in the intracellular environments. A co-transcription assay was 
performed according to previously published protocol by 
Afonin et al.70 The crude RNA product obtained during the in 
vitro transcription was analyzed by both agarose gel electro- 
phoresis and fluorescence assay, as shown in Supporting 
Information Figures S5 and S6. The co-transcriptional RNA 
assemblies displayed intense fluorescence signals characteristic 
to corresponding RNA aptamers and resulted in a clearly 
distinguishable band on the agarose gel that co-migrated with 
the control RNA hexagons. This provides compelling evidence 

E 

that the RNA hexagonal NANPs can effectively assemble 
under isothermal conditions. 

AFM and DLS Confirm the RNA Polygonal Shape. 
AFM images of the purified RNA fractions confirmed 
predicted polygonal shape configurations, as demonstrated in 
Figure 2B. The distinct geometrical forms of the triangles, 
squares, pentagons, and hexagons were found on the mica 
surface scanned by AFM in air. The DLS data obtained for the 
individual polygonal fractions provide further evidence of the 
size increase from triangle to hexagon (Figure 2C). The 
aqueous solution of the RNA polygonal NANPs was found to 
be highly heterogeneous by both DLS and AMF methods, the 
dimension of the RNA complexes surprisingly span from 23.8 
nm for triangles and up to 89.9 nm for the hexagons. This large 
size distribution is presumably due to the additional nucleotide 
extension to the polygonal vertices containing RNA aptamer 
regions. Such long sticky ends influence the movement of the 
RNA nanoparticles in solution and since DLS averages the 
dimension of the particles depending on their movement,71 
this can explain why a large size distribution was observed. 
This conclusion can be further supported by the fact that DNA 
polygons, having shorter single-stranded regions, are relatively 
more homogeneous compared to the RNA polygonal 
constructs. 

The sequential transition of polygonal nano-scaffolds upon 
addition of the invader strands was further confirmed by 
EMSA. The transition protocol was conducted similar to the 
DNA polygon transitions as described above. In this 
experiment, an equivalent amount of the square invader strand 
was added to the annealed 1 μM triangular RNA NANPs, and 
the resulting mixture was incubated at 37 °C for 30 min (an 
aliquot was taken for analysis). This process was repeated with 
pentagon invaders and finally hexagon invaders containing the 
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mango RNA aptamers. The resulting RNA fractions were 
evaluated by electrophoretic mobility assay (Figure 2D). The 
bands indicated by arrows correspond to the fractions of the 
polygons after transformation. 

Control RNA NANPs, where individual strands were 
annealed, were co-run with the reaction products to calculate 
the yield of the shape transition. The calculated yields were 
found to be 46.3, 36.8, and 28.6% for the triangle to square, 
square to pentagon, and pentagon to hexagon shape trans- 
formations, respectively. Notably, the interaction of the 
invaders with their corresponding RNA complexes induced 
the refolding of the target polygon conformation. For example, 
incubation of RNA triangle with rS4_G produced not only a 
square NP but also other high-molecular-weight RNA 
complexes trapped at the beginning of the gel well, with no 
detectable fractions of triangles. 

Fluorogenic RNA Aptamers Report the Presence of 
Distinct Polygonal Conformation. A fluorescence assay 
was performed in solution next to investigate the fluorescence 
reportability of polygonal nanostructures following shape 
transformation. The emission spectra were measured for the 
individual RNA polygons and upon their transition when 
invader strands were added. 

A steady-state fluorescence spectrum of the MG RNA 
aptamer that “light-ups” in the presence of the square, 
pentagon, or hexagon configurations is shown in Figure 3A. 
The broccoli RNA aptamer exhibits strong emission signals 
when the pentagonal and hexagonal polygons are formed, 
whereas the mango RNA aptamer becomes functional only 
with formation of the hexagon RNA nanoparticles. The 
fluorescence spectra were measured in TMS buffer pH = 8.0 
at ambient conditions in the presence of exceeding 
concentrations of three dyes MG, DFHBI, and TO1-biotin 
using individual fluorophore excitation wavelength, as 
described in the Materials and Methods section. 

Additionally, real-time monitoring was conducted to observe 
the sequential formation of fluorogenic RNA polygons. Figure 
3B displays the emission maxima wavelength of individual 
polygons over time after the corresponding invading strands 
were added. The formation of squares was detected using the 
MG-binding RNA aptamer, the formation of pentagons was 
monitored using the broccoli aptamer, and the formation of 
hexagons was measured using the mango RNA aptamer. The 
experiments were conducted at 37 °C, and, in general, 30 min 
of incubation was sufficient for all aptamers to produce strong 
fluorescence emissions, indicating that the shape configuration 
transitions occur in a similar time frame. 

Importantly, the RNA shape reconfiguration can be 
monitored using a single excitation wavelength centered at 
420 nm and recording emission spectra from 475 to 700 nm. 
An example of such a spectrum is shown in Supporting 
Information Figure S7. The assembled triangular RNA 
nanoparticle exhibits no distinct fluorescence maxima. 
However, upon the addition of rS4_G, the MG signal becomes 
strong at 650 nm. Further sequential addition of rP5_Coli and 

rH6_Ngoma strands produces corresponding maxima of 
broccoli and mango aptamers at 500 and 530 nm, respectively. 

Therefore, for a given set of four polygonal mixtures, it is 
possible to identify the configuration of the specific polygonal 

shape based on the fluorescence outputs, as exemplified in 
Table 1. Such a system holds a great promise to further exploit 

the potential of polygonal reporters as an arithmetic tool for 

F 

Table 1. Fluorescence-Based Polygon Shape Identification 

 fluorogenic reporter  triangle   square  pentagon  hexagon  
 

malachite green OFF ON ON ON 

broccoli OFF OFF ON ON 

mango OFF OFF OFF ON 

 
molecular programming to develop well-regulated molecular 
devices and biosensors based on a three-input logic system. 

Fluorescent Assessment of Non-sequential Nucleic 
Acid Shape Formations Enabling Design of a Three- 
Input AND Logic Gate. The designed nucleic acid sequences 
were found to be highly versatile, as demonstrated by their 
ability to self-assemble into various fluorogenic polygons 
(Supporting Information Figures S8 and S9). In addition to 
the sequential shape reconfiguration design approach, we also 
tested the toehold-induced assembly of squares, pentagons, 
and a hexagon using a combination of different oligonucleo- 
tides. Specifically, annealed triangular NANPs were incubated 
with individual oligonucleotides, combinations of oligonucleo- 
tides, and all oligonucleotides together at 37 °C, as shown in 
Figure 4. This approach allowed us to explore the full potential 
of the designed nucleic acid sequences in creating a diverse 
range of polygonal NANPs with different shapes and emission 
properties. 

Figure 4A illustrates schematic diagrams of secondary 
structures for all possible combinations of polygons numbered 
from 1 to 7. In order to investigate the fluorescence 
reportability of the resulting polygons upon addition of 
invading strands, fluorescence measurements were performed. 
Figure 4B shows the fluorescence intensities for broccoli, MG, 
and mango RNA aptamers following incubation of the 
triangular nanoparticles with their corresponding strands. 
Interestingly, the broccoli and MG RNA aptamers demon- 
strated high efficacy as molecular reporters with distinct 
magnitude of emission intensities. For example, the broccoli 
RNA aptamers were activated only in certain polygons such as 
square #2, pentagons #5 and #6, and hexagon #7. Similarly, the 
fluorescence from the MG-binding RNA aptamer was detected 
in square #1, pentagons #4 and #5, and hexagon #7. 
Additionally, the mango RNA aptamer showed higher 
fluorescence intensity in square #3, pentagons #4 and #5, as 
well as hexagon #7. However, due to the strong intrinsic 
background of TO1-biotin in solution and affinity to broccoli 
RNA aptamer,72 the mango aptamer reporting system 
exhibited a significant disadvantage compared to the MG 
and broccoli aptamers (Figure 4B, mango aptamer). 

The samples numbered 1−7 were further analyzed under 
native conditions using 6% polyacrylamide gel electrophoresis 
to evaluate the formation of polygons. After electrophoresis 
was completed, the resulting gel was stained with a 5 μM 
solution of DFHBI in TMS buffer and imaged using a 
Typhoon-5 Biomolecular Imaging system (Cytiva) with Cy2 
channel (λexc/em = 488 nm/515−532 nm). The same gel was 
then stained with a 5 μM solution of MG and subsequently 
imaged on a Typhoon-5 using a Cy5 channel (λexc/em = 635 
nm/655−658 nm). Finally, an ethidium bromide (E.B.) 
solution was used to visualize the total RNA within the gel. 
The resulting images of the gel are shown in Figure 4C. The 
corresponding polygonal RNA complexes are clearly visible on 
the gels, with the exception of square #3 and pentagon #4 
(both containing mango RNA aptamer that was originally 
designed to hybridize with rP6_Coli strand). 
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Figure 4. Analysis of non-sequential RNA shape reconfiguration. (A) Schematic diagram of possible 2D configurations of polygons. (B) 
Fluorescence properties of obtained polygons in solution. (C) Native PAGE analysis of each polygonal constructs. The gel was imaged after 
staining in DFHBI and MG solutions to detect signals from broccoli and MG RNA aptamers using Cy2 (λexc/em = 488 nm/515−532 nm) and Cy5 
(λexc/em = 635 nm/655−658 nm) channels, respectively. To visualize total RNA, the gel was stained in a solution containing ethidium bromide. 
Lane L represents a low-molecular-weight DNA ladder from New England Biolabs. 

 

 

Remarkably, the results obtained by non-sequential shape 
reconfigurations are suitable for the development of a three- 
input AND logic gate. For example, the seven fluorogenic 
shapes described in this approach can be implied to perform 
the AND operation using a triangle nanoparticle with three 
binary ssRNA inputs: namely, rS4_G, rP5_Coli, and 
rH6_Ngoma, producing a binary output: a hexagonal nano- 
particle with activation of all three light-up aptamers 
simultaneously, as shown in Table 2. Such a system, where 
three-input AND logic gate and three-output fluorogenic 
polygonal shapes, is an example of a complex circuit that can 
be served as a basis for further development of a biomolecular 
responsive nanodevice using the combination of specific 
ssRNA inputs. This feature makes the fluorogenic RNA 
nanoplatform a highly valuable tool in the field of synthetic 
biology. 

Polygonal  NANPs  for  the  Cellular  Uptake  and 
Specific Gene Silencing. To explore the functional potential 
of the polygonal NANPs in vitro, cellular uptake and gene 
silencing assays were performed. In this critical set of 
experiments, the major aim was to demonstrate that 
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Table 2. Three-Input AND Logic Gate Truth Table 
 

 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

reconfigurable fluorogenic reporters can be eventually 
implemented within the intracellular environment for bio- 
analysis, sensing, and imaging of therapeutic and diagnostic 
nanoparticles. In our previous reports,12,31,61,62 we thoroughly 
studied the physicochemical properties of polygonal complexes 
made of RNA, DNA, and their hybrids assemblies. As shown in 
Figure 5, only the RNA polygons stimulate significant 
production of the pro-inflammatory cytokine, IL-6, and the 
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Figure 5. Assessment of nucleic acid nanoparticle immunostimula- 
tion. NANPs composed of only RNA stimulate significant production 
of IL-6 and IFN-β. The cell line, hμglia, was transfected with NANPs 
at the final concentration of 5 nM. NANPs T1-3 are triangles 
composed of RNA, a DNA center with outer RNA strands, or DNA, 
respectively. NANPs S1-3 are squares composed of RNA, a DNA 
center with outer RNA strands, or DNA, respectively. NANPs P1-3 
are pentagons composed of RNA, a DNA center with outer RNA 
strands, or DNA, respectively. L indicated the lipofectamine 2000 
control, and C indicated untreated cells. Cell supernatants were 
collected 24 h post transfection. IL-6 and IFN-β production was 
quantified using specific capture ELISAs. Data are expressed as the 
mean ± SEM for a minimum of three independent replicates. 
Asterisks indicated statistical significance compared to untreated cells. 
(C) Student’s t-test, p < 0.05. 

 

type 1 interferon, IFN-β. In contrast, hybrid polygons 
displayed reduced IL-6 and IFN-β production compared to 
RNA polygon- and DNA polygon-stimulated minimal 
responses. Additionally, neither the RNA nor the DNA duplex 
stimulated IL-6 or IFN-β production. Collectively, this 
indicates that incorporation of DNA strands provides an 
approach to reduce the stimulation of cellular cytokine and 
interferon responses. Therefore, these polygon scaffolds can be 
optimized to avoid unwanted or achieve desired immune 
stimulation. Justified by the results that hybrid RNA/DNA- 
center NANPs demonstrated optimal profiles for thermal and 
enzymatic stability in blood serum as well as exhibited 
insignificant levels of immune response, the hybrid polygons 

were utilized in all in vitro assays. The secondary structure and 
sequences for the hybrid polygons are available in Supporting 
Information Figure S10. The assembly of the individual 
polygons with various numbers of functional single-stranded 
oligonucleotides was confirmed by the means of gel electro- 
phoresis, as shown in Figure 6. Noteworthy, the regioselective 
positions of the functional oligonucleotides can be precisely 
controlled by variation of sticky-ends and blunt-ends RNA 
according to previously reported findings utilizing triangle NPs 
only.61 Assembled hybrid NPs were decorated with either 
fluorescently labeled ssDNA-Alexa 546 for cellular uptake 
studies or with siRNA targeting green fluorescent protein 
(GFP) for specific gene silencing. All in vitro assays were 
conducted using human breast cancer cells (MDA-MB-231). 
In the internalization studies, a lipofectamine-transfecting 
reagent was used to facilitate the intracellular uptake of 
fluorescently labeled polygons with subsequent analysis by 
fluorescent microscopy Figure 7A. The results demonstrate 
effective transfection efficiencies for nanoparticles that are 
comparable to the uptake of free fluorescently labeled DS 
DNAs tested at the same 10 nM final concentration of DS 
RNA. 

The successful dicer-assisted intracellular release of siRNAs 
and activation of RNA interference were further tested on GFP 
expressing breast cancer cells. The cells were transfected with 
polygonal constructs functionalized with maximum anti-GFP 
siRNA payloads and compared to free anti-GFP DS RNAs 
(Figure 7B,C). The results demonstrate GFP silencing of 
greater than 90% with comparable efficiencies among polygons 
and DS RNA at nanomolar concentrations. The combination 
of the cellular uptake and specific gel silencing assays clearly 
indicate that the nucleic acid polygons can be used as a 
dynamic scaffold for delivery of siRNAs and fluorescent probes 
to the diseased human cells. 

CONCLUSIONS 

We have described an innovative design approach to fabricate 
dynamic NANPs by combining toehold-mediated strand 
displacement and split fluorogenic RNA aptamer techniques. 
We first have experimentally validated effective non-reversible, 
sequential shape switching from a DNA triangle to a square to 
a pentagon and to a hexagon containing 10 nt. toehold regions. 
The transition principle is based on using central fuel and 
invader DNA strands encompassing sequences that correspond 
to the individual DNA polygons. This strategy was further 
implemented to fabricate responsive RNA polygonal NANPs 

 
 

 

 

Figure 6. Electrophoretic mobility shift assays of polygonal NANPs harboring Alexa-488 labeled ODN (A) and GFP-targeting antisense RNA (B). 
Lane L corresponds to the DNA ladder (low-molecular weight, New England Biolabs). 
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Figure 7. Cellular uptake and gene-specific silencing assays. The experiments performed using human breast cancer cell line (MDA-MB-231) with 
and without GFP. (A) Fluorescent microscopy of non-fluorescent cells 24 h post-transfection with Alexa 546-labeled polygons and DS RNAs (10 
nM final DS RNA) is shown. (B) Analysis of GFP-expressing cells 4 days post-transfection with anti-GFP DS RNA-functionalized polygons and DS 
RNA (10 nM final DS RNA) by a fluorescent microscope and subsequent fluorescence quantification by flow cytometry. (C) Error bars indicate ± 
SEM. 

 

 

emitting distinct fluorescence. The effective shape switching 
can be monitored in solution by measuring fluorescence 
emission of three RNA aptamers, MG, broccoli, and mango. 
Based on the corresponding fluorescence emissions, one can 
predict the presence of a particular nanoparticle shape from a 
given set of solutions. A non-fluorescent sample indicates the 
presence of triangular particles only. The emission from the 
MG aptamer corresponds to the presence of either square, 
pentagon, or hexagon NANPs. Fluorescent signals from MG 
and broccoli aptamers suggest the presence of pentagonal 
nanoconstruct. The presence of hexagonal RNA nanoparticle 
can be determined only if all corresponding RNA aptamers 
exhibit distinct emissions. 

We also demonstrated that RNA fluorogenic aptamer 
systems can incorporate AND logic gates into fluorophore- 
based detection systems. Multiple fluorophores with different 
excitation and emission spectra (such as MG, broccoli, and 
mango) can be used, and each can be linked to a different 
input molecule. For instance, in a three-input AND gate 
system, a detection assay can be designed where the presence 
of all three ssRNA input molecules activates all three 
fluorophores, resulting not only in a specific fluorescence 
pattern but also in specific polygonal shape configuration that 
indicates the presence of all three inputs. This approach can 
lead to the development of highly specific and sensitive 
detectors for particular combinations of inputs, making them 
useful for various applications such as biosensing and 
diagnostic assays. 

To further validate feasibility of the design of functional 
dynamic polygonal nanodevice in vitro, we have conducted a 
series of experiments using human breast cancer cells. In 
particular, we studied the cellular uptake and specific gene 
silencing for polygons. We used a hybrid RNA/DNA-center 
polygonal platform for the following reasons: (i) such hybrids 
are stable in blood serum and (ii) non-immunogenic enabling 

I 

the transition from in vitro assays to further implementation in 
mouse models. Our results showed efficient cellular uptake and 
effective GFP silencing by all polygonal NANPs, demonstrat- 
ing feasibility of this nanoplatform for further development of 
smart nanodevices. Additionally, our data further support that 
polygon nucleic acid composition can be optimized to avoid or 
enhance cell innate immune responses. Importantly, we have 
observed that hybrid polygons possess optimal thermal and 
enzymatic stability and stimulate minimal proinflammatory and 
interferon responses. Although this project is still in its 
development stage, our data serve as an important validation of 
the applicability and feasibility of dynamic nucleic acid polygon 
systems to construct “smart” nanodevices based on shape 
transition. Furthermore, we anticipate designing and further 
applying dynamic, polygonal NANPs that would carry split or 
misfolded functional nucleic acids (e.g., Dicer substrate RNAs) 
which could be activated intracellularly upon binding to 
specific target sequences indicative of a diseased state, through 
refolding or reassembly processes.30 This research and future 
work may have implications for synthetic biology, drug 
delivery, and gene silencing fields. For example, the nucleic 
acid nanodevices have the potential to become responsive 
nanovehicles with a built-in programmable release of its cargo 
upon sensing oncogenic RNA. 

 

MATERIALS AND METHODS 

Nucleic Acid Sequence Design, Synthesis, and Assembly. 
The core DNA and cognate RNA polygonal sequences containing 
tetra U/T-motifs were obtained from previously published 
reports.12,61 The design of ssDNA toehold region on the triangle 
and corresponding invader oligonucleotides was carried out using the 
multi-strand secondary structure prediction programs NUPACK and 
mfold.64,73 The sequence selection criterion was based on the 
calculated lowest free-energy secondary structure of the desired 
DNA or RNA polygons. The sequence selection was made to ensure 
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that no other unwanted formation of secondary structures was closer 
than 15% in energy to the lowest energy structure. 

The sequences of GFP_DS RNA and DNA oligonucleotides 
including long DNA fuel strand were purchased from IDT DNA 
(www.idtdna.com) as desalted products and used without purifica- 
tion. The cognate RNA strands with corresponding RNA aptamer 
regions were synthesized by run-off transcription of PCR-amplified 
DNA templates using “home-made” T7 RNA polymerase with the 
TAATACGACTCACTATA promoter region61 (Supporting Informa- 
tion Figure S5). PCR products were purified using the QiaQuick PCR 
purification kit (Qiagen Sciences, Maryland 20874) prior in the vitro 
transcription reaction. All transcribed RNA products were purified by 
denaturing 20% polyacrylamide gel (29:1 acrylamide/bisacrylamide) 
electrophoresis (PAGE) containing 8 M UREA.15 

The co-transcriptional synthesis of the RNA hexagonal complex 
was achieved by introducing seven corresponding purified PCR DNA 
templates into an in vitro T7 RNA transcription mixture, with equal 
ratios. After 4 hours of incubation at 37 °C, DNase I treatment was 
applied to remove the DNA sequences, and the resulting crude RNA 
product was analyzed using gel shift assay and fluorescence study 
without purification. 

Individual DNA and RNA polygon self-assembly was achieved by 
mixing corresponding equimolar oligonucleotide strands (1 μM) in 
TMS buffer (50 mM TRIS pH = 8.0, 100 mM NaCl, and 10 mM 
MgCl2), heating the mixture to +80 °C, and gradually cooling it to +4 
°C over a period of 1 h on a PCR thermocycler. The assembly 
efficiencies were determined by native PAGE. An equal amount of gel 
loading buffer [sucrose 40% (wt/vol), 0.1% (wt/vol) xylene cyanol, 
and 0.1% (wt/vol) bromophenol blue] was added to each sample. 
Samples were run at ambient temperature on 6% native poly- 
acrylamide gels (29:1 acrylamide/bisacrylamide) in TBM buffer (tris 
base 89 mM, boric acid 200 mM, and MgCl2 5 mM T) at constant 80 
V. The gels were subsequently stained with either 5 μM MG solution 
in 1× TMS, 5 μM DFHBI in 1× TMS solution, or concentrated 
ethidium bromide solution, and imaged using either a GhemiDoc 
XRS (BioRad) or Typhoon-5 (Cytiva) imaging system. 

The nucleic acid complexes can also be resolved by agarose gel 
electrophoresis containing E.B. in 1× TAE buffer. 

Toehold-Mediated Nucleic Acid Shape Transition Experi- 
ments. To the annealed DNA or RNA triangle nanoparticles, 
typically 1 μM in TMS buffer, a small amount of corresponding 
square invader DNA or RNA molecules were added to achieve 1:1 
stoichiometric ratio. The mixture was then incubated in a water bath 
at 37 °C for 30 min or on the bench at room temperature (RT), 
allowing strand displacement reaction to reach equilibrium. After 
obtaining an aliquot for subsequent analysis by gel electrophoresis, the 
small amount of pentagon DNA invader was added to the same 
sample vial to achieve 1:1 stoichiometry. Following the incubation 
step, an aliquot was taken for gel analysis. The above procedure was 
repeated using final hexagon invading strand. Importantly, to prevent 
any possible annealing that could occur as a result of slow cooling 
from 37 °C to RT, the aliquots were immediately mixed with a sample 
loading buffer that was kept on ice and stored at −20 °C prior to 
analysis. The corresponding aliquots were subjected to 6% native 
PAGE or 4% agarose gel electrophoretic analysis to confirm the shape 
transition. 

The calculation of the yield (%) of successful transformation from 
triangular to square to pentagonal and hexagonal nanoparticles was 
conducted by analyzing electrophoretic gel images using ImageJ 
software.67 The band densities corresponding to individual polygons 
after transformation were compared to the corresponding annealed 
complexes obtained by “one-pot” assembly. 

The non-sequential shape reconfiguration using toehold-mediated 
strand displacement approach was conducted in the same manner as 
described above. The annealed triangular nanoparticles (1 μM in 1× 
TMS) were mixed with an equimolar amount of either an individual 
invading strand, two invaders, or all three invaders. The solution was 
incubated at 37 °C for 30 min, and the resulting product was 
immediately placed on ice and mixed with gel loading buffer for 
subsequent analysis on PAGE. 

Fluorescence Measurements. The fluorescence experiments in 
solution were performed using a FluoroMax 3 (Jobin Yvon) 
fluorescence spectrometer, unless specified otherwise. A sub-micro 
quartz fluorometer cell from Starna cells, Inc. was used for the 
experiments. RNA samples (100 μL) were assembled at 0.5 μM 
concentrations of individual strands in TMS buffer. A concentrated 
solutions of each fluorophores MG (N,N,N′,N′-tetramethyl-4,4′- 
diaminotriphenylcarbenium chloride, Sigma-Aldrich), DFHBI [(5Z)- 
5-[(3,5-difluoro-4-hydroxyphenyl)methylene]-3,5-dihydro-2,3-di- 
methyl-4H-imidazole-4-one, (Z)-4-(3,5-difluoro-4-hydroxybenzyli- 
dene)-1,2-dimethyl-1H-imidazole-5(4H)-one, Sigma-Aldrich], and 
TO1-3PEG-biotin (Applied Biological Materials Inc, Abmgood) was 
added to assembled RNA complexes to reach 5 μM final 
concentration of each dye. The mixture was allowed to equilibrate 
at RT for at least 15 min to facilitate binding of the fluorophores to 
corresponding RNA aptamers. For the MG-binding RNA aptamer, 
the excitation wavelength centered at 615 nm, and emission was 
collected in the range of 630−700 nm; for the broccoli RNA aptamer, 
the excitation was centered at 465 nm, and emission was recorded 
from the range of 475−650 nm; for the TO1-bioting-binding mango 
aptamer, the fluorescence spectra were collected from 520 to 650 nm 
with the excitation wavelength of 510 nm. 

Dynamic Light Scattering Analysis. The average dimensions of 
the assembled RNA polygons were measured at concentrations of 1 
μM in 100 μL of TMS buffer using Zetasizer nano-ZS (Malvern 
Instrument, LTD) at 25 °C according to previously described 
protocol.12 The hydrodynamic diameters were calculated by fitting 
data points to a Gaussian distribution. 

Atomic Force Microscopy Imaging. The samples of each RNA 
and DNA polygons were purified using gel electrophoresis prior to 
imaging. The assembled DNA and RNA polygons (2 μM 
concentration of each strand, in 50 μL TMS buffer) were subjected 
to the 6% native PAGE. After band visualization by UV-shadowing, 
the gel pieces with corresponding nucleic acid complexes were cut and 
eluted overnight into 200 μL of TMS buffer. The samples were 
concentrated using a 3KDa molecular-weight cutoff filter device 
(Ultracel-3, Millipore) and resuspended into 100 μL of TMS buffer. 
AFM imaging was conducted at RT using silicon probes (NCH 320 
kHz resonance frequency and 42 N/m spring constant, www. 
nanoworld.com) on the MultiMode AFM NanoScope IV system 
(Veeco), following the well-developed protocol.74 

Specific Gene Silencing Experiments. Transfection Experi- 
ments. To assess the delivery and intracellular activity of function- 
alized hybrid nanoparticles, the human breast cancer cell line MDA- 
MB-231 (with or without GFP) was grown in D-MEM medium 
(Gibco BRL) supplemented with 10% FBS and penicillin− 
streptomycin (pen−strep) in a 5% CO2 incubator. Lipofectamine 
2000 (L2K, Invitrogen) was used in all transfection experiments. 
Transfection solutions (100×) were pre-incubated at RT with L2K. 
The cell media was replaced with OPTI-MEM with added RNA/L2K 
complexes at a final concentration of 1× prior to each transfection. 
The cells were incubated for 4 h followed by the media replacement 
(D-MEM, 10% FCS, 1% pen−strep). 

Microscopy. The silencing experiments were visualized using a UV 
510 confocal microscope (Carl Zeiss, Oberkochen) and a Plan- 
Neofluar 40×/1.3 oil lens. MDA-MB-231 eGFP cells were plated in 
glass bottom dishes (Ibidi, Madison), transfected as described above. 
3 days upon transfection, the cells were washed three times with PBS 
and fixed with 4% paraformaldehyde for 20 min at RT for imaging. 
For GFP imaging, the 488 nm line of an argon laser was used as 
excitation, and emission was collected using a BP 505−550 filter. The 
uptake experiments were visualized using a LSM 710 confocal 
microscope (Carl Zeiss, Oberkochen) and a Plan-Apochromat 63×/ 
1.40 oil lens. MDA-MB-231 cells were transfected with Alexa 456 
fluorescently labeled nanoconstructs. The next day, cells were washed 
three times with PBS and fixed with 4% paraformaldehyde for 20 min 
at RT for imaging. For Alexa 546 imaging, a DPSS 561 laser was used 
for excitation, and emission was collected between 566 and 680 nm. 

Flow Cytometry. For flow cytometry experiments, MDA-MB-231 
cells (with or without GFP) plated in 24-well plates were transfected. 
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The cells were analyzed 24 h later to assess their level of Alexa 546 
fluorescence or 72 h later to assess their GFP signal for uptake and 
silencing experiments, respectively. The measurements were per- 
formed through fluorescence-activated cell sorting on a FACScalibur 
instrument (BD Biosciences, San Jose) or on a Acurri C6 instrument 
(BD Biosciences, San Jose). At least 20,000 events were collected and 
analyzed with CellQuest or CFlow Sampler software to retrieve the 
geometric mean fluorescence intensity and the standard error of the 
mean. 

Assessment of Nucleic Acid Nanoparticle Immunostimula- 
tory Properties. The cell line, hμglia, was provided by Dr. Jonathan 
Karn (Case Western Reserve University) and maintained in 
Dulbecco’s modified Eagle’s medium supplemented with 5% FBS 
and penicillin/streptomycin (100 U/mL to 100 μg/mL). According 
the manufacturer’s guidelines, cells were transfected with NANPs (5 
nM) for 4 h using lipofectamine 2000. Cell supernatants were 
collected at 24 h post transfection. Human IL-6 and IFN-β 
production was quantified via specific capture ELISAs. IL-6 capture 
ELISAs were conducted using a rat anti-human IL-6 capture antibody 
(BD Pharmingen, cat# 554543, Clone Mq2-13A5) and a biotinylated 
rat anti-human IL-6 detection antibody (BD Pharmingen, cat# 
554546, Clone MQ2-39C3). IFN-β capture ELISAs were conducted 
using a polyclonal rabbit anti-human IFN-β capture antibody (Abcam, 
cat# ab186669) and a biotinylated polyclonal rabbit anti-human IFN- 
β detection antibody (Abcam, cat# ab84258). Streptavidin-horse- 
radish peroxidase (BD Biosciences) was added prior to the 
tetramethylbenzidine substrate to detect bound antibody. H2SO4 
was used to stop the reaction, and the absorbance was measured at 
450 nm. A standard curve was generated using recombinant IL-6 (BD 
Pharmingen) and IFN-β (Abcam). The concentration of cytokines in 
cell supernatants was then determined by extrapolation of the 
absorbance to the standard curve. 
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