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Part 1. Bibliographical overview

PART 1. BIBLIOGRAPHICAL OVERVIEW

1.1 Fluorescence spectroscopy and microscopy

Fluorescence-based techniques are indispensable tools in studies of biological processes.!
Fluorescence spectroscopy allows examination and analysis of different ligand-receptor,
peptide-peptide, peptide—nucleic acid and ligand-lipid interactions. Fluorescence microscopy
permits us to visualize and follow these fundamental intermolecular interactions up to a single-
molecule level. It would not have been possible to obtain all current knowledge about cellular
organization and processes without exploring the fluorescence phenomenon.

Basics of Fluorescence

Fluorescence is the emission of light quanta by a molecule (fluorophore) after its primal
electronic excitation in a light-absorption process. More precisely this phenomenon can be
described by using the Jablonski diagram? (Fig.1.1A). So is a molecule’s singlet ground state.
The absorption of light quanta occurs from the ground state and the fluorophore is usually excited
to the vibrational levels of the higher singlet states Si or Sz2. Then the molecule rapidly relaxes
to the lowest vibrational level of Si (internal conversion). After that several scenarios are
possible: molecule can return to the ground state through non-radiative decay (without light
emission) or with emission of light quanta (fluorescence). Another possibility is intersystem
crossing (Si1-T1), when the molecule undergoes spin conversion to the first triplet state Tai.
Emission from T1 is called phosphorescence. Typically, molecules with heavy atoms such as
bromide or iodide are phosphorescent.

Analyzing the Jablonski diagram, one can notice that the fluorescence emission has lower
energy than light absorption due to internal conversion energy loses, so it is shifted towards the
longer wavelength. The red shift between maximum of absorbance and maximum of
fluorescence called a Stokes shift (Fig.1.1B). Another general property of fluorescence is that
the emission spectrum does not dependent on excitation wavelength (Kasha’s rule).

A Jablonski diagram B Absorption and emission spectra
4 . Stokes shift
«—>

S;
S,

"LLL.InternaI conversion

Ay
N, Intersystem Excitation
N, crossing wavelength
\

Ty

Absorbance Fluorescence

ENERGY
Nonradiative decay
Absorption of photon

Fluorescence
Phosphorescence
Nonradiative decay

T T
—

Wavelength, nm

§, Ground state

Fig.1.1. Principles of fluorescence. A) Jablonski diagram. B) Representative of absorbance and
emission spectra. Adopted from ref. 2
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Part 1. Bibliographical overview

Fluorophore, mentioned above, is the fluorescent molecule that can re-emit light after its
excitation. Fluorophores can occur naturally, e.g. fluorescent proteins, enzyme co-factors, etc.,
or they are synthetic organic molecules and called as fluorescent dyes. All organic fluorophores
have structure similarity: they are planar aromatic molecules with an extensive Tr-electronic
system (Fig.1.2). The extent of a tr-electron system (degree of conjugation) leads to the lower
energy of Si1 state and, therefore, to a red shift of the absorption and corresponding emission
spectra. The planar structure is necessary to stabilize the S1 excited state of the molecule and
return to the ground state through fluorescence avoiding the non-radiative decay.?
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Fig.1.2. Examples of fluorescent dyes. Adopted from ref.

Every fluorescent dye (material) is characterized by its molar extinction coefficient and the
fluorescence quantum yield.

Molar extinction coefficient (¢, Mt cm™) describes the ability of the molecule to absorb light at
a given wavelength. The absorbance A measured at any wavelength is proportional to the
concentration C (Molar) and the path length | (cm) in a sample (Beer-Lambert law). Here, €is a
proportional coefficient, which is characteristic to every molecule:

A= exCx|

Fluorescence quantum yield (QY), @, is defined as the ratio of the number of emitted photons

to the whole number of the absorbed photons.
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o r
T+ kpy

where I is the emissive rate constant of the fluorophore and k,, is the non-radiative decay
rate constant to So. The total brightness of the molecule is defined as a product of multiplication
exO.,

Fluorescence quantum yield corresponds to the intensity of light which certain dye emits at a
given excitation intensity. Primarily, it depends on the structure of the dyes, but it can be
drastically changed by the dye’s environment. It means that the change of the molecular
environment provokes the change of fluorescence intensity, and the fluorescent dye can be used
to recognize this environment. The fluorescent molecules or supramolecular structures that by
change of their fluorescent parameters can provide the information about their molecular
surroundings are called as fluorescent probes. For example, a molecule can be non-fluorescent
in a buffer (low quantum yield) but rapidly gain its fluorescence in a viscous environment (high
quantum yield). This is the simplest example of intensity based-molecular sensor.®

The change of polarity of the molecular environment can provoke the shift in both absorption
and emission spectra. This phenomenon called solvatochromism, and compounds that undergo
it are solvatochromic. Both bathochromic (red) shift and hypsochromic (blue) shift with the
increase of solvent polarity can appear. The solvatochromism found its use in biological research
to study bulk and local polarity in macrosystems (membranes, etc.), or even the conformation
and binding of proteins.®

Two other fundamental parameters of fluorescence that can be used in fluorescence sensing
are fluorescence lifetime and fluorescence anisotropy, which can provide information about
fluorophore separately or together in time-resolved anisotropy technique.’

Fluorescence lifetime (1) defined by the average time that the fluorophore spends on its

excited state before to return to the ground state.
1

T=
F+ knr

In terms of sensing, the fluorescence lifetime determines the time available for the fluorophore
to interact or diffuse in its environment. It does not depend upon the fluorophore concentration,
but the fluorescence decay is characteristic of the fluorophore and its environment. Moreover,
the decays do not depend on emission wavelength, they are also not sensitive to the optical
parameters of the instrument. This makes fluorescence lifetime a valuable parameter for
sensing.

Fluorescence anisotropy (r) measurement indicates the change of a molecule orientation in
space, with respect to the time between the absorption and emission events. Upon excitation
with polarized light, only the selected fluorophores are excited whose absorption transition dipole
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is parallel to the electric vector of excitation. Further emission occurs with the light polarized
along a fixed axis in the fluorophore.
_h-L
I+21,

where Iy and . are the fluorescence intensities of vertically (II) and horizontally (L) polarized
emissions, when the sample is excited with vertically polarized light.

Loses between absorption and emission, in this case, happen due to rotational diffusion,
because of the displacement of the emission dipole of the fluorophore. The molecules rotate
freely in fluid solution, but when the fluorophore is in rigid media or bound to the macromolecule
the rotational diffusion decreases. That is how anisotropy can provide valuable information about
the rigidity of fluorophore environment, e.g. fluidity of the biomembrane, and, therefore, they are
widely used in biochemical applications of fluorescence. The anisotropy measurements are also
used to measure different biomolecules associations and for immunoassays of various
substances.

Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is a non-radiative process by which energy is
transferred via long-range dipole-dipole interactions from a donor molecule in an excited
electronic state to an acceptor molecule (Fig.1.3A). The choice of FRET pair molecules depends
on its principal requirement, that the emission band of the donor must overlap the absorption
band of the acceptor (Fig.1.3B). Moreover, the best FRET donor would have high quantum yield
and acceptor — high extinction coefficient.®
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Fig.1.3. FRET concept. A) Schematic representation of energy transfer between two optical entities. B)
Spectral overlap J(A) between acceptor's emission and donor’s absorption. C) Dependency of FRET
efficiency on the distance between the donor-acceptor pair. Adopted from ref. °
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FRET is one of the most important tools to investigate molecular interactions because of its
two crucial conditions:

v' There is a limited distance of 0.5-10 nm between donor and acceptor when FRET can
occur. Forster radius (Ro) — is a distance at which the FRET efficiency is 50%, and its
typically 2-6 nm. The Fdrster distance in Ais given by

Ro = 0.211 (k2n"*QbJ(A))Y/6
where Kk? is the orientation factor, n is the refractive index, Qo is the quantum vyield of the
donor and J(A) is the overlap integral, which expresses the degree of overlap between the
donor emission and acceptor absorption.

v' The donor and acceptor are coupled through dipole-dipole interactions so that the relative
orientation of the transition dipole plays a role in the efficiency of the energy transfer. The
orientation factor k? is given by

K? = (cosOT — 3c0sBpcosOa)?
where 87 is an angel between the emission transition dipole of the donor and the transition
absorption dipole of the acceptor, 8o and Ba are the angles between these dipoles and
the vector joining the donor and the acceptor.

This factor can range from 0 to 4, depending upon the relative orientation of the donor and
acceptor, but generally, it is assumed to be 2/3 for randomly oriented molecules. However, if the
dipoles are oriented perpendicularly to one another, k? = 0, which results to an error in Forster
radius calculation. The favorable orientation for energy transfer is when dipoles are head-to-tail
parallel (k2= 4).

Mathematically, the rate constant of the energy transfer (kr(r)) is a simple function of the
distance in between the dye’s pair (R):

1 ,Ro\g
k() =~ ()
where 1, is the decay time of the donor in the absence of acceptor, and r is the donor-acceptor
distance. From this equation is evident that the rate of FRET is proportional to r.
The FRET efficiency (E) is defined as the fraction of the photons absorbed by the donor which
are transferred to acceptor:
__ kr(™)
ot +kr(r)
Combining FRET efficiency and the rate constant of the energy transfer equations:
1 _ RS
E= 14(r/Ry)® RS+76

As demonstrated on Fig.1.3C, when Ro>>r, FRET is very efficient and in case of r>>Ro, FRET
is very low, so that for both of these cases a distinction between different distances within this

11
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portion by FRET changes becomes extremely difficult. It is important to adjust FRET pair so that
r=Ro, so that change of FRET efficiency can be used for biosensing applications.

In practice, FRET efficiency is measured as the ratio of the relative fluorescence intensity (1),
lifetime (1) or QY(®) of the donor in the absence (subscript D) and in the presence (subscript D-
A) of the acceptor?®:

Ip D ®p

Another important parameter that is typically used in FRET-application is a FRET ratio.
Usually, fluorescence intensities of donor and acceptor are measured simultaneously, and the
ratio of intensities of acceptor (la) to donor (o) upon donor excitation determines as FRET ratio.

.14

FRET ratio = —

Ip
In ratiometric measurements, it is often used as a relative FRET ratio, which is determined by
the ratio of the intensity of acceptor to the sum of acceptor and donor intensities via donor

excitation.

relative FRET ratio =
ID +IA

The relative method is used mainly for qualitative purposes.

Single-molecule spectroscopy and microscopy

The highest level of sensitivity fluorescence-based detection is the observation of a single
molecule.? The measurements in the cuvette give information about a large number of molecules
since the fluorescence spectrum represents the average state of fluorophores ensemble. The
primary spectroscopy technique that allows to detect single molecules is the fluorescence
correlations spectroscopy (FCS) (Fig.1.4).1! FCS is performed in solution using freely diffusing
molecules. It is based on the analysis of time-dependent intensity fluctuations that are the result
of fluorophore diffusion into a laser-focused spot. If the fluorophore diffuses fast inside the
focused light beam, the burst of emitted photons is short. By the correlation analysis of the time-
dependent emission, one can determine the diffusion coefficient of the fluorophore. The wide
variety of process can cause the intensity fluctuations, like translation and rotational diffusions,
ligand-macromolecule binding or excited-state reactions. Hence the FCS has been used to study
the diffusion of the labeled proteins, DNA hybridizations, and protein interactions.*? FCS is the
powerful technique in the nanoparticles analyzes, as it can give information about the size,
concentration and relative brightness of the system.!3

12
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Fig.1.4. FCS principle. A) Typical confocal FCS optical layout and the observation volume. B)
Fluorescence fluctuation curves for fast and slow diffusion. C) Autocorrelation curves for varied molecular
concentrations and diffusion properties of a single-component system. Adopted from ref.!

The actual following of the processes at the single-molecule level is possible with the single-
molecule imaging techniques.** Single-molecule microscopy revolutionized the scientific world
since it can provide new insights into the biological processes. The different single-molecule
techniques allow studying the interactions of individual molecules, their diffusion in cells and
precise localization in cell compartments. It is also important to mention the background issues
connected with single-molecule imaging. The key problem is the background noise which might
come from unwanted sources or detector dark counts. To detect a single molecule, one must
respect a sufficient signal to noise ratio. The source of background noises could be the residual
emission from the optical parts or excitation source in the red-shifted spectral range. Also, the
impurities inside the sample or media can emit strong residual signal. Hence, specific sample
preparation and microscope set up are required to obtain relevant results from the single-
molecule experiments.®

Widefield
A TIRF B epifluorescence C Super-resolution fluorescence microscopy

Structures Images of different emitters Reconstruction
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Fast imaging of single Image from the large area of the localization of the objects inside the cell.
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Fig.1.5. Single-molecule techniques. Schematic illustrations of A) TIRF, B) wide-field epifluorescence, C)
super-resolution fluorescence microscopy. Adopted from ref. 141°
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Total Internal Reflection Fluorescence (TIRF) microscopy® is the most commonly used
technique to follow a single molecule. The technique exploits the distance-dependent
exponential decay of evanescent waves when the coverslip is illuminated with a laser beam at
an incident angle greater than the critical angle of reflection (Fig.1.5A). The efficient excitation
of fluorescence is achieved only on a distance 50-200 nm deep into the specimen. Therefore,
the background fluorescence from molecules out of focus is reduced. This increase in the signal-
to-noise ratio allows the detection of weakly fluorescent molecules. The limitation of this
technique is that only the small zone within the cell’s area is illuminated.

Traditional fluorescence microscopy with wide-field configuration can be used when there is
a small number of single molecules since it excites fluorescence through the whole sample.’
As a result, the molecules that are not in the focal plane still emit light that contributes to the
background fluorescence (Fig.1.5B). This decreases the signal-to-noise ratio, which prevents
wide-field microscopy to achieve the single-molecule resolution with a high number of molecules
present in the imaging volume. In order to see the single-molecule emission in epifluorescence,
it is necessary to have a low number of molecules, which does not move very fast, and the
labeling must be highly specific with a good signal-to-noise ratio.

The epifluorescence and TIRF mode is used the same way to image individual
macromolecules and nanoparticles. Such single particle measurement allows studying the
heterogenicity, brightness, photostability and fluorescence behavior of these systems.'® More
complicated single-molecule imaging techniques are used to get the precise localization or co-
localization of fluorophores. Super-resolution microscopy allows overcoming the diffraction limit.
In super-resolution localization techniques like Photo-Activated Localization Microscopy
(PALM)*® and Stochastic Optical Reconstruction Microscopy (STORM)?° the concepts of photo-
activation or photo-conversion are exploited. In brief, small random fractions of fluorophores
situated apart from each other are photo-activated at a time. By repeating this process, the set
of images with differently positioned fluorophores are collected (Fig.1.5C). Further image
treatment leads to a complete reconstruction of the positions of the molecules in the sample
down to 10 nm resolution.

But before concluding results from the single-molecule experiment, one should be sure that
the signal is actually coming from a single molecule. After labeling the molecule with a
fluorescent marker it is necessary to compare its signal to reference intensity obtained from a
single molecule. The single-molecule has a distinctive amplitude of the intensity decrease —
single-step photobleaching.?* The step-wise intensity drop is characteristic for individual
fluorophores and was used to count the number of molecules by recording the total number of
steps in the intensity change over time. Zhang et al. demonstrated that by labeling RNA
molecules with single fluorophore it is possible to count the number of individual RNA molecules
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attached to the nanoparticles of protein’s complex.?> To perform this experiment the TIRF setup
was used (Fig.1.6).
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Fig.1.6. Stepwise intensity drop demonstrate photobleaching of individual fluorophores and allows to

count the number of labels per nanopatrticle. A) 1 label, B) 2 labels, C) 3 labels, D) 6 labels. Adopted from
ref.?

Single-molecule FRET (sSmFRET)

Single-molecule fluorescence resonance energy is a powerful technique that allows
monitoring of the dynamic properties of the individual molecules.?® The donor and acceptor can
be placed either within the same (bio)molecule, so the changes in conformation are measured
by the change in emission, or at the specific sites of different molecules, so the appearance of
FRET indicates their interaction.* smFRET has been broadly used to study conformational

states, intramolecular distances, molecular dynamics, and stoichiometries of different
biomolecules (Fig.1.7).%*
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Fig.1.7. Usage of smFRET for studies of biological processes. A) smFRET for investigation of the
conformational dynamics of T4 lysozyme. B) smFRET to probe structure and conformational dynamics
of ion-channels. C) smFRET to reveal structure and dynamics of nucleic-acids. D) smFRET to study
mechanism of vesical fusion by following FRET changes in beacon. Adopted from ref. 24
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SMFRET enables monitoring individual molecules and obtain the dynamic information
ranging from milliseconds to minutes.?® The identification of the smFRET is the anti-correlated
nature of the donor and acceptor signal, which makes this technique largely stable to
instrumental noise and drift. Dye molecules also show transitions to dark states, where acceptor
intensity transiently drops to zero or completely photobleaches (Fig.1.8). Typically the smFRET
measurements are performed by imaging surface-immobilized molecules with the aid of the TIRF
or confocal microscopy.??
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Fig.1.8. Example of a two-color smFRET data. Adopted from ref.?®

For every single-molecule imaging technique, the crucial is the choice of a fluorescent marker
attached to the molecule of interest. The decisive criteria of the fluorescent markers are high
brightness (¢ > 50.000, QY > 0.1), high photostability and minimum interference with the
biological function of the target molecule or environment. Additionally, smFRET pair should have
a large spectral separation between donor and acceptor emissions and similar detection
efficiencies. The correct choice of labels should provide sufficient signal-to-noise ratio (~100 total
photons need to be detected). The limitation of single-molecule measurements can be fast dye
photobleaching caused by reactive oxygen species. Even though oxygen removal reduces
photobleaching, but it prolongs the residence time in triplet dark state causing milliseconds
fluorescence intermittency. That is why in some applications it is necessary to use the oxygen-
scavenging system, like Trolox (vitamin E analog) or B-mercaptoethanol, especially by labeling
with Cyanine dyes. Typically, more than 10° photons can be collected from single dye molecules
before photobleaching. By choosing labels photostability is highly important specifically for
single-particle tracking applications.?®
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Labels for single-molecule experiments

The key to a successful single-molecule experiment is the right choice of label for
biomolecules. Usually, for intracellular imaging the genetic approach of labeling with fluorescent
protein is less invasive and most common, that’s why scientists keep on developing fluorescent
proteins with various color and higher brightness. Otherwise, synthetic dyes and fluorescent
nanoparticles bring higher brightness and photostability, but require to develop a labeling
protocol.!! Especially, when the nanoparticle is used as a marker for the target molecule, it is
important to control that one nanoparticle carries one linked molecule. Conventional synthetic
dyes used in single-molecule experiments are derivatives of rhodamine, Nile Red, cyanine dyes,
and fluorophores from Alexa and ATTO (carbopyronine) families (Fig.1.9).

ﬂc4lml ne 110

Fig.1.9. Structures and spectral properties of fluorophores useful for single-molecule imaging.
Adopted from ref. 1

Implementation of fluorescent nanoparticles in single-molecule labeling is becoming more
common, but remains a problem of their size, which can disturb the function of biomolecules,
and labeling difficulties of one nanoparticle with single biomolecule.?® Recent developments in
the tailored design of nanoscopially sized probes with superior optical properties in compare to
dyes allow scientist to explore full capability of nanopatrticles in bioimaging (Fig.1.10).?”

Quantum dots (QDs) are the most popular among fluorescent nanopatrticles for single-particle
imaging. With their high brightness and resistance to photobleaching, they own high signal-to-
noise ratio which enables usage of a standard epifluorescence microscope for imaging.?® Also,
it enables studying the behavior of QD-labeled molecules for an extended duration, but the
blinking of QDs complicates data processing. The numerous reports on single quantum dot
imaging and single-particle tracking demonstrate their advantages over conventional dyes. For
example, the brightness of QDs made it possible to observe a step size of 36 nm of individual
myosin V motors with an accuracy of 2 to 3 nm in all three dimensions.?® Upconversion
nanoparticles (UCNPSs), polymer dots (Pdots) and carbon dots (Cdots) were exploited for single-
particle and specifically super-resolution imaging of cellular compartments.?’ PDots and UCNPs

17



Part 1. Bibliographical overview

are non-blinking systems, so they were used for single-particle tracking experiments. Cdots
exhibit emission blinking, which together with their small size makes them attractive materials
for super-resolution localization microscopy techniques. It was demonstrated that 4.5 nm CDots
emit 4 times more photon count per switching event than Cy3 and exhibit great photostability
(>30 min).2° For the moment, dye-loaded nanoparticles are not widely used in single-particle
applications despite their high brightness (can emit > 4 x 107 photons per NP) and for some
formulations blinking behavior, necessary for super-resolution imaging.3* For example, particles
containing aggregation-induced emission chromophores were used in STED imaging of
microtubule structures.3?

Super-resolution imaging Single-molecule tracking
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Fig.1.10. Luminescent nanoparticles used in super-resolution microscopy imaging and single-
molecule tracking. Adopted from ref.?’

Some general drawbacks of the nanoparticles as tools for imaging are cell permeability,
toxicity and in some cases surface chemistry.3? In perspective, design and controlled synthesis
of nanoparticles with different sizes, compositions and integrated multifunctionality will offer new
superior labels. Together with it, improving the methods of single-molecule imaging enables to
develop new improved tools to visualize more processes under the microscope and extend the
current knowledge about molecular processes.
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1.2 Amplification principles and DNA detection

Amplification is a process whereby a small input signal is transformed into a big output signal
with the help of an amplifier.>* Commonly amplifiers are associated with electronic devices,
where they are used to increase the power of an electric signal, e.g. audio volume. But living
organisms are extensively using amplification concept for their functions such as biosignaling,
visual excitation and blood clotting, which are typically achieved through enzyme cascade
mechanisms. In living organisms, a signaling molecule (hormone) by interactions with a receptor
activates an enzyme, which catalyze the production of multiple signal relay molecules for
activations of other enzymes resulting in enzyme cascade. Such amplification occurs within
milliseconds.35:36

The amplification concept found its use within many sensing techniques. Very low
concentration of molecules is unable to generate a sufficient signal for detection with
conventional methods. Here amplification is needed to improve detection protocol and achieve
high sensitivity.3” There is a huge demand to detect analytes at low concentrations in many areas
of science but particularly within molecular diagnostics. The ability to detect biomarkers with a
high sensitivity permits faster diagnosis, which increases the chances of effective treatment.38

DNA is a unique carrier of all our genetic information. RNA plays a key role in each step in
gene expression. Due to their functions, nucleic acid (NA) detection assays found their
applications in diagnostics, environmental monitoring, food safety evaluations, etc. Currently,
NA diagnostics are routinely used in both research and clinical laboratories. Therefore, reports
on new or improved nucleic acids detection methods constantly appear. Forensic DNA validation
or diagnostics at early stages of disease requires to perform analysis with low amount of NA
samples.3®

The development of DNA biosensors corresponds to the demand for the development of
diagnostic tools such as point-of-care monitoring of treatment and disease progression. A
biosensor is a device that combines bio-recognition together with a signal transduction element
so that biological component reacts with a target which provokes a response of a signal-
generating component.® In the past decade development of DNA biosensors has been
increased, especially the one that uses various signal amplification strategies. The aim of
amplification in biosensing is to achieve detectable signals for the lowest possible concentration
up to a few target molecules in solution. Incorporation of the amplification element into NA
detection is necessary to low limit of detection and achieve the highest level of sensitivity.

The amplification methods could be divided into two principal categories: amplification
achieved via molecular multiplication and signal amplification using external amplifier
(Fig.1.11).3* Molecular multiplication is a method that involves an increasing number of
molecules created after a recognition event. It can be a replication of target molecules prior to
detection or replication of labels, which leads to an increase the number of signal-producing
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analyte recognition events. Another way is in the recycling of the analyte after the recognition
response has been produced. This way target molecule interacts with multiple probes providing
a detectable signal. On the other hand, an external amplifier is used to enhance the signal
produced by one target-receptor recognition event. This can be achieved either by using
macromolecules where one recognition event can trigger a change in the whole structure and
produce a strong signal or by using nanostructures with surface plasmon resonance or light-
harvesting abilities. There were also developed sensing platforms that unite these two principal
approaches: first target is replicated and then detected with an amplified biosensor.3°

Molecular
multiplication

/
\M

Signal amplification
with external amplifier

Fig.1.11. Two principle strategies to achieve amplification within DNA-sensing.

Molecular multiplication techniques

All methods of specific nucleic acids detection are based on hybridization: a process whereby
complementary strands associate with each other through Watson-Crick base pairing. The
hybridization is sequence-specific, and it is used in every DNA technology, including genotyping,
gene expression, genetic mapping. It is a fundamental tool in molecular biology.4°

The golden-standard technique used in DNA detection is polymerase chain reaction (PCR)
(Fig.1.12).4* The idea of the method is to replicate target strands of DNA with the help of
enzymes prior to detection. Generally, a method comprised of three steps and performed in
thermocycler: (1) double-stranded DNA denaturation at elevated temperatures (90°C), (2) DNA
primers annealing at lower temperatures (50-70°C), and (3) polymerase catalyze elongation at
a definite temperature. One cycle completes with the appearance of two identical copies of
starting DNA and the procedure is repeated until it yields the detectable concentration of the
target sequence. Since after each cycle the target is amplified twice, after 30 cycles billions of
target copies are produced. Post-PCR steps include analysis of the amplified product and in the
classical version of PCR, it is followed by agarose gel electrophoresis.
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To determine the amount of DNA target the Real-Time quantitative PCR was developed.
Target quantification is also necessary to follow PCR performance since it can fail due to DNA
degradation, presence of inhibitors or insufficient DNA quantity. Real-time PCR includes basic
steps of PCR in combination with fluorescent detection to monitor the reaction with the use of
fluorophore, which can be DNA binding dye (SYBR Green) or fluorescent probe. Among specific
fluorescent probes most used are hydrolysis probes (TagMan 5’ nuclease assay), hybridization
probes and molecular beacons (Fig.1.13).42

A) DNA binding dye B) Hydrolysis probe C. Hybridization probe D. Molecular beacons
® o w2 m @ m%
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Fig.1.13. Methods of DNA quantification in gPCR. Schematic illustration of DNA quantification using A)
binding of specific DNA intercalator, B) hydrolysis probe, C) hybridization probe, D) molecular beacons.
Adopted from ref.#?
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The TagMan method uses a sequence labeled with a fluorescent dye and a quencher on
opposite sides of a probe, so the emission of the dye is quenched. The probe is designed to
hybridize in the DNA target region of interest, typically between two PCR primers. During
polymerization, the Taq polymerase with its 5’-3’ exonuclease activity cleaves the probe so the
dye is released and no longer quenched. This way, the fluorescence signal increase with the
accumulation of the cleaved dye during the exponentials stages of the PCR. In hybridization
methods, two sequence-specific probes that bind adjacent to each other in a head-to-tail
arrangement are used. One probe is labeled at 3’ end with a donor dye, another is labeled at
5’end with an acceptor dye so that FRET appears when they are bound to the target sequence.
The molecular beacons are hairpin shaped single-stranded structures, which consist of a loop
(region complementary to the target) and a stem (short region of 5-7 base pairs on both ends on
the loop, complementary to each other). Stem is labeled at its ends with a fluorophore and a
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guencher. In the presence of a target, molecular beacons hybridize with it so the stem separates
and fluorescence signal appears. Fluorescence intensity is monitored during each cycle of PCR.
As an alternative to PCR which uses thermal cycler, there were developed isothermal
amplification methods, where one temperature is used for the entire amplification process.*3
These methods were applied to immunoassays, which allowed sensitive detection of protein
through the labeling of an antibody with oligonucleotide. The four major isothermal amplification
methods are rolling circle amplification (RCA) (Fig.1.14A), strand displacement amplification
(SDA), helicase-dependent amplification (HDA) and recombinase polymerase amplification
(RPA). Isothermal amplification was observed to have better resistance towards inhibitors in
crude samples compared to PCR. However, now enzyme-free nucleic acid amplification
strategies are gaining their popularity due to low-cost and simple handling. Hybridization chain
reaction is a non-enzymatic molecular replication strategy that involves two DNA hairpin
structures that coexist in solution until selectively triggered by the target (Fig.1.14B).** Once
analyte is present in solution, two strands DNA react with one another in an alternating end-to-
end manner. Labeling both ends of the hairpin structure with pyrene enables a switch-on
fluorescent DNA derivative.
A B &
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Fig.1.14. Amplification via molecular multiplication. A) Isothermal enzymatic assay: rolling-circle
amplification and B) enzyme-free assay: hybridization chain reaction. Adopted from ref.34

Reverse transcription polymerase chain reaction (RT-PCR) is commonly used to detect RNA
molecules, such as mRNA, pre-mRNA or noncoding RNAs (Fig.1.15).4>4 The first step of
reverse transcription (RT) is needed to generate cDNA copy from a target RNA molecule. The
RT process involves synthetic oligonucleotide as a primer (e.g. oligo(dT)is-18) and enzyme
reverse transcriptase. In case of miRNA, stem-loop RT primers are used to replace linear
primers employed for MRNA reverse transcription.*” After cDNA is generated, the PCR or gPCR
is performed to amplify and quantify the product.
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Fig.1.15. Basic outline of the steps for RNA detection with RT-PCR. Adopted from ref.46

Other amplification strategies described for DNA are applied also for RNA detection. But for
both types of nucleic acids PCR is most widely used in clinical diagnostics.*! Despite the fact
that PCR and its derivatives are the “gold-label” in NA detection, yet it suffers from reproducibility
issues and sensitivity towards contaminations. It requires also expensive materials and
instrumentations, well-trained staff for its performance.”® Other methods of isothermal
amplification are developed, but multiplexed analysis of samples and fast, accurate
quantification of target are yet difficult. To forward the field, it is necessary to develop platforms
for rapid, quantitative and specific NA detection with the ability of multiplex analyses. The
advances in nanomaterials could be a solution for this major goal.*®

Signal amplification via plasmonics

Nobel metal nanopatrticles display a property known as localized surface plasmon resonance
(SPR), which arises from coherent non-propagating oscillation of surface plasmon, induced by
strong resonant interaction between electromagnetic radiations and localized surface charges
of plasmonic nanostructures. This unique light-matter interaction creates a plasmonic
nanoantenna, which can modulate the optical properties of nearby placed chromophores.
Different metal-enhanced optical responses have been reported, including metal-enhanced
fluorescence, surface-enhanced Raman scattering, and various nonlinear optical responses.>
Interesting, that the energy transfer from plasmon nanostructure to nearby fluorophore could
result either in enhancing of fluorescence or in its quenching. When SPR bands overlap with the
fluorophore absorption spectrum, FRET induces enhanced plasmon-to-fluorophore energy
transfer, resulting in an increase of fluorescence intensity. If the LSPR energy matches with the
fluorophore emission, which situated closer than 5 nm to a nanoparticle, FRET results in
fluorescence quenching due to the large plasmon absorption cross-section. At longer distances,
the effect of FRET becomes insignificant, and overlap of fluorophores emission spectrum with
SPR band provokes enhancement of emission due to strong local near field, so-called hot spots,
generated by neighboring plasmonic nanostructures.>! Gold, silver, and graphene nanomaterials
are widely-used for plasmon-enhanced sensing.5?
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Fig.1.16. Schematic illustration of controlling and enhancing fluorescence emission with plasmonic
nanostructures. A) Jablonski diagram illustrating fluorescence signal changes when emitters are close to
or at a short distance from plasmonic nanoparticles. B) Simplified band diagram of gold showing a
possible electronic transition for direct photoluminescence. Adopted from ref.>!

Plasmonic nanoantennas are especially interesting as the strategies to enhance the single-
molecule fluorescence sensing. The technical difficulty is to create a nanometer gap size in order
to place the chromophore at a fixed distance to a plasmonic NP or in the hot spot between two
or more particles. One way is to fabricate antennas by electron or ion-beam lithography. Wenger
et coll. introduced ‘antenna-in-box’ platform based on a gap-antenna inside a nanoaperture
(Fig.1.17A), which allowed to reduce fluorescence background and 1,100-fold fluorescence
signal enhancement for Alexa Fluor 647 (initially reduced quantum yield to 8%).53 In another
report, with ‘gold bowties’ plasmonic nanoantennas fabricated using electron-beam lithography
(Fig.1.17B). Moerner et coll. achieved the enhancement of single molecule’s fluorescence up to
a factor of 1340 for NIR dye with an initially low quantum efficiency (no=2.5%).>* To avoid
nanofabrication using lithography, there was proposed a method of drying the droplets
containing the colloidal suspension of AuNPs that provided the self-assembled dimers with a
nanometer gap (Fig.1.17C). Following this approach Wenger et coll. obtained a dimer of 80 nm
gold nanoparticles with 6 nm gap. Using this gap-antenna they obtained 70 zL detection volume
and achieved 600-fold fluorescence enhancement for Alexa Fluor 647 (with initial quenched
quantum yield of 8%).%°
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Fig.1.17. Approaches for plasmonic gap-nanoantenna construction. A) ‘Antenna-in-box’ platform. B)
‘Gold bowties’ plasmonic nanoantenna. C) Dimer of AuNPs. Adopted from ref. 535455

More controlled way to achieve controlled distance is attaching the plasmon nanostructure
and a chromophore to the oligonucleotide. In this case, particularly interesting is DNA origami:
discrete DNA nanostructure with long ssDNA scaffold strands, which is used as nanoruler due
to its programmable structure. Owing to a possibility of nanometer precision, DNA origami was
exploited to assemble several types of NPs (AuNPs, AgNPs, QDs) with controlled distance.
Tinnefeld group fabricated a system by incorporating two relatively large AUNPs (100 nm) with
a distance of 23 nm onto a DNA origami, which eventually created a plasmonic hot spot and
placed an ATTO647N between them (Fig.1.18A). They observed dye emission enhancement up
to 117 times.%® Afterwards, the same group demonstrated the amplified detection of a specific
nucleic acid target with the use of DNA origami-based optical antenna (Fig.1.18B).%” For target
recognition, the fluorescence-quenching hairpin was placed on DNA-origami together with a
silver nanoparticle within a programmed distance. In the presence of the target, its hybridization
to hairpin and break of secondary structure provoked emission appearance. The dye on the end
of opened hairpin structure is then placed close to silver nanoparticle and exposed to a higher
electric field resulting in 7.3-fold fluorescence enhancement. The authors were able to detect 1
nM of DNA and RNA target in human serum with the ability to distinguish a target molecule from
a seqguence containing two mismatches.
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Fig.1.18. DNA origami gold NPs A) Sketch of the DNA origami pillar with two Au NPs forming a dimer.
The dye (red sphere) is located between the NPs within the central bundle of the pillar. (Upper right inset)
Binding of the NP to the DNA origami structure through three capturing strands. (Lower right inset).
Adopted from ref. 56 B) DNA-based fluorescence-quenching hairpin (FQH) is used for the detection of
Zika-specific DNA. Adopted from ref. °7

Metal-enhanced fluorescence is particularly interesting as a result of its ability to improve
sensing techniqgues by amplifying the recognition response. Free colloidal nanoparticles were
exploited for the development of a plasmon-enhanced fluorescence probe. Lu et al. developed
a nanosensor for the detection of adenosine-5-triphosphate (ATP) based on core—shell
Ag@SiO2 nanoparticle (Fig.1.19A).58 In their design Cy5-labeled aptamer was immobilized onto
the surface of the nanoparticles via hybridization with the complementary DNA, grafted on NP,
showing a 32-fold enhancement compared to free-standing Cy5 in solution. The presence of
ATP led to the detachment of the aptamer and decrease of Cy5 emission. The sensor exhibited
a linear response from 0 to 0.5 mM with a LOD of 8 pM. More efficient detection was achieved
with the application of plasmon-enhanced fluorescence in coupled nanostructures for DNA
detection.®® Zhu et al. attached DNA linked Cy5 to gold nanostructure, so that its fluorescence
was quenched through energy transfer, but upon coupling interaction with various metal NPs
fluorescence of Cy5 was turned on (Fig.1.19B). By screening of several coupled nanostructures,
authors found that with the use of Au@Ag core—shell NPs 100-fold enhancement of fluorescence
compared to quenched Cy5-AuNPs and 5-fold enhancement compared to unquenched free Cy5
molecules were obtained. Based on these results, the authors designed a simple turn-on
platform for selective detection of a DNA target with a limit of detection of 3.1 pM.
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Fig.1.19. Plasmon-enhanced fluorescence sensing. A) Preparation of MEF-based core—shell Ag@SiO2
nanoflares and ATP detection Adopted from ref. 5 B) Coupled nanostructures and its application for DNA
detection. Adopted from ref. °

Besides the enhancement of fluorescence emission, the plasmon nanostructures can
enhance FRET efficiency due to the effect of plasmon amplification of electric fields inside the
nanoscale assembly. The plasmon-assisted FRET process is faster and more long-range.>®
Lakowicz et al. reported that for a system, where donor-labeled oligonucleotide bound to a single
silver nanoparticle and hybridized with an acceptor-labeled complementary oligonucleotide, the
FRET radius increased from 8.3 to 13 nm and FRET rate was 21 times faster than that of
unbound system.°

Based on this phenomenon, a number of FRET-based systems was obtained with improved
sensitivity.! For example Zhao et al. presented the AgNP plasmonic enhanced FRET strategy
for the imaging of protein-specific sialylation on the cell surface. ¢ In their design, AQNP was
modified with an aptamer, which is hybridized with a Cy3 labeled DNA sequences applied as the
donor, so that distance between AgNP and Cy3 is tuned by the length of oligonucleotide
(Fig.1.20). The target monosaccharide was labeled with the Cy5 (FRET acceptor). Binding of
aptamer to the target resulted in the plasmonic enhanced FRET-fluorescence of Cy5. Authors
demonstrated that in FRET images, the AgQNP enhanced FRET signal was ca. two times stronger
than that in the absence of AgNP. FRET efficiencies were 21% and 37% in the absence and
presence of AgNPs, respectively.
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Fig.1.20. Schematic illustration of Ag nanopatrticle enhanced FRET imaging for protein-specific
sialylation on the cell surface. Adopted from ref.®2

Very interesting results were obtained when the nanostructures were involved as FRET donor
and acceptor. The increase of Forster radius by 70% together with 12.5-fold enhancement of
FRET efficiency with a 173-fold increase of a FRET rate was obtained for the energy transfer
from conjugated polymer to a fluorescent core-shell NP with a silver core.®® Boudreau et coll.
made a photophysical study on a plasmon-enhanced FRET from conjugated polymer to
fluorescent multilayer Ag@ SiO2@SiO2+FiTC core-shell nanoparticles and discovered that in the
presence of metal core, Forster distance increased from 5 to 8.5 nm, FRET efficiency enhanced
from 4 to 50% and FRET rate increased more than 2 times.%* Lunz et al. demonstrated the 80-
fold FRET rate increase and doubling of Fdrster radius from 3.9 to 7.9 nm in the multilayer
acceptor QD—AuNP—donor QD sandwich structure compared to the same structure without
AuNP.53 In another study, experiments with CdSe/ZnS QD donors and acceptors deposited on
top of silver NPs demonstrated 21.2-fold acceptor emission enhancement in comparison to the
structure without metal NPs. Hu et al. studied DNA hairpin dynamics by combining plasmonic
AuNPs with single-molecule FRET technique.®® First, the authors studied the single-molecule
fluorescence signal of Cy3 and Cy5 via direct excitation (in the absence of FRET) and discovered
the increase of signal by factor 5.1 and 3.7, respectively, on a distance of 10 nm from AuNP
(diameter 70 nm). However, authors observed the decrease of smFRET efficiency in the
presence of AUNP for closed hairpin, which was explained by larger fluorescence enhancement
for the donor (Cy3) than that for the acceptor (Cy5) in the presence of AuNPs. Also, they
concluded that DNA hairpin dynamics remain unperturbed by AuNPs with a diameter of 50 and
70 nm.
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The fluorescence amplification through plasmonic nanostructures provides great potential for
biosensing applications, but the lack of standardization, complicated techniques, and expensive
materials creates complications for its usage in clinical diagnostics.®®

Amplification with light-harvesting nanomaterials

Light-harvesting relies on a process of electronic energy transfer: by excitation of an assembly
of molecules, which situated close to each other, the electronic excitation energy is transferred
within networks of chromophores to acceptor.3® Nature uses the efficient capture and transfer of
solar energy in photosynthesis. The plant leaves contain chromophores that are bound in light-
harvesting complexes. They absorb solar energy, which is transferred via light-harvesting
proteins to a reaction center. Such a remarkable process inspired scientists for the development
of artificial antenna systems at nanoscale mode.®” The key criteria for an efficient antenna
system are very high molar extinction coefficient, excellent photostability and the ability to
transfer energy. This means, that artificial nanoantenna should be able to harvest and transfer
energy to an acceptor component with high efficiency. Considering these issues, artificial light-
harvesting systems were designed based on dendrimers, porphyrin-based nanostructures,
conjugated polymer nanopatrticles, organic-inorganic nanocomposites, organogels, biopolymer
assemblies, QDs and metallic nanoparticles (Fig.1.21). Recently our group reported the light-
harvesting nanoantenna based on dye-loaded polymer nanoparticles.’®¢ The fundamental
understanding of energy transfer process and nanomaterial design with tailored properties would
allow converting light-harvesting systems into ultrasensitive biosensors.
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Fig.1.21. Light-harvesting nanoscale systems. Adopted from ref.%’
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Dendrimers are well-defined tree-like structures, which consists of a core, branching units,
and peripheral functionalities. The multiple surface functional groups render dendrimers the
ability to attach numerous signal tags, this way to enhance the signal output by recognition
event.% For example, Wand et al. reported an amplified fluorescent sensing platform for nucleic
acids, proteins, and cells based on a dye-intercalated DNA dendrimer probe (GsSG) integrated
with electrospun nanofibers (NFs) (Fig.1.22A).7° In this assay, NFs were modified with capture
DNA and the 3 generation DNA dendrimer was prepared and intercalated with SYBR Green |
dye. The target hybridization with capture leads to further sandwich complex formation with the
G3SG-labeled DNA reporter on the NF membrane surface and strong fluorescence signal
amplification. The authors demonstrated sensitive detection of 20 pM of a b-thalassemia gene
fragment. In other work, Divsar and coll. developed electrochemiluminescent (ECL) biosensor
for the detection of DNA by using QDs—dendrimer nanocomposites for signal amplification
(Fig.1.22B).”* Authors immobilized on AuNPs modified glassy carbon electrode molecular
beacon DNA probe, which loop was opened target recognition and the nanocomposite of QDs-
PAMAM dendrimer was attached to free end of DNA probe. The QDs-nanocomposite generated
a strong ECL related to target DNA in the presence of S20s? ion as coreactant with sensitivity
of 2.5 aM of the target.
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Fig.1.22. Usage of dendrimers for signal amplification. A) Amplified fluorescent sensing platform based
on dye-intercalated DNA dendrimer probe (GsSG) integrated with electrospun nanofibers. Adopted from
ref.’® B) ECL sensing platform using QDs—dendrimer nanocomposite as label. Adopted from ref.”

Dendrimers mimic natural light-harvesting systems in which by incorporation of peripheral
chromophores, energy is captured and further transferred to the core. The well-designed light-
harvesting dendrimer system can serve as the basis for solar energy conversion and
photoinduced electron transfer (PET) between units of a dendrimer.®® But the development of
light-harvesting biosensors based on dendrimers is rather difficult because it is needed to
incorporate capture elements in the core, which complicates detection. Other supramolecular
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scaffolds have been used to arrange donors and acceptor in order to achieve efficient energy
transfer. For example, Xu et al. reported light-harvesting platform based on macrocyclic
amphiphiles (calixarenes), with encapsulated donor (1-anilino-8-naphthalenesulfonate) into
calixarene cavity and entrapped acceptor (4,7-bis(thien-2-yl)-2,1,3-benzothiadiazole) into the
hydrophobic bilayer (Fig.1.23).72 Authors demonstrated the energy-transfer efficiency up to 85%
by mixing donor and acceptor at a molar ratio of 10:1. The antenna effect (amplification of the
acceptor emission) achieved for this ratio was 4.5.
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Fig.1.23. Light-harvesting platform based on calixarene. A) Scheme of synthesis and chemical structures.
Fluorescent spectra of nanoantenna structure with increasing concentration of acceptor B) in PBS buffer,

C) in water. Adopted from ref.”?

The basics of the light-harvesting process is energy transfer within molecules, which is
achieved by the means of FRET. The ways to achieve amplified FRET in luminescent
nanomaterials will be discussed in the next section of this manuscript.
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1.3 FRET in nanomaterials for biosensing

Due to its versatility, the field of FRET applications is constantly increasing over the last years
(Fig. 1.24).”® The specific conditions of energy transfer allow designing a variety of FRET
sensors by exploiting processes that lead to a decrease or increase of FRET efficiency
(Fig.1.25).°
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Fig.1.24. Versatility of FRET sensors in different aspects of supramolecular sustems: kinetics, aggregate
composition, molecular conformation, sensor incitement, aggregation number (using homo-FRET),
applied force, and structural integrity. Adopted from ref. 74
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Fig.1.25. General designs for FRET-based biosensing systems. Adopted from ref. °

Currently, the majority of donor and acceptor materials used in FRET applications are organic
dyes. Since dye molecules are small, they would not interrupt principle functions of biomolecules,
and with FRET it is easy to follow the interaction between the sites of protein or deoxyribonucleic
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acid (DNA) molecules. FRET assays are extensively used in the studies which include structure
and conformational changes of proteins and DNA. But since it is difficult to deliver the
biomolecular sensor directly into the live cell, they can be genetically encoded, allowing the
preparation of FRET-based probes directly inside the cells.” With the fast development of new
fluorescent proteins of different colors, it became possible to use FRET to monitor the
biomolecular interactions in different cell compartments.

With regard to limitations of organic dyes (weak signal and poor photobleaching resistance)?®,
fluorescent nanoparticles with their high brightness, photostability and multifunctionality are
more and more frequently exploited in FRET applications.”® Different FRET-assays were
developed with the use of nanoparticles, among which most investigated are systems based on
quantum dots (QDs)¥, upconversion nanoparticles (UCNPs)’” and gold nanoparticles
(AuNPs).”® For FRET-biosensing applications the use of nanoparticles has an advantage over
molecular probes in terms of multifunctionality: nanoparticles act not only as effective FRET
donors or acceptors (quenchers) but also their surface can be additionally modified with other
ligands for specific target recognition.”® The potential analytes of interest are nucleic acids,
proteins, toxins, metabolites, drugs, microbes, and other pathogens.

Nanomaterials demonstrated their ability to amplify target signal in FRET assays and were
used to improve biomolecules detection.®’

FRET in inorganic nanoparticles

Quantum dots are luminescent semiconductor nanocrystals with a small size of 1 to 20 nm.
The best available QD fluorophores for biological applications consist of CdSe core and layer of
ZnS coat, which passivates the core surface and produces a significant improvement in the
photoluminescent yield.8® They are typically used as FRET donors since they have narrow

emission, broad absorption spectrum and large molar extinction coefficients (10%-10% M-t cm-1).8!
This feature allows them to act as nanoantenna for FRET systems by transferring excitation
energy to acceptor and enhancing its signal in compare to FRET systems with only organic
dyes.'® Moreover, because of the broad excitation band, the mixture of QDs donors at a single
wavelength can be excited which permits the multiplexed FRET applications.®? The main issue
limiting QDs application is the toxicity of Cd?* and Pb?* ions, but the coating shell can improve
their biocompatibility.

QDs can be modified with a variety of biomolecules, including antibodies, proteins, and
nucleic acids. One of the first FRET-sensors based on QD-protein assemblies were presented
by Medinitz et coll.®® In this work, authors designed two types of sensors for maltose by initially
assemble QD with a maltose-binding protein (MPB) via supramolecular interactions. In one
configuration of a nanosensor, the dark quencher is conjugated in the binding site of the MBP,
which results in FRET-quenching of QD fluorescence, while binding of maltose replaces
quencher and restores QD fluorescence (Fig.1.26A). In the second configuration, sensor
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assembly consists of QD coupled with Cy3-labelled MBP bound to B-cyclodextrin-Cy3.5,
ensuring two-step FRET, where binding of maltose removes Cy3.5-conjugate and changes
emission profile (Fig.1.26B). This primarily work demonstrated that biologically compatible QDs
can act as FRET donors in recognition-based quantitative sensing.
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Fig.1.26. QD-protein assemblies as FRET sensors. A) Schematic function of nanosensor with turn-on
emission of QD. B) Schematic function of nanosensor with FRET modular function. Adopted from ref. &

The number of FRET assays for nucleic acids detection was developed using QDs.%* For
example, Su et al. reported a “signal-off’ FRET-based strategy for microRNA and DNA detection
based on QDs (Fig.1.27).8% In this approach single strand capture DNA is attached to QD and
by addition of the target sequence, the emission of QDs is quenched by an organic quencher
(BHQ2). Such a nanosensor demonstrated high sensitivity and a low limit of detection (10 fM).
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Fig.1.27. Detection of microRNA with sensor based on QDs. Adopted from ref.8®
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The use of QDs as FRET donors increases sensitivity of FRET assays and allows detection
of nucleic acid targets with up to picomolar range without molecular multiplication.1® Zhang et al.
demonstrated the way to achieve a higher sensitivity of DNA detection with the use of QDs linked
to several DNA probes to capture DNA targets (Fig.1.28A).86 QDs is a FRET donor and a
concentrator that amplifies the target signal by confining several targets in a nanoscale domain.
In the proposed design, the DNA target hybridized with two reporters labeled with biotin and
FRET-acceptor, so that several sandwiched hybrids are then captured by a single QD through
biotin—streptavidin binding. This way appearance of acceptor emission indicates the presence
of target oligonucleotide and authors were able to detect in with LOD of 4.8 fM at a single particle
level in comparison to 0.48 pM for molecular beacons. Hildebrandt et coll. proposed a single-
step assay for miRNA quantification at low concentration with the use of single time-gated (TG)-
FRET donor-acceptor pair (Fig.1.28B).8” As FRET donor Th-complex was used, and, as FRET-
acceptor, the authors compared a dye (Cy5.5) and a quantum dot. QD with its superior
photostability provided higher signal and order of color-multiplexing. Also, a large surface of QD
was exploited for the conjugation of multiple biomolecules. The authors were able to
simultaneously detect and quantify two different miRNAs at nanomolar concentrations.
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Fig.1.28. Single QD-based FRET-assays for sensitive DNA detection. A) Schematic representation of
DNA detection using single QD. Adopted from ref.2¢ B) Illustration of QD-based TG-FRET sensor for the
specific quantification of two miRNAs. Adopted from ref.?’

The other type of NPs, which are used as donors in FRET applications are upconversion
nanoparticles.”” UCNPs can convert near-infrared radiation into visible light via nonlinear optical
processes. This makes them a good alternative to traditional fluorophores because NIR light is
far from excitation of other molecules, UCNPs have narrow emission peak, low toxicity, and good
chemical stability. In FRET assays UCNPs should be coupled with downconverting acceptor
molecule. For example, Huang et coll. developed a DNA-sensor by exploiting energy transfer
from UCNP to an acceptor molecule attached to the reporter DNA (Fig.1.29).88 Authors
demonstrated a linear response to the target in the concentration range of 10-50 nM.
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Fig.1.29. Schematic illustration of the DNA-sensor system by manipulating the distance between
UCNP and target DNA. Adopted from ref. 8

Moreover, UCNPs also enhance the detection assays with efficient energy transfer. Song et
al. reported a novel complex of NaYF4:Yb,Tm UCNPs and TiO2 inverse opal photonic crystals
for responsive sensing of avidin, where upconverting nanocrystal have ~43-fold enhanced
luminescence in comparing with normal emission intensity (Fig.1.30A).8° This allowed
development a nanosensor for avidin with a low detection limit (48 pmol). In other work, reported
by Laurenti et al. the sensitive miRNA detection was achieved by exploiting the interactions
between ssDNA-functionalized UCNPs and graphene quantum dots. In the absence of a
complementary miRNA sequence, the ssDNA-functionalized UCNPs interact with the graphene
quantum dots, leading to 25-fold enhancement of the upconversion emission (Fig.1.30B).%° By
adding the target miRNA sequences, the hybridization process yields dsDNA on the surface of
the UCNPs, which hinders interaction with the graphene quantum dots and reduces the emission

intensity. Thus, LOD of 10 fM was achieved.
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Fig.1.30. UCNPs-based enhanced detection assays. A) FRET detection of avidin by employing
upconverting nanocrystal as the donor and FITC as an acceptor. Adopted from ref.8° B) Sensing platform
for miRNA detection based on enhanced upconversion emission with graphene quantum dots. Adopted

from ref.%°
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Gold nanoparticles are non-luminescent and, in contrast to QDs and UCNPs, are used as
FRET acceptors (dark quenchers).®® AuNPs hold unique properties of surface plasmon
resonance phenomenon (see above), size- and shape tunable absorption spectrum and high

fluorescence quenching capability of a wide range of organic fluorophores. AUNPs are nontoxic
and found a variety of biological applications.®® Countless researchers had contributed to the
development of sensors based on AuNPs. Remarkably, a great variety of NA nanoprobes have
been developed based on AuNPs.8* The Mirkin group demonstrated the use of densely coated
DNA functionalized AuNPs (so-called spherical nucleic acid, SNA) as a probe for detection and
knocking down of intracellular mMRNA®29394 They named probes as nanoflares, where 13 nm
AuNPs are covered with 20-base DNA recognition domain for specific mMRNA. These DNAs are
hybridized with the short 12-base oligonucleotides labeled with Cy5, so that dye is situated near
the surface of the nanoparticles and quenched via surface energy transfer (NSET). In the
presence of the target mRNA, the short sequences are released via strand displacement and
Cy5 restores its fluorescence. This way the strong fluorescence signal was detected while
incubation of nanoflares with cells expressing a high level of target MRNA transcript of oncogene
survivin. Also, the same group demonstrated multiplexed nanoflare assay with different dyes
capable of simultaneous detection of two mRNA at once (Fig.1.31).>> Regarding their
performance, there are a few drawbacks of these systems. Firstly, it is a false-positive signal
due to cleavage of the thiol bond by glutathione or protein binding which would lead to flare
release. Secondly, the signal intensity-based sensing is affected by the drifts of light source,
detectors and by the local distribution of probes. In this respect, Wang and colleagues developed
FRET nanoflares, where they follow the appearance of FRET-acceptor signal after flare
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Fig.1.31. Schematic representation of two different nucleic acids target detection by multiplexed
nanoflares based on SNA-AUNP. Adopted from ref.%
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FRET in conjugated polymers and conjugated polymer nanoparticles

Conjugated polymers are macromolecules based on r-conjugated structural units.®” In this
system, each subunit acts as a chromophore due to electron delocalization. Typically, CPs have
broad absorption spectra due to the inhomogeneity of chromophore units. CPs exhibit light-
harvesting ability and efficient energy transfer, since excitons can migrate along the polymer
backbone, a process that has been described as the “molecular wire effect”. Pairing CPs with
suitable acceptor allows to obtain effective sensing and photosensitizing platforms.
Multifunctionalized CPs could be converted into conjugated polymers nanoparticles (CPNs) via
miniemulsion or reprecipitation methods from corresponding polymer.®® This way CPNs have
tuneable properties, less toxicity and a possibility of surface modification. The size of
nanoparticles varies from 5-10 nm diameter in case of a few polymer chains up to 800 nm for
hydrophobic polymers. Same as polymers, CPNs exhibit energy transfer abilities, which was
used for biosensor applications.

In these cases, sensor dye and reference dye are loaded in nanoparticle or linked to its
surface and a ratiometric signal is obtained by the response of the sensor to an analyte.®® For
example, Chan et al. reported poly(2,5-di(3’,7’-dimethyloctyl)phenylene-1,4-ethynylene) polymer
dots (Pdot) as a platform for FRET-based pH nanoprobes (Fig.1.32).1%° Polymer dots are
fluorescent nanodots consisting of semiconductor polymer and prepared by either emulsion
polymerization or nanoprecipitation.33
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Fig.1.32. Pdot-fluorescein conjugate as FRET-based pH sensor. Authors conjugated Pdot to pH sensitive
dye molecule (fluorescein) to obtain highly efficient FRET from Pdot to dye. Adopted from ref. 10

Frausto et al. proposed a FRET-based ratiometric fluorescent probe for the detection of singlet

oxygen (*O2) with the use of dye (DA-TMT) doped conjugated polymer nanoparticles
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(Fig.1.33).1°t Without *O2 exposure, via excitation of conjugated polymer it transfers energy to
the DA-TMT inside the nanoparticle. But since DA-TMT is sensitive towards singlet oxygen, via
102 exposure it forms a peroxide which is no more fluorescent, so the FRET-signal is diminished.
The authors demonstrated a fast ratiometric response to 'Oz with the use of nanomolar
concentration of nanoprobes.
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Fig.1.33. Ratiometric singlet oxygen detection using dye-doped conjugated polymer nanopatrticles.
Adopted from ref.10?

Both conjugated polymers and nanoparticles were used for amplified DNA sensing. For DNA
recognition CPs are designed to contain charged groups as cationic quaternary ammonium
incorporated into side chains of the polymer. This way they bind with negatively charged
oligonucleotide via non-specific electrostatic interactions. By designing a sensor with a suitable
acceptor, an amplified FRET signal could be achieved bringing high sensitivity towards target
biomolecule.’®> One of the first applications was demonstrated by Bazan and coll., where
polycationic CPs were paired with a probe peptide nucleic acid (PNA) labeled with fluorescein
as FRET acceptor (Fig. 1.34A).1% In the absence of the target, no FRET signal was observed,
because PNA is neutral and do not interact with CPs. In the presence of the target, the PNA was
hybridized with it, gained negative charge and bound to the polymer. CPs excitation provided
fluorescein emission >25 times higher than that obtained by the direct excitation of the dye. This
allowed 10 pM concentration of DNA target detection with a standard fluorometer. Further
Leclerc et coll. reported assay for specific detection of nucleic acids at the zeptomole level based
on “Triplex” formation of DNA with a conjugated polymer (Fig.1.34B).1%4 In this method positively
charged polymer changes its conformation upon binding with ssDNA molecule and the target
nucleic acid, which leads to an increase and shift in its fluorescence emission spectrum. The
limit of detection was ~310 molecules or 0.54 x 102! mol in an effective volume of 150 pL.
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Fig.1.34. Amplified DNA detection with the use of conjugated polymers. A) Scheme of detection of sSSDNA
with a cationic polymer and specific PNA optical reporter. Adopted from ref.1% B) Schematic description
of the formation of the conjugated polymer/single-stranded nucleic acid duplex and the conjugated
polymer/hybridized nucleic acid triplex. Adopted from ref. 104

CPNs were also used for the development of FRET-based NA biosensors. Bao et al.
demonstrated selective sSDNA detection in serum with CPNs.1% Nanoparticles were formulated
so that carboxylic function was exposed on the surface of NPs, which allowed further coupling
with amine-functionalized capture DNA sequence (Fig.1.35A). Covalent DNA-modified NPs
exhibited excellent photostability in various buffers. In the presence of target DNA, a sequence-
specific fluorescence response was achieved by adding PicoGreen as the DNA intercalator and
FRET acceptor. The fluorescence signal of PicoGreen was amplified more than 19 times through
FRET compared to the direct excitation of the dye. The authors demonstrated selectivity of the
probe towards mismatches and sensitivity towards 2 nM of DNA target in serum. Boudreau and
coll. developed plasmonic biosensors combining the cationic conjugated polymer and
luminescent Ag@silica multilayer dye-doped nanoparticles (NPs) grafted with single-stranded
DNA probes (Fig.1.35B).1% Upon target hybridization with DNA-probe, the conjugated polymer
becomes luminescent and its excitation allows following the FRET to an acceptor molecule
immobilized in the outer layer of the NPs. The metallic core’s plasmon enhances energy transfer
efficiency, so this way it amplifies the optical signal generated by DNA hybridization events. The

authors obtained the enhancement factor of 8 by comparing the fluorescence intensity of
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acceptor with and without Ag core. Obtained biosensors were applied for the rapid identification
of the SRY gene extracted from the blood with a detection limit of 105 ssDNA per mL (0.2 fM)
without chemical amplification.
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Fig.1.35. DNA detection using nanoparticles with conjugated polymer. A) Schematic illustration of the
DNA probe based on CPNs. Adopted from ref.1% B) Biosensor for DNA detection made of cationic
polymer graphted on multi-layer core-shell nanoparticle. Adopted from ref.10¢

Y. Wang and Bin Liu demonstrated a hybridization detection approach, where cationic
polymer provided over 110-fold signal amplification for silica nanoparticles based assay.'°’” They
immobilized DNA-capture sequences on silica NPs and placed it in solution, where fluorescein-
labeled DNA-target or mismatched sequences were added (Fig.1.36). Target sequences would
hybridize with a capture sequence and bring chromophore close to the surface of nhanopatrticles.
Then the mixture was washed, so the non-binding sequences are removed and conjugated
polymer was added. The CP here acts as an energy donor and non-specifically binds to double-
strand DNA, which allows FRET to a chromophore (acceptor) attached to DNA-target. Such
probe design led to an efficient energy transfer and strong signal amplification resulting in a low
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detection limit of 10 pM concentration of DNAs target, which was possible to detect with a
standard fluorometer.
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Fig.1.36. Cationic polymer-assisted Si-NPs based DNA assay. Adopted from ref. 07

In this chapter, | have summarized basic DNA amplification methods and biosensors that use
fluorescence response. For the moment, amplification strategies that employ molecular
multiplication (PCR) are mainly applied for nucleic acid detection in clinical diagnostics and
remain standards for research applications. There is still a lack of DNA biosensors that include
external signal amplifiers and can be used for fast and reliable nucleic acid detection. Such a
newly designed DNA amplified biosensor has the potential to revolutionize the diagnostic
devices and provide methods for highly sensitive, specific, time and cost-effective detection and
quantification of disease biomarkers.

FRET in dye-based nanomaterials

Dye-loaded silica NPs

Dye-doped nanoparticles typically act as FRET-donors in FRET-sensing applications.%8
Mesoporous silica nanoparticles (SiNPs) loaded with fluorescent dyes attracted great interest
because of their tunable size, low cytotoxicity, and excellent cell imaging capability.3® The
surface chemistry for silica nanoparticles is well-investigated, which facilitates their use as
sensors.10°

Dye-doped silica nanoparticles are a worthwhile nanocontainer, which permits fast and
efficient energy transfer among dyes confined inside it.1!° Moreover, some dyes doped inside
silica nanoparticles demonstrate cooperative behavior, which means that the excitation energy
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can be distributed within several donor dyes by means of homo-FRET and eventually directed
towards the fastest energy transfer pathways. The rates of energy transfer can be adjusted by
changing the distance between the dyes and their spectral properties. This leads to cooperative
behavior, where the change in the status of one dye can resonate on many (up to all) other dyes
in the nanosystem. So the single event (i.e. binding to the analyte) is signaled by the response
of many dyes simultaneously, which is the reason for dye-doped nanostructures to undergo
strong amplification effects, similar to that in conjugated polymers (Fig.1.37).
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Fig.1.37. Schematic illustration of cooperative and non-cooperative effects in dye-doped
nanostructures. Adopted from ref.11°

Pluronic silica nanoparticles (PluS NPs) reported by a group of Prodi is an example of the
system with cooperative behavior.'%® PluS NPs are obtained by a direct micelles-assisted
method, using Pluronic F127 (polyethyleneglycol-polypropylene oxide—polyethyleneglycol
(PEG-PPO-PEG) amphiphilic structure) as a surfactant. PluS NPs have a silica core of about
10 nm and an overall hydrodynamic diameter of 25 nm. The embedded fluorescent dyes in
nanoparticle structure are homogeneously distributed and have high local concentration, which
leads to efficient homo-FRET and finally high efficient one-step FRET from donor to acceptor. It
was experimentally demonstrated,*? that in case of PluS NPs doped with ~4.5 dyes on average
(covalently linked to the silica core), the excitation energy is distributed over at least 4 dyes, i.e.
on almost all of the embedded dyes (Fig. 1.38). Also, for PluS NPs embedded with 10 rhodamine
B dyes (donors), the presence of single cyanine dye (acceptor) per NP resulted in strong
guenching (~90%) of the fluorescence of rhodamines.
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Fig.1.38. Experimental FRET efficiency (red dots) vs simulated average FRET efficiency (black dots). No
homo-FRET between donors is considered in the simulations. Each point represents the average FRET
efficiency for a set of 1000 NPs containing 10 donor dyes on average embedded in a 5.5 nm radius core,
and an increasing number of acceptor dyes hosted in a very thin shell (0.2 nm). Adopted from ref.11°

Rampazzo et al. reported the application of PluS NPs doped with coumarin dyes as the
fluorescence sensor with amplified response to Cu* (Fig.1.39).1'! BODIPY-based sensor was
hosted in the shell NPs, in stoichiometric ratio NP : dye = 1:1. Complex formation of BODIPY -
sensor with Cu* increased the molar extinction coefficient of the BODIPY, which resulted in
increased efficiency of energy transfer (~80%) from the ten coumarin dyes to a single acceptor
sensor covalently linked to the shell of NPs. Compare with the free sensor, the energy transfer
from nanoparticles provided 35% of emission enhancement at the same concentration of
BODIPY.
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Fig.1.39. Fluorescent sensor based on PlusNPs with amplified response. A) Schematic illustration of the
Cu* sensing mechanism. B) Fluorescence spectra of hanopatrticle aqueous solution upon the addition of
increasing amounts of chemosensor. Adopted from ref 111
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In another example, Gao et al. reported FRET-sensor based on fluorescein-doped silica
nanoparticles as donors and AuNPs as acceptors for DNA detection (Fig.1.40).1%? In this assay
capture sequence is attached to AuNPs and hybridize with short sequence attached to SiNPs,
ensuring energy transfer between SiNPs and AuNPs, so that via excitation of SINPs emission is
guenched. In the presence of a target DNA sequence, it hybridizes with AUNPs-oligonucleotide,
which leads to realise of SiNPs and fluorescence restores (turn on). The authors demonstrated
a linear range response for target DNA in 0-35 nM range with a detection limit (3o) of 3 pM.
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Fig.1.40. Schematic illustration of DNA hybridization detection based on FRET between SiNPs and
AuNPs. Adopted from ref. 112

Aggregation-induced emission nanomaterials

Aggregation-induced emission (AIE) is a phenomenon when the dyes are non-emissive in an
isolated molecular state but gained their emission in forms of aggregates.!'® As, the concept of
AIE hints to put chromophores together to gain their emission!415 placing the acceptor
molecules close enough to AlE-donors would lead to energy transfer. But the accurate
nanoantenna design requires controlled donor to acceptor ratio and their proper arrangement
within the nanostructure. One way is an encapsulation of AIE-donors and acceptor molecules
inside polymer nanoparticles.''® Here co-encapsulation of AIE-chromophores (AIE-genes) with
NIR775 demonstrated 47-fold higher emission intensity by excitation via FRET (510 nm) than
upon its direct excitation (710 nm).1’ In another example, co-encapsulation of two AIE-genes
(donor and acceptor) inside poly(styrene)-b-poly(methacrylic acid) nanoparticles demonstrated
99% of energy transfer and 8-fold amplification of acceptor emission.*18

One more way to achieve nanoantennas with high amplification efficiencies is by using of
supramolecular assemblies with incorporated AIE chromophores. Liu et al. reported a light-
harvesting system, where supramolecular assembly of sulfato-B-cyclodextrin and
oligo(phenylenevinylene) derivative (AIE-molecule) acts as a donor and Nile Red, loaded inside
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this assembly via hydrophobic interactions, acts as acceptor (Fig.1.41A).*° The authors
demonstrated that such system shows energy transfer efficiency of 72% and the antenna effect
was calculated to be 32.5 at a donor/acceptor ratio of 125:1. In another report, Wang et al.
fabricated light-harvesting system based on the supramolecular self-assembly of a pillar[6]arene
(WP6) with a salicylaldehyde azine derivative, which acts as donor, and fluorescence dyes,
either Nile Red or Eosin Y (acceptors), loaded within the hydrophobic interior of the obtained
nanoparticles (Fig.1.41B).1?° The systems with Nile Red demonstrated energy transfer efficiency
of 55% for the molar ratio of donor/acceptor 150:1, and antenna effect of 25.4, while the system
with Eosin Y demonstrated energy transfer efficiency of 42% for the molar ratio of donor/acceptor
200:1, and antenna effect of 28.
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Fig.1.41. Supramolecular assemblies incorporated with AIE-genes. Construction of light-harvesting
systems based on A) self-assembly of sulfato-f3-cyclodextrin and oligo(phenylenevinylene) derivative with
encapsulated Nile Red. Adopted from ref.!® B) Self-assembly of pillar[6]arene with a salicylaldehyde
azine derivative and loaded Nile Red or Eosin Y. Adopted from ref.1?°

Aggregation in the confined nanospace leads to systems with high energy transfer efficiency.
Li et al. reported an artificial light-harvesting system entrapped in a cross-linked reverse vesicle
(Fig.1.42A).%?* In this system, the amphiphile formed the reverse micelles and AIE-genes (donor
and acceptor) were entrapped inside it. The further cross-link of micelles and removing the
organic solvent led to the placement of AIE-genes in confined space. The quantum yield of donor
increased from 0.002 in chloroform to 0.42 in water, and energy transfer efficiency reached 95%
at a donor/acceptor ratio of 100:1 with antenna effect of 35. In the most recent report, Tang and
coll. made artificial light-harvesting systems based on a conjugated polymeric supramolecular
network, which was built from the self-assembly of a pillar[5]arene-based conjugated polymeric
host (CPH), that contained AIE-active units (tetraphenylethylene moieties, donors) and
conjugated ditopic guests (diketopyrrolopyrrole or anthracene derivatives, acceptors)
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(Fig.1.42B).%22 In this design guests are binding to the cavity of a host, which prevents them from
self-quenching and ensures efficient energy transfer. The highest antenna effect of 35.9 was
achieved for the system dissolved in c-hexane, while in the solid film the antenna effect (AE)
was 90.4 for the donor/acceptor ratio of 1000:1.
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Fig.1.42. Construction of artificial light-harvesting nanoantennas (chemical structure of components) from
A) AlE-genes entrapped in cross-linked micelles. Adopted from ref.’?? B) Conjugated polymeric
supramolecular network built from the self-assembly of a pillar[5]arene-based conjugated polymeric host
(CPH) and conjugated ditopic guests (GY, GR or GB). Adopted from ref.122

FRET in polymeric nanoparticles

Synthetic polymer-based NPs represent an important tool for drug or gene delivery since they
are water-soluble, stable in a biological environment, capable of control drug release and
biodegradable.*?® Polymer nanoparticles loaded with fluorescence dyes are superior bright
fluorophores if they overcome aggregation-caused quenching, which could be achieved by few
strategies: dye modification with bulky side groups, use of bulky hydrophobic counterions or
aggregation-induced emission.%® A large number of fluorophores in a small space makes their
absorption coefficient €107 Mt cm™* for 100 dyes with £>10° Mt cm! each, which in case of
high quantum vyield and photostability overcome the limit of brightness of conventional dye
molecules and fluorescent proteins. Thus polymer nanoparticles are attractive as bright
fluorescent labels since their surface can be modified with a ligand and they can be loaded with
dyes of different colors.?*

Polymer nanoparticles can be loaded with several dyes at a time, so that FRET between the
dyes inside the nanoparticles can be used to learn their stability, monitor drug release and obtain
systems with emission largely shifted to near-infrared region in comparison to excitation
wavelength.®® Such FRET systems with large Stokes shift reduce background autofluorescence
for in vivo applications. Wagh et al. reported a series of nanoparticles for multicolor and multiplex
imaging using a single excitation wavelength (Fig.1.43).1%°> Authors encapsulated biocompatible
poly(D,L-lactic-co-glycolic acid) (PLGA) and polyethylene glycol nanoparticles with a
combination of fluorophores and by excitation observed multiple FRET cascade events. By
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conjugation of such nanoparticles with ligands, they were applied to differentiate cancer cells in
a mixture of cells in vitro and in vivo.
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Fig.1.43. Schematic representation of nanoparticles designed for multicolor and multiplex imaging
using one excitation wavelength. Adopted from ref.1?

The other way to obtain FRET inside polymer nanoparticles is to combine FRET-pair
chromophores by their incorporation into the polymer structure. Here an interesting example is
AlE-polymers. AIE polymers are obtained by incorporation of AIE molecules into a polymer chain
and they demonstrate an additional advantage over small molecules since free rotation of AIE
segments is restricted, which induce enhanced emission. By self-assembling of amphiphilic
polymers or dispersion of hydrophobic polymers into the buffer the AIE nanoparticles can be
obtained with tunable emission, tunable size, and strong fluorescence. AIE nanoparticles
demonstrated their application for in vivo and in vitro imaging, gene delivery and sensors for
small molecules. Wang et al. proposed conjugated polymer with color-tunable AIE behavior by
adjusting their intramolecular FRET pairs as drug carriers (Fig.1.44)'%6, They demonstrated that
by placing one or two FRET pairs into the conjugated polymer, the color of AIE fluorescence can
be changed from green to red.
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Fig.1.44. Color-tunable AlE-active NPs as drug carriers via adjusting intra- molecular FRET pairs.
Adopted from ref.113

Generally, dye-loaded polymer nanoparticles are not yet well exploited as FRET biosensors
in comparison to other nanomaterials like QDs, AuNPs, and UCNPs.% Nevertheless, some
reports on FRET sensors for oxygen species, pH, temperature change and analytes as Cu(ll)
based on polymer nanoparticles are available.'?” Valanne et al. reported a dual-step FRET-
based assay for the primary screening of caspase-3 inhibitors (Fig.1.13).1%8 It is based on inter-
and intramolecular FRET between fluorescent polymer europium(lll)-chelate-doped
nanoparticles and the two terminal labels in a caspase-3-specific substrate. In the absence of a
target caspase-3 inhibitor, the emission is weak, because of dual-step FRET quenching
technology that includes nanoparticle as a primary donor, Alexa 680, that is a primary acceptor
and secondary donor and BlackBerry Quencher 650, which is secondary acceptor. In the
presence of target protein, the substrate is hydrolyzed and fluorescence of Alexa is restored.
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Fig.1.45. Dual-step FRET quenching assay for screening of caspase-3 inhibitors. Adopted from ref. 128
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Doping of dyes inside the polymer nanoparticles lead to similar processes of energy transfer
and development of artificial light-harvesting nanoantennas. Bhattacharyya et al. found that self-
assembled molecular arrangement of quaterthiophene molecules inside 40 nm PMMA
nanoparticles is an efficient light-absorbing antenna material.'?® By encapsulation
quaterthiophene together with Nile Red dye molecules, the antenna effect was 3.2 (Fig.1.44A).
Su et al. developed photoswitchable fluorescent NPs based on a diarylethene (DAE)
benzothiadiazole (BTD) dyad (Fig.1.44B).*3° They were able to load 7000 dyad molecules inside
20 nm NPs and achieve superior brightness, which was 100 times higher than most common
qguantum dots. Moreover, the intermolecular FRET process between the fluorescent units and
the photochromic moieties in their closed-form within the NPs created ‘giant amplification of
fluorescence photoswitching’. They calculated that 420 + 20 molecules were quenched by a
single switching event.

PMMA Nanoparticle

Fig.1.46. Artificial light-harvesting nanoantennas based on polymer nanoparticles. A) Schematic
representation of the energy-transfer process from self-assembled quaterthiophene to Nile Red inside
PMMA NPs. Adopted from ref. 12° B) Illustration of the FRET-induced “giant amplification of fluorescence
photoswitching” in NPs. Adopted from ref. 130

Sensors based on polymer nanoparticles with efficient energy transfer were also reported.
Larpent and co-workers propose FRET-sensor for Cu?* ions based on fluorescent polymer
nanoparticles with a copper-selective ligand (cyclam) attached to their surface. 3! Two
fluorophores 9,10-diphenyl-anthracene (donor) and pyrromethene PM567 (acceptor) were
embedded within the polymer core of 16 nm polystyrene nanoparticles (Fig.1.45). Authors
marked, that FRET efficiency was 80% and 9-fold amplification was observed in the absence of
copper. When the copper was present, it attached to the ligand creating quenchers (second
acceptors) on the nanoparticle surface, resulting only in the emission of the donor. Nanosensors
demonstrated linear response for copper concentration ranging from 102 to 10° mol L with
LOD of 20 nM.
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Fig.1.47. Schematic illustration of Cu?* detection with polystyrene core-shell nanoparticles coated with a
copper-selective ligand and embedded within the polymer core donor (D) and acceptor (A). Adopted from
ref. 13!

Finally, our group introduced a concept of fluorescent polymeric nanoparticles, loaded with a
cationic dye and a bulky counterion.3! The latter serves as a spacer minimizing aggregation and
self-quenching of cationic rhodamine dyes (Fig.1.46A). The size of these NPs can be tuned from
10 to 50 nm by the nature of the polymer.132133 Owing to high loading of NPs with dye/counterion
pairs with minimal self-quenching these NPs were 10-100-fold brighter than quantum dots of
comparable size. In addition to rhodamine, cyanine dyes can also be encapsulated with the help
of bulky counterion, generating NPs of any desired color. The latter were applied multi-color
barcoding of live cells and their long-term tracking in vitro and in vivo (Fig.1.46B).13*
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Fig.1.48. Dye-loaded polymer nanoparticles. A) Design of dye-loaded polymer nanoparticle using PLGA
polymer with rhodamine B octadecyl ester and counterions. Adopted from ref.3! B) Confocal images of 6
cell types and a mixture of 7 co-cultured cell populations, incubated with dye-loaded polymer
nanoparticles containing different dye-composition. Adopted from ref. 3
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Importantly, our group recently discovered that the efficient energy transfer within donor dyes
inside the nanoparticle could generate a giant light-harvesting antenna for amplifying the
fluorescence emission of a single acceptor (Fig.1.47).%8 The nanoparticle of 65 nm in size are
based on PMMA-MA polymer matrix and could encapsulate >10,000 donor dyes at 30 wt %
loading corresponding to local dye concentration of ~ 500 mM. At this concentration, the average
dye-to-dye distance is estimated to be 1-1.5 nm. Due to such small inter-dye distance, the
excitation energy transfer is favored in the femtosecond range with a fast component below 30
fs. Together with a high quantum vyield of donor dyes the nanoparticle efficiently transfers its
excitation energy to a single acceptor placed stochastically within the nanoparticle at 10,000 to
1 donor/acceptor ratio resulting in ~30% FRET efficiency and antenna effect of ~1,000. In this
case, a single acceptor has comparable brightness to the nanopatrticles in the absence of the
acceptor. Fascinatingly, bleaching of a single acceptor molecule was often followed by a one-
step recovery of donor emission. The giant amplification enables the single-molecule detection
at remarkably low excitation power, that are >10,000-fold lower than in typical single-molecule
measurements. For acceptor absorbed at the surface of nanoparticles, the amplification was
reached up to 200-fold. This means that obtained nanopatrticles could be used as building blocks
for biosensors with single-molecule sensitivity. For this application, the surface chemistry of dye-
loaded nanoparticles should be developed, and the homogeneity of nanoparticles should be
improved.
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Fig.1.49. Giant light-harvesting nanoantenna for single-molecule detection at ambient light. A) Schematic
presentation of the giant light-harvesting nanoantenna concept inside polymer nanoparticle, B) scheme
of experimental setup using excitation that mimics direct sunlight, C) representative single-particle trace.
Adopted from ref. ©
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1.4 Surface modification of nanoparticles

The key requirement for nanoparticles to be used as specific sensors, nanocarriers or
fluorescent labels in bioimaging is a possibility to modify them with a capture molecule, like an
antibody, receptor-ligand, oligonucleotide, etc. Moreover, surface modifications are also
necessary to ensure the biocompatibility of nanoparticles, minimize non-specific interactions and
make them cell-permeable.”

The surface chemistry of nanoparticles obviously depends on their nature. In general,
nanoparticles are modified in two steps: first is a surface activation and second is conjugation
with ligands or surface protecting molecules (e.g. PEG).3 Introduction of the functional groups
to the surface of nanoparticles depends on ligand conjugation strategies as well as on the nature
of nanomaterial.*3®> For example, in the case of golden nanoparticles, alkane thiols are the
common surface capping ligands. Generally, for inorganic nanoparticles surface
functionalization with hydrophilic ligands through encapsulation, silica or polymer coating, or
ligand exchange is necessary before their further reaction with capture molecules. In the case
of silica nanoparticles, the different reactive functional groups can be introduced during the co-
condensation process during their preparation.®® For polymer nanoparticles there is also a vast
variety of functional groups since they could be directly inserted in the polymer compaosition.

Fig.1.50. Examples of nanomaterials and their functional groups for biological applications. Adopted
from ref.1%
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The choice of the conjugation strategy (anchor ligand on the surface of the nanoparticles)
depends on the properties of both systems (nanoparticle and ligand) as their size, available
functional groups, chemical composition and further application of the obtained conjugate. The
same conjugation strategies can be also used to cover nanoparticles with stabilizing molecules
like PEG, zwitterionic molecules, glycans, etc. to preserve nanoparticle stability and integrity in
biological fluids.

Methods for non-covalent attachment of ligand to nanoparticles surface

In general, all conjugation strategies can be divided into two types: noncovalent and covalent
approaches. To noncovalent attachments belong non-specific absorption of molecules to the
nanoparticle surface, electrostatic interactions and specific host-guest interactions (Fig.1.51).13¢
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Fig.1.51. Representation of noncovalent attachments.

For nanoparticles, which have a hydrophobic surface after the formulation, the further
covering with PEG bearing surfactants Tween 80 or Pluoronic F127 is necessary to render them
stable in salt media and prevent their interactions with serum proteins.*3’ But since its non-
covalent approach, it is not excluded that these surfactants would fall off from nanoparticles in
biological media. Therefore, better approaches are either covalent linkage or a straightforward
formulation of nanoparticles with a PEG shell.
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Electrostatic attachment relies on interactions between oppositely charged species, and it
strongly depends on ionic strength, pH and concentration of reagents. The negatively charged
nanoparticles bind with positively charged proteins, e.g. BSA has been electrostatically
immobilized on native or silanol-derivatized iron oxide NPs without observing protein
denaturation.'3® Analogously, positively charged nanoparticles could be conjugated also with
proteins and nucleic acids. Poly(ethyleneimine) (PEI) and poly(lysine) have been grafted to Au,
silica and carbon NPs to provide the positively charged substrate for further attachment of
oligonucleotides. These complexes with oligonucleotides were further employed as vectors for
gene silencing.!3?

Supramolecular host-guest binding is used in numerous biological applications. Biotin-avidin
system is the strongest known non-covalent interaction with an association constant (Ka) 10°
M. There is a huge amount of commercial materials available with different functions for biotin
and avidin, which makes them easily applicable to bind to various molecules.'*® Therefore,
researchers keep on using biotin-avidin interactions for biorecognition applications and it is
routinely used at the initial development stage to demonstrate the “proof-of-concept”. Among all
applications, it is a very popular method to attach the antibodies or DNA on the surface of
nanoparticles. In the case of polymer nanopatrticles, it is possible to incorporate the biotinylated
“monomer” unit prior to nanoparticle formulation. Since avidin protein has four binding sites, the
biotinylated biomolecule is crosslinked with the nanoparticle via an avidin intermediary. For
example, using this method the transferrin was attached to PLA-PEG paclitaxel loaded
nanoparticles for targeted drug delivery to brain tumor cells.'4*

Methods for covalent attachment of the ligand to nanoparticle surface

The covalent modification approach leads to a stable covalent bond formation between the
nanoparticle and the ligand. The choice of the type of reaction would depend not only on the
availability of both nanoparticle and ligand functional groups but also on reaction conditions and
further reaction product purification. For most peptides and proteins, amino acid residues are
targeted for conjugation: the e-amino groups on lysine side chains, the N-terminal primary
amines, the cysteine thiol, and the carboxyl groups on aspartic acid, glutamic acid or the C-
terminus.'®® The nucleic acids typically provide ribose sugars, phosphates. However, for
synthetic proteins and oligonucleotides, there is a possibility to insert site-specifically functional
groups including azides, alkynes, carboxyl, thiols, amines, etc. Most typical conjugation
reactions are listed in the Fig.1.52.
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When attaching biomolecules to nanoparticles or their labeling with the dye, it is necessary
to be sure that reaction is selective towards desired reaction groups and do not lead to
denaturation of protein or degradation of oligonucleotides. That is why the important concept in
bioconjugation chemistry is bioorthogonality.1#2143 Reactions are considered biorthogonal when
the two reactive functional groups are highly chemoselective and do not react with other
functional groups present in biological systems. The development of biorthogonal chemistry was
driven by the desire of selective functionalization of target molecules inside the cells and tissues.
Therefore, biorthogonal reactions should proceed in water at near-neutral pH between 25 and
37 °C, and should not involve cytotoxic reagents or by-products.

Practically biorthogonal chemistry is a subclass of “click”-chemistry, which recently gained its
popularity. The reaction considers as “click” if it is i) modular, ii) high yield, iii) wide in scope, iv)
produce nontoxic by-products. The “click” reactions include certain cycloadditions, nucleophilic
substitutions, nonaldol carbonyl formations, and epoxidations. The most popular “click” reaction
is the Huisgen 1,3-dipolar cycloaddition of azide and alkyne to form 1,2,3-triazoles.'#* It requires
Cu(l) as a catalyst, which usually in situ generated from CuSO4 and ascorbic acid, and commonly
referred to Cu(l)-mediated [3+2] azide-alkyne cycloaddition (CuAAC). Despite the fact that
CuAAC is widely used for conjugations, the metal’s toxicity limits its usage in living systems. The
other way to increase the reaction rate without a catalyst is to use the ring-strained alkynes.4°
For cyclooctyne the bond angle of the sp-hybridized alkynes is 160°, which is distorted towards
the transition state of the cycloaddition reaction, resulting in dramatic reaction acceleration
without any catalyst. Bertozzi and coworkers had evaluated the cycloactyne derivatives which
undergo cycloaddition with azides with much vastly accelerated kinetics than linear azides
(Fig.1.53).%4¢  Then, Boons group demonstrated that functionalized derivatives of
dibenzocyclooctyne (DBCO) enhance reaction kinetics.'#” These molecules can be readily
synthesized with various derivatives at aryl positions to enhance their solubility. So far, many
other cycloactyne derivatives have been synthesized and used as reagents for biorthogonal
reactions in biological applications. For example, Bertozzi showed that the cyclooctynes were
able to selectively label cells that had metabolically incorporated azidosugars onto their surface
as glycoproteins.'#? Due to the growing popularity of Cu-free “click” chemistry, there are
numerous commercial available cycloactyne derivatives with different functional moieties for
conjugations.
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Fig.1.53. A comparison of bond angles between A) linear alkynes and triazoles, B) strained cyclooctyne
and its corresponding triazole product, C) cyclooctyne reagents for copper-free “click” reaction. Adopted
from ref.142

Polymer nanoparticle-DNA conjugates

The coupling of nucleic acids and nanoparticles creates new composite materials that unite
their both properties and could be used for diverse applications including biosensing, target
imaging, diagnostics, cellular delivery, etc. It was already synthesized the composite of
oligonucleotides with AuNP, QDs, AgNP, UCNPs, carbon nanomaterials, micelles, magnetic,
silica, viral and polymer nanopatrticles.8

For polymer nanopatrticles, there are two principal ways to insert the oligonucleotides on the
nanoparticles surface: conjugation of oligonucleotides with polymer prior nanoparticle formation
or direct conjugation of oligonucleotide with nanoparticles, like in case of AUNPs.148

The prior modification requires to perform the chemical reaction between the polymer and
oligonucleotides, where appears the incompatibility in terms of solubility issues between the
hydrophobic polymer and the hydrophilic DNA. But for hydrophilic polymers, it is not a case since
the reaction could be performed in an aqueous phase. It was demonstrated that amino-
functionalized oligonucleotides react with carboxylic terminated polymers like PEG, poly(N-
isopropylacrlyamide) (PNIPAM), PLGA and poly(p-phenyleneethynylene) to form an amide
bond. Another popular method is conjugation via disulfide bond or Michael addition (Fig.1.52).
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Fig.1.54. Methods of synthesis of DNA block copolymers. A) Coupling methods in solution including
amide coupling, disulfide bond formation and Michael addition. B) Coupling reactions on solid support
including phosphoramidite activated coupling to 5’-OH group of DNA, amide coupling and Pd-catalyzed
Sonogashira coupling. Adopted from ref, 148149

Wilks and O’Reilly investigated DNA covalent conjugation to poly(N-isopropylacrylamide) in
organic solvents.'®® They checked amide coupling, thiol-ene chemistry and Diels-Alder reaction
in N,N-dimethylformamide, N,N-dimethylacetamide and N-methyl-2-pyrrolidone and discovered
that first two type of reaction failed to yield significant amounts despite their high efficiency in
water in case of hydrophilic polymers. In case of Diels-Alder reaction between norbornen and
tetrazine it was possible to follow product formation but yields were still low.

However, hydrophobic polymer-DNA coupling is rather difficult, so the most used strategy for
hydrophobic polymers is their grafting onto DNA on a solid support.1*®* When DNA is present on
a resin the phosphate groups are still protected, so it allows oligonucleotides to be dissolved in
organic solvents. DNA diblock copolymers, e.g. DNA-b-poly(propylene oxide) was obtained via
reaction of DNA detritylated 5’-OH group with activated terminal polymer hydroxyl group with
phosphoramidite chloride.5! Similarly, Mirkin group synthesized polystyrene-DNA conjugate on
controlled pore glass beads and demonstrated further formation of 16 nm micelles with DNA
corona by resuspension of amphiphile in water.'>2 But this approach requires expensive DNA-
synthesizer equipment so that it is difficult to perform it in a conventional chemical laboratory.

The other concept is a direct modification of nanoparticles with the oligonucleotides. To our
knowledge, there are only several examples of direct covalent attachment of DNA to polymer
nanoparticles. Nguyen and coll. reported synthesis doxorubicin-loaded polymer organic
nanoparticles covered with DNA through direct surface functionalization.'>® They synthesized
block-copolymer which contained PEG-chain with a free carboxylic group exposed to the surface
of the nanoparticles and further used for amide coupling with amine-terminated oligonucleotides
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(Fig.1.55A). Obtained nanoparticles of 65 = 5 nm demonstrated excellent stability in cell-culture
media and were readily internalized by the cells. In another report, nanoparticles were formulated
from PLGA-PEG-N3/PLGA with a size of ~ 50 nm.1>* They were modified with a DBCO-terminus
oligonucleotides (20 NA) by cupper-free click reaction (Fig.1.55B). In this way, so-called PLGA-
SNAs (spherical nucleic acids) were obtained with a size of 65 nm determined by DLS. Authors
also demonstrated that these nanoparticles readily enter cells without the use of transfection
agents.
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Fig.1.55. Polymer nanoparticle-DNA conjugates by direct surface functionalization. A) Modification via
amide coupling of doxorubicin-loaded polymer nanoparticles with DNA.53 B) Modification via cupper-free
click reaction PLGA-PEG-N3 nanoparticles with DNA.*%*

The nanoparticle-DNA conjugates create new composite nanomaterials by uniting properties
of both, where polymer nanoparticle could act as a carrier or ultra-bright fluorescent label and
the oligonucleotide represents a recognition element. Methods to attach DNA to commercially
available hydrophobic polymers are not fully established. Reaction on solid support requires
special equipment, while direct surface functionalization is not yet well mastered.
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Aim of the PhD thesis

AIM OF THE PHD THESIS

Fluorescent nanoparticles reveal unique optical properties since they are many times brighter
than organic dyes or fluorescent proteins. An integration of a biomolecule with a nanopatrticle
leads to a hybrid nanostructure that combines both their features and results in a new
nanomaterial with advanced functionality.

To date, our group developed ultrabright dye-loaded polymeric nanoparticles.3! They feature
a small size (10-100 nm), which is controlled by the nature of the polymer. The encapsulation
of dye with bulky counterion minimizes dye self-quenching and preserves the exceptional
brightness of the nanoparticle. It was found that these nanoparticles operate as giant light-
harvesting nanoantenna capable to amplify emission of single dye molecules >1000 fold.®8 Such
unique feature enables for the first-time detection of single molecules in ambient light excitation
conditions. In order to convert such nanopatrticles into nanoprobes for biomolecules, their surface
should be functionalized in order to attach a sensor molecule.

The highly important biomarkers in biological research and medical diagnostics are nucleic
acids.®® The demand for diagnostics is an ability to detect the ultralow concentration of nucleic
acid target, which requires the use of amplification techniques. PCR is a “golden-label” technique
for nucleic acid detection, but it is complex and requires expensive reagents and equipment.*®
The rapid detection directly from cell lysates without complex purification and PCR amplification
would accelerate the research in the field and open the new route to low-cost diagnostics tools
and point-of-care tests.

The objectives of my thesis were to develop strategies for the functionalization of polymeric
nanoantenna particles with oligonucleotides and to convert these nanoparticles into
ultrasensitive nanoprobes for nucleic acids, which respond to a single hybridization with a target
nucleic acid molecule by a change of their emission color.

To follow these objectives, a workplan of the thesis consisted of main three steps:

1. Todesign and synthesize small nanoparticles with large dye content, which contain reactive

groups on the surface for further modifications;

2. To graft oligonucleotides to the polymeric nanoparticle surface and develop a nanoprobe for
amplified detection of the nucleic acids.

3. To develop a system, where nanoparticle would change its fluorescence color in response
to a single target oligonucleotide and apply it for the detection of target nucleic acids in cell
lysates.
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PART 2. RESULTS AND DISCUSSIONS

2.1 Investigation of methods that lead to surface functionalized dye-loaded polymeric
nanoparticles

Introduction

Nanoprobes have major advantages over molecular probes in terms of their multifunctionality:
designed size, structure and presence of capture moieties lead to superior performance in
comparison with conventional molecular probes.’”® The key requirement of nanoprobes is their
specificity which can be achieved by attaching ligands to nanopatrticle surface that would lead to
selective recognition of target or molecular environment. There were demonstrated examples of
surface modification of polymer nanoparticles by adsorbing proteins or surfactants on their
surface, which led both to the stabilization of nanoparticles and their functionalization. But the
most of robust nanoprobe design is based on covalent attachment of ligands to the surface. This
would eliminate false-positive results, which are consequences of a detachment of ligand
adsorbed to the surface of nanoparticle.3°

Polymeric nanoparticles have advantages over inorganic nanopatrticles: the attachment of the
ligand can be done either through polymer functionalization prior NPs formulation or through
modification of already formulated NPs (Fig. 2.1).
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Fig. 2.1. Two principle approaches to obtain functionalized dye-loaded nanoparticles starting from
the polymer.

In this part of the project, we investigated two principle approaches that lead to surface
functionalized dye-loaded nanoparticles. The first approach was a post-functionalization, where
the ligand is attached to the nanoparticle after its formulation. The second approach was a pre-
functionalization, where initially ligand was attached to the polymer prior to nanoparticles
formulation. Based on the obtained results, we designed the nanoprobes for a reduction
environment and demonstrated their performance in cells.
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Post-functionalization of polymeric nanoparticles

Firstly, we investigated a post-functionalization approach. As the basis, we chose the PMMA-
MA polymer, since it gave small nanoparticles and demonstrated efficient encapsulation of dyes
without a leakage.'®? As the coupling method we selected a cupper-free click cycloaddition. It is
a two-component, easy-handling reaction 42 and it has already proven its efficiency for coupling
of small molecules to nanoparticles.'> To obtain azide-bearing polymer, we initially synthesized
PMMA-N3 by coupling commercial PMMA-MA with 3-azido-1-propamine (Fig 2.2A).
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Fig.2.2. Synthesis and characterization of NP-PMMA-N3. A) Scheme of synthesis of PMMA-N3, B) Size
by DLS of NP-PMMA-MA, NP-PMMA-N3, NP-(PMMA-Ma/PMMA-N3).

However, after nanoprecipitation of an acetonitrile solution of the corresponding polymer into
an aqueous buffer (pH 7.4), we failed to obtain small-sized nanopatrticles due to the absence of
charged groups in the polymer structure (Fig. 2.2B). Then, we nanoprecipitated the mixture of
PMMA-MA/PMMA-N3, consisted of equal aliquots of each polymer, but this also led to
comparatively large nanoparticles. In both of these systems, azide groups due to their
hydrophobicity are hidden inside the polymer matrix and stochastically exposed to the surface
of aggregates. Nevertheless, our aim was to obtain the nanoparticles with fully exposed
functional azide groups on the surface.

Previous reports from our group demonstrated the role of charge in order to obtain small
nanoparticles.'3? Therefore, to have functional groups on the surface, it should be linked to the
charged group, that would pull it out of the polymer matrix during nanoprecipitation. Thus, the
commercial PMMA-MA was coupled with a three-functional linker containing (i) carboxyl as a
charged group; (ii) azide for further “click” reaction; and (iii) amino group for conjugation with the
polymer. As a building block, we chose the biprotected aspartic acid, commonly used for solid-
phase peptide synthesis, Fmoc-Asp(OtBu)-OH (Fig.2.3A). Its carboxylic function was modified
with 3-chloropropylamine, and then the chlorine was substituted with an azide, which resulted
also in Fmoc removal giving the linker Asp(OtBu)-N3. In order to have more charged groups we
decided to couple it with two more Fmoc-Asp(OtBu)-OH and obtained second linker
Asp3(0OtBu)-N3. Then, linkers were coupled with PMMA-MA through an amide bond. The
obtained polymers were characterized by H-NMR, where characteristic protons of the polymer

and the Boc-group of the linker were identified. Finally, the removal of tert-butyl group in the
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presence of TFA resulted in PMMA-AspN3 and PM-Asp3N3 polymers (Fig.2.3B), which was
confirmed by NMR.
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Fig. 2.4. Surface functionalization of nanoparticles.

Nanoparticles were obtained via nanoprecipitation of acetonitrile solution of corresponding
polymers with fluorescent dye (R18/F5-TPB, 20 wt% with respect to the polymer) into an
aqueous buffer (pH 7.4). To perform a copper-free click reaction we incubated nanoparticles with
an excess of Sulfo-Cy5(DBCO) (2 uM) for 24 h and purified reaction mixture on size exclusion
columns (PD10) (Fig. 2.4). In this case, Cy5 acts as FRET-acceptor, while nanoparticle loaded
with RhB/F5-TPB is a FRET donor. Size, shape, and polydispersity of NPs before and after
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functionalization were studied by DLS and TEM. Both types of NPs containing azides were 30-
35 nm, which were even smaller than control PMMA-MA NPs. Also, with higher content of
carboxylic groups size of NPs decreased by 3 nm, indicating that the higher charge of polymer
contributes to smaller NPs. Moreover, after surface modification with Cy5 dyes the size of
functionalized NPs increased by 4 nm (Fig. 2.5A, B). According to absorption spectra, in case of
control PMMA-MA NPs, Cy5 dye was completely removed from the reaction mixture by
purification with the size exclusion column. In sharp contrast, for NP-AspN3 and NP-Asp3N3,
Cy5 signal was present in the absorption spectrum with 5-times higher amount for the first type
of NP in comparison to NP-Asp3N3 (Fig. 2.5C, D).
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Fig.2.5. Post-functionalization of nanoparticles. A) TEM images and corresponding size distribution

statistics (below), scale bar — 50 nm. B) Size by DLS. Absorbance spectra of nanoparticles incubated
with 2 uM of Sulfo-Cy5(DBCO) C) reaction mixture D) after purification on size-exclusion column.

Then, fluorescence emission spectra of the obtained systems were measured. For the
reaction mixtures before the purification, dual emission corresponding to rhodamine donor (at
~580 nm) and FRET acceptor Cy5 (at ~670 nm) was observed for all 3 types of NPs, although
in case of NP-AspN3 the emission intensity was low. After purification of PMMA-MA NPs, the
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Cy5 acceptor signal disappeared, while for azide containing NPs, FRET signal of acceptor was
conserved. As absorbance spectra revealed a much higher amount of acceptor dyes in case of
NP-AspN3, the low emission intensity is probably a result of excessive functionalization of the
NPs surface with Cy5 dyes, leading probably to their self-quenching. (Fig. 2.6). These results
suggest that NP-AspN3 is probably more reactive towards Sulfo-Cy5(DBCO) than NP-Asp3N3.
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Fig.2.6. Fluorescence emission spectra of nanoparticles incubated with 2 uM of Sulfo-Cy5(DBCO) A)
reaction mixture B) after purification on the size-exclusion column. C) FRET ratio A/(D+A) of
nanoparticles NP-PMMA-MA, NP-AspN3 and NP-Asp3N3 in the reaction mixture and after purification
on size-exclusion column. A and D are the pick intensities of the acceptor (at 665 nm) and the donor (at
580 nm), respectively. Excitation wavelength was 530 nm.

To compare the reactivity of the polymeric NPs we studied the kinetics of their reaction by
adding 50 nM of Sulfo-Cy5(DBCO) and monitoring the appearance of the acceptor signal and
decrease of the donor signal. The experiment revealed that the NP-AspN3 reacts much faster
than NP-Asp3N3. For NP-PMMA-MA the initial non-specific absorbance was observed, with
slight quenching of the donor (Fig.2.7).
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Fig.2.7. Kinetics of the reaction of hanoparticles with 50 nM of Sulfo-Cy5(DBCO) followed by A) acceptor
emission at 665nm and B) donor emission at 583 nm. Fluorescence emission spectra of nanoparticles
before and after 1 hour after addition of 50 nM of Sulfo-Cy5(DBCO) for C) NP-PMMA-MA, D) NP-AspN3,
E) NP-Asp3N3.

We also incubated the nanoparticles with an increasing amount of Sulfo-Cy5(DBCO) and
measured emission spectra right after the addition of acceptor and after 24 h of reaction
(Fig.2.8). By the addition of 2.4 nmol of Cy5, which corresponds to one acceptor per NP
(nanoparticle contains 2000 donors), we did not observe an appearance of FRET band after 24
h. But starting from 24 nmol of Cy5 (10 acceptors per NP), acceptor bond appeared and further
increased, reaching its maximum at 1 uM of Sulfo-Cy5(DBCO). Already at low concentrations
(0.121 puM) NP-AspN3 showed a strong FRET signal (A/D ratio) after 5 min incubation, which
further increased after 24h. In case of NP-Asp3N3, the FRET signal was weaker especially at
short incubation times, while for control PMMA-MA NPs no FRET was observed for both
incubation times. Further increase in the concentration significantly increased the FRET signal
for NP-Asp3N3, while for NP-AspN3 we observed a decrease of emission intensity after 24h for
higher concentrations of the Cy5 dye. We can conclude that, because of high reactivity, NP-
AspN3 is able to attach a large number of acceptors to its surface, which causes self-quenching
of the Cy5 acceptor. In case of control PMMA-MA NPs, we observed the initial appearance of
FRET signal at higher concentrations of acceptor, which did not change after 24 h, so that it
corresponds to the non-specific rapid absorption of dye to the nanoparticle surface.
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Fig.2.9. A) Absorbance and B) fluorescence emission spectra of NP-AspN3 incubated with 0.25, 1
and 2 uM of Sulfo-Cy5(DBCO) for 24 h and purified on size-exclusion column.

Table 2.1. Compare of reactivity of NP-AspN3 and NP-Asp3N3 with Sulfo-Cy5(DBCO).

C (Sulfo-
_ Number of _
_ Cy5(DBCQ)) in Reaction
Nanoparticles ) _ Acceptors per .
reaction mixture, _ yield?, %
nanoparticle?

UM
0.25 74 7.9
NP-AspN3 1 124 13.5
2 129 14.6
0.25 12 1.3
NP-AspsN3 1 23 2.6
2 26 3.1

!Donor nanoparticle contains 3200 dyes. 2Cacluted for 1 uM concentration of azide groups on the surface

of the nanopatrticle.
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The reaction mixtures with higher concentrations of Cy5 acceptor were purified and the
number of acceptors per nanoparticle was calculated from the absorption spectra (Fig. 2.9).
Based on the theoretical total amount of azide groups in nanopatrticle solution, the reaction yield
was calculated and NP-AspN3 appeared to be systematically ~5 times more effective than NP-
Asp3N3 (Table 2.1).

Based on the obtained results we concluded that the process of reaction involves first the
absorption of Cy5 on the nanopatrticle surface and further its covalent attachment. Apparently,
in case of NP-AspN3 the repulsion between one carboxylic group and sulfo-groups of Cy5 is not
as strong as in case of 3 carboxylic groups and it facilitates the reaction. However, the relatively
strong repulsion between 3 carboxylic groups of NP-Asp3N3 and sulfo-groups of Cy5 does not
allow Cy5 to absorb on the surface. This makes NP-AspN3 about 5-fold more reactive compared
to NP-Asp3N3.

Pre-modification of the polymer

The next step of the project was to study the pre-functionalization approach that leads to
surface-functionalized dye-loaded nanoparticles. Here, we needed a way to monitor the
exposure of the ligand to the surface of NPs.
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Fig.2.10. Scheme of synthesis NP-PMMA-Cy5(SS), NP-AspN3-Cy5(SS) and NP-Asp3N3-Cy5(SS)
via pre-functionalization approach.
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To do it, we synthesized the polymers where ligand attached through a cleavable bond —
disulfide. PMMA-Cy5(SS) was obtained via a multistep reaction by attaching a linker with
disulfide bond to PMMA-MA, and further coupling with Sulfo-Cy5 (Fig.2.10A). PM-AspN3-
Cy5(SS) and PM-Asp3N3-Cy5(SS) were obtained through the reaction of corresponding PM-
AspN3 and PM-Asp3N3 with Sulfo-Cy5(SS)(DBCO) (Fig.2.10B). The coupling of the dyes of the
polymers was confirmed by absorption spectroscopy.

The nanoprecipitation of the polymers functionalized with Cy5 was performed with a varied
fraction of corresponding non-labelled polymers (PMMA-MA, PM-AspN3 and PM-Asp3N3),
which was expected to tune the statistical number of acceptors per NP. The measurements of
size revealed that in case of NP-PMMA-Cy5(SS) and NP-Asp3N3-Cy5(SS) their size increased
in 2 nm after acceptor appearance, while in case of NP-AspN3-Cy5(SS) the increase of size was
higher (up to 10 nm) (Fig. 2.11A). For all three types of formulated NPs, the increase in the
fraction of Cy5-modified polymer increased the Cy5 emission intensity, which was accompanied
by the gradual decrease in the donor intensity (for NP-PMMA-Cy5(SS) see Fig. 2.11B),
confirming FRET in our NPs. The fluorescence emission spectra demonstrated that the FRET
efficiency for the same acceptor:donor ratio is similar for nanoparticles obtained from NP-PMMA-
Cy5(SS) and NP-Asp3N3-Cy5(SS), while for NP-AspN3-Cy5(SS), FRET efficiency was
generally lower, which might be due to partial aggregation of the system (Fig.2.11B, C).
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Fig.2.11. A) Size by DLS, B) emission spectra of NP-PMMA-Cy5(SS) with different Acceptor to Donor
ratios, C) FRET-efficiency for nanopatrticles formulated with different acceptor (A) to donor (D) ratios.

The next step was to verify whether the Cy5 acceptor was really situated on the surface of
the nanoparticles after their formulation. To this end, we added a water-soluble thiol-reducing
reagent DTT and monitored the changes in the fluorescence spectra of our FRET NPs. We
monitored the reduction kinetics by measuring the emission intensity of the donor for NPs with
A/D ratio 1/120 and found that the highest difference is achieved by NP-Asp3N3-Cy5(SS), while
the modified NP-PMMA-Cy5(SS) demonstrated the lowest change (Fig.2.12A, B).
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Fig. 2.12. Response of our FRET NPs to a reducing agent DTT. A) Scheme of reduction with DTT. B)
Reduction kinetics of NP-PMMA-Cy5(SS), NP-AspN3-Cy5(SS), NP-Asp3N3-Cy5(SS) and AspN3-
Cy5(control nanoparticles without disulfide bond) incubated with 30 mM of DTT. Measured emission
intensity at 583 nm. Emission spectra of reduction probes before and after 3h of incubation with 30 mM
of DTT based on C) NP-PMMA-Cy5(SS), D) NP-AspN3-Cy5(SS), E) NP-Asp3N3-Cy5(SS). Excitation
wavelength 530 nm.

Emission spectra after 3 h of incubation with an excess of DTT revealed the nearly complete
loss of the FRET signal for NP-AspN3-Cy5(SS) and NP-Asp3N3-Cy5(SS), confirming that the
reduction agent cleaved the exposed acceptor from NPs surface (Fig.2.12D, E). However, in the
case of polymer NP-PMMA-Cy5(SS), without additional charged group, the dual emission
changed moderately, so that the FRET band of Cy5 was still larger than that of the donor
(Fig.2.12C). This means that in the latter case the acceptor was probably not exposed well to
the surface of the nanoparticles and was inside the nanoparticle, thus shielding the acceptor
from the cleavage. In case of control particles without SS bond, the decrease of the donor
intensity was observed due to the photobleaching (Fig.2.12B). Obtained results demonstrate
that the linker with a charged group is absolutely necessary for the acceptor exposure to the
surface of the NP during the nanoprecipitation.

The same type of nanoparticles with a disulfide bond was also synthesized through the pre-
functionalization route. It can be noted that the NP-Asp3N3-Cy5(SS) demonstrated better
response probably due to better availability of disulfide function (Fig.2.13). Direct excitation of
the acceptor confirmed that DTT did not directly influence Cy5 fluorophore (Fig. 2.13B,D), but
simply cleaved the disulfide bond. Moreover, the obtained FRET NPs constitute promising
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fluorescent ratiometric probes for the reductive environment, which can be of interested for
bioimaging.
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Fig.2.13. Reduction probes obtained via pre-functionalization approach. Fluorescence emission spectra
of NP-AspN3-Cy5(SS) and NP-Asp3N3-Cy5(SS), control NPs and after 3h of incubation with 30mM of
DTT, obtained via surface modification of NP-AspN3 and NP-Asp3N3 with Sulfo-Cy5(SS)(DBCO) A,C)
excitation at 530 nm, B, D) excitation at 640 nm, correspondingly.

Cellular experiments

Fluorescent nanoparticles demonstrated superior sensing properties in comparison to
molecular probes due to their higher brightness and photostability.®* To monitor the reduction
environment inside the cells by our FRET NPs we incubated NP-Asp3N3 with the attached Sulfo-
Cy5(SS)DBCO obtained through pre-functionalization method since it demonstrated the best
result in cuvettes. As a negative control, we also tested FRET NPs, where the acceptor is
attached to the surface without a cleavable disulfide bond.

It is known that the living cell exhibit strong reductive potential in the cytosol as well as in
endosomes and lysosomes, %157 which should result in the cleavage of disulfide bonds of the
internalized NPs. In case of short incubation (20 min at room temperature), both types of FRET
NPs showed strong emission at the cell surface observed in both donor and acceptor channels,
giving yellow-orange color in the merged images. As the NPs did not have time to get inside the
cells, their disulfide was not cleaved and thus their FRET was preserved. After 3 h of incubation
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at 37 °C with HelLa cells, the internalization of both reduction probe and control NPs was
observed. In case of NP-Asp3N3-Cy5, the relative intensity in the acceptor channel remained
high, so that the orange-yellow color in the merged image was preserved. In the case of the
nanoprobe with the disulfide bond, the emission in a donor channel was stronger, which resulted
in yellow-green color in the merged image (Fig. 2.14). This means that the reduction of the
disulfide bond occurred, which resulted in the loss of the acceptor FRET signal.

Donor channel FRET-Acceptor channel Merge Bright-field transmission

Fig.2.14. Cellular experiments. Fluorescence microscopic images of HelLa cells incubated with NPs
(Ratio A:D 1:120) for 20 mins at room temperature (a,c) and for 3 h at 37°C (b,d) containing a,b) NP-
Asp3N3-Cy5; c,d) NP-Asp3N3-Cy5(SS). The excitation wavelength was at 532 nm. Signals from the
donor and the acceptor were recorded at <640 and >640 nm, respectively. Scale bar is 10 pm.

These cellular experiments demonstrate the proof of concept for FRET-based sensing of a
reductive environment with our polymeric particles in live cells.

Conclusions

In conclusion to this part, a functionalized polymer was developed and two principal
approaches for the functionalization of polymer nanoparticles were studied. The first approach
was post-functionalization of nanopatrticle surface, where ligand was attached to the nanoparticle
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after its formulation. The second approach was the pre-functionalization of polymer with a ligand
prior to the nanoparticle formulation.

Both methods have their advantages and limits. The straightforward modification of the
polymer allows to control number of ligands per NP during the nanoprecipitation and eliminates
the purification step. But the type of ligand is limited to the molecules that are soluble in organic
solvents in order to be directly attached to the polymer. Since proteins and oligonucleotides have
poor solubility in organic solvents, this method is not well adapted for the functionalization of
NPs with water-soluble biomolecules. On the other hand, the post-functionalization proceeds in
buffer, so that nanoparticles can be functionalized with any water-soluble molecule. But here the
number of ligands depends on the reaction yield, so the reaction conditions for the desired
number of ligands per NP should be adjusted. Also, the post-functionalization approach includes
a purification step.

Our results demonstrated that for each of these two approaches, the choice of the polymer is
very important. In the case of post-functionalization nanoparticles, the polymer with one
carboxylic group per reactive azide demonstrates faster reaction kinetics than the polymer with
three carboxylic groups. The negative charge is absolutely important to prepare small NPs with
exposed azide. However, the increase of the negative charge close to azide provokes the
repulsion between the polymer and ligand molecules which decelerates the reaction rate. For
the polymer pre-functionalization approach, the attached ligand should be enough hydrophilic or
to have enough charge to be placed on the nanoparticle surface after nanoprecipitation.
Moreover, the more negatively charged linker makes better accessibility of functional moieties
in solution. That is why in case of reduction probes, nanoparticles with three carboxylic groups
demonstrated better results. Obtained results validate methods for surface functionalization of
dye-loaded polymer nanoparticles and suggest their application as advanced FRET-based
sensors or labels for biomolecules.
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2.2 Development of DNA-functionalized nanoparticles for ultrasensitive detection of
nucleic acids

Demand for the detection of biomolecules at ultralow concentrations motivates researches for
the development of new biosensors with enhanced sensitivity.*® One way is amplification
strategies, where the weak signal from the recognition event is converted by amplifiers into one
that can be detected by conventional methods.3* In case of nucleic acid, amplification by
polymerase chain reaction revolutionized the field and remains the most used technique till
nowadays in clinical nucleic acid detection assays.** But PCR-based assays are multistep
processes, which require a mix of expensive reagent, specific equipment and well-trained staff.4®
Therefore researchers keep on developing FRET-biosensor that exploit other amplification
technigues, among which especially promising is optical amplification.’® To this end, conjugated
polymers and noble metal nanoparticles were used as optical amplifiers in proposed DNA-
detection assays.8* However, despite achieved low detection limits, conjugated polymers exhibit
non-specific interaction with other biomolecules in solution. The amplification assays for DNA-
detection with noble metal nanoparticles require complicated techniques, such as DNA origami.

Recently, our group designed dye-loaded nanoparticles operating as giant light-harvesting
nanoantenna that transfers efficiently the energy from >10 000 rhodamine dyes (FRET donors)
to few FRET acceptors inside the nanoparticle. The nanoantenna amplifies acceptors emission
>1000 fold, which enables following their signal at ambient sunlight excitation conditions.%® The
aim of this part of my thesis project was to convert this nanoantenna into ultrasensitive
nanoprobes for nucleic acid detection based on the surface chemistry described in the previous
chapter.

We proposed a design of nanoprobes (Fig.2.15), where dye-loaded polymer nanopatrticle
(FRET donor) modified on the surface with capture oligonucleotide complementary to a nucleic
acid fragment encoding cancer marker survivin (SurC)*®8, SurC is hybridized with a short target-
competitive sequence bearing FRET acceptor Cy5 (TCS-Cy5), so that the acceptor is localized
close to the nanoparticle surface, which ensures good FRET efficiency. Then, the target nucleic
acid displaces TCS-Cy5 acceptors and blocks FRET, so that nanoprobe would switch to green
emission of nanoparticle. Combination of these two oligonucleotide sequences was originally
proposed by Mirkin and co-workers in Nanoflares, which are based on gold NPs.%
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Fig.2.15. Concept of nanoantenna for amplified detection of nucleic acids.

In order to synthesize the nanoprobe, we grafted oligonucleotides to the concentrated NP-
Asp-N3 via reaction with DBCO-bearing oligonucleotides SurC-DBCO and T20-DBCO, followed
by annealing with shorter oligonucleotide TCS-Cy5 bearing FRET acceptor (Fig. 2.16A). The
noncoding sequence T20 was needed to ensure stability and sensitivity of NP-Probe in saline
phosphate buffer containing 30 mM NaCl and 12 mM Mg?*, which is necessary for duplex
stabilization (Fig. 2.16B). Successful grafting of oligonucleotides demonstrated the presence of
Cy5 signal in absorption spectra after purification (~23 = 3 per NP) and appearance of FRET
band in emission spectra (Fig. 2.16C). The power of the obtained nanoantenna amplification
approach was demonstrated by comparison of the NP-system with a molecular FRET probe
(Cy3-SurC/TCS-Cy5), where SurC conjugate with Cy3 dye was hybridized with TCS-Cy5. For
the same FRET acceptor concentration (1 nM of TCS-Cy5), the signal from our NP-Probe was
>100-fold higher compared to the molecular probe (Fig. 2.16D). The TCS-Cy5 was hybridized
with SurC-modified NPs at the different ratios to demonstrate that hybridization of 3-5 TCS-Cy5
per particle produced a clearly detectable change in the dual emission of the nanoprobe,
indicating that just a few molecular recognition events can control emission of ~3200 donor dyes
inside nanoantenna (Fig. 2.16E). This sensitivity of the nanoantenna-based probes to few
hybridization events together with a strong signal amplification phenomenon is of key importance
for the detection of the target nucleic acids.
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Fig.2.16. A) Scheme of nanoprobe synthesis, B) size by DLS of NP-AspN3 (conc), NP-SurC and NP-
SurC-T20 (latter and after 2-month storage). C) Absorbance spectra of control (PMMA-MA) and NP-
Probe after reaction with SurC-DBCO and T20-DBCO followed by hybridization with TCS-Cy5 and
purification, D) Fluorescence emission spectra of NP-SurC/T20, NP-Probe at 1 nM of TCS-Cy5 and
Molecular probe at 1nM of TCS-Cy5 (experimental conditions and 100x). E) Normalized fluorescence
spectra of NP-SurC-T20 at different number of hybridized TCS-Cy5 per particle.

In the presence of the nucleic acid target (DNA and RNA) encoding survivin NP-Probe lost
FRET signal at 670 nm, in contrast to the control sample without the target. Further incubation
of NP-Probe with DNA target mismatches demonstrated good sequence specificity (Fig. 2.17A).
We estimated the limit of detection of 5 pM in solution and demonstrated the robustness of the
NP-Probe in different biological media (Fig. 2.17B-C). The ultimate test for the nanoprobe was
to determine their performance at the single-particle level. Fluorescence microscopy of these
NPs immobilized on the glass surface!®®, showed homogeneity of their fluorescence intensity
(Fig. 2.17D) that was ~100-fold stronger than that of QD605. Incubation with different
concentrations of the survivin target showed that nanoprobe is functional at the single-particle
level in different biological media with a limit of detection of 0.25 pM (Fig.2.17E-F).
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Fig.2.17. A) fluorescent emission spectra of NP-probe after incubation with DNA and RNA target and
DNA targets containing 1, 2 and 3 mismatches; B) values of FRET response A/(D+A) of NP-probe after
incubations with different amounts of DNA target and C) with 500 pM DNA target in different biological
media, D) images of replacement of 10 pM DNA target at the single-particle level, E) ratiometric response
of immobilized NP-probe to different concentrations of DNA target at three different incubation times, F)
responses of NP-probe 10 pM DNA target after 20h incubations at 4°C in different biological media.

In conclusion to this part, we developed a methodology of chemical functionalization of dye-
loaded polymeric NPs with nucleic acids. The obtained probes showed unpreceded properties,
such as high brightness, amplification of the nucleic acid detection where FRET from ~3000
donors inside NPs was successfully realized to a few (~20) acceptors at the surface. Thus, we
developed an ultrabright platform for amplified FRET-based sensing of nucleic acids.

These results were published in the article: Nina Melnychuk & Andrey S. Klymchenko. DNA-
Functionalized Dye-Loaded Polymeric Nanoparticles: Ultrabright FRET Platform for Amplified
Detection of Nucleic Acids. J. Am. Chem. Soc. 2018, 140, 10856-65. Moreover, a European
patent application (18305253.9) was deposited.

A full description of the work can be found in the article enclosed below.
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Article 1. DNA-Functionalized Dye-Loaded Polymeric Nanoparticles:
Ultrabright FRET Platform for Amplified Detection of Nucleic Acids
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ABSTRACT: Going beyond the limits of optical biosensing
motivates exploration of signal amplification strategies that convert
a single molecular recognition event into a response equivalent to
hundreds of fluorescent dyes. In this respect, Forster Resonance
Energy Transfer (FRET) with bright fluorescent nanoparticles
(NPs) is an attractive direction, but it is limited by poor efficiency
of NPs as FRET donors, because their size is typically much larger
than the Forster radius (~5 nm). Here, we established FRET-
based nanoparticle probes that overcome this fundamental
limitation by exploiting a phenomenon of giant light harvesting
with thousands of strongly coupled dyes in a polymer matrix.
These nanoprobes are based on 40 nm dye-loaded poly(methyl

sy %% FRET
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Light-harvesting in 40-nm antenna:
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100-fold brighter
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methacrylate-co-methacrylic acid) (PMMA-MA) NPs, so-called light-harvesting nanoantennas, which are functionalized at their
surface with oligonucleotides. To achieve this functionalization, we developed an original methodology: PMMA-MA was
modified with azide/carboxylate bifunctional group that enabled assembly of small polymeric NPs and their further Cu-free
click coupling with oligonucleotides. The obtained functionalized nanoantenna behaves as giant energy donor, where
hybridization of target nucleic acid (encoding survivin cancer marker) with ~23 grafted oligonucleotides/CyS-acceptors
switches on/off FRET from ~3200 rhodamine-donors of the nanoantenna, leading to 75-fold signal amplification. In solution
and on surfaces at single-particle level, the nanoprobe provides sequence-specific two-color ratiometric response to nucleic acids
with limit of detection reaching 0.25 pM. It displays unprecedented brightness for a FRET biosensor: it outperforms analogous
FRET-based molecular probe by >2000-fold and QDot-605 by ~100-fold. The developed concept of amplified sensing will

increase orders of magnitude sensitivity of fluorescent probes for biomolecular targets.

B INTRODUCTION

The problem of limited brightness of fluorescent dyes' in
biomolecular sensing stimulated development of amplification
mechanisms that convert a single molecular recognition event
into a response equivalent to hundreds of fluorescent dyes.”
Beyond strategies that multiply (chemically/enzymatically) the
number of molecular species,” concepts of direct amplification
of dye emission have been developed. The first one is based on
conjugated polymers, where a large number of aromatic unites
strongly coupled by z-conjugation can efficiently transfer the
excitation energy to a single energy acceptor.4 Second one uses
plasmonic nanostructures (nanoantennas), where fluorescence
of single molecules located in the “hot spots” can be amplified.®
Fluorescent nanoparticles (NPs),’ such as quantum dots
(QDots),” dye-doped silica,’ aggregation-induced emission,”
conjugated polymer,'® and dye-loaded polymer'' NPs, being
much brighter than organic dyes, are promising scaffolds for
fabrication of biosensors with signal amplification. To convert
fluorescent NPs into biosensors (nanoprobes), Ferster
Resonance Energy Transfer (FRET) is generally used, where
the particle serves as energy donor, while energy acceptors with
target-recognition units are grafted to its surface.'” However,

-4 ACS Publications  © 2018 American Chemical Society

to achieve direct signal amplification in this case, efficient
FRET from the whole particle to a single acceptor should be
achieved, which is a fundamental challenge because the particle
size is generally much larger than the Forster radius (~$
nm)."**~%"® For instance, in case of QDots, which are probably
the most popular NPs for fabrication of biosensors,*" efficient
FRET can be obtained only when significant amounts of FRET
acceptors (10—50) are attached to their surface through a
thinnest possible organic shell."**'* Dye-loaded polymeric NPs
are particularly attractive alternatives to QDots,'' because of
their superior brightness,'> biocompatible/biodegradable ma-
trix, and low cytotoxicity.'® Very recently, following a concept
used by nature in chlorophyll,'’” we designed dye-loaded
polymeric NPs operating as giant light-harvesting nano-
antenna.'® Its >10 000 rhodamine dyes, assembled together
by bulky counterions within in 60 nm poly(methyl
methacrylate-co-methacrylic acid (PMMA-MA)-based nano-
particle, transferred efficiently the energy to few FRET
acceptors inside the particle, leading to amplification of their
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TCS-Cy5

Figure 1. Concept of polymeric nanoantenna for amplified detection of nucleic acids. The dye-loaded nanoparticle is schematically presented,
bearing noncoding (in gray) and capture (dark red) oligonucleotides. Yellow arrows schematically show the light-harvesting process toward FRET
acceptor at the surface of nanoparticle. Target NA displaces short oligonucleotide with FRET acceptor (TCS-CyS) from the NP surface, resulting
in the FRET loss, so that the emission of the probe switches from red (acceptor) to green (donor). Chemical structures of the rhodamine derivative

R18 and its bulky counterion F5-TPB are also shown.

emission >1000-fold. It surpassed plasmonics-based amplifica-
tion values'” and enabled first observation of single molecules
in sunlight conditions.'® However, to transform them into
probes for biomolecules, the surface chemistry of these unique
nanomaterials remains to be developed.

The ubiquitous nature of nucleic acids (NAs) makes them
highly important targets for detection in biological research
and medical diagnostics.””*" Their ultralow concentrations in
biological samples, below the detection limit of fluorescent
molecular probes, require molecular multiplication techniques,
notably polymerase chain reaction (PCR), a multistep process
that uses complex mixture of reagents, sophisticated equipment
and well-trained staff.>' Chemists developed variety of
fluorescent probes that can detect low concentrations of
NAs, up to few pM, but they also use molecular multiplication,
based on enzymes™ or hybridization chain reactions.’*** To
achieve direct one-step amplification, without molecular
multiplication, cationic conjugated polymers were initially
proposed,”” because they can report on sequence specific
hybridization improving detection limits down to the 10 pM
range.”’ However, their limitations are nonspecific interaction
with other NA duplexes and proteins, and strong dependence
on the ionic strength.”* Noble metal nanoparticles offered new
opportunities in NA detection.’”’*® Very recently, Tinnefeld
and co-workers pioneered the amplified detection of NAs
based on plasmonics nanoantenna positioned precisely in
space with help of DNA origami.”> The amplification achieved
was 7.3 on average, although higher values were observed for
some NPs. In this respect, our organic nanoantennas are
expected to offer new possibilities.

We hypothesize that giant light-harvesting in the organic
nanoantenna can be used to establish a concept of amplified
FRET-based sensing, where a few nucleic acid hybridization
events at the nanoantenna surface can trigger fluorescence
response of thousands of dyes. To this end, a methodology of
chemical functionalization of the PMMA-MA-based nano-
antenna with oligonucleotides has to be developed first.
Moreover, to achieve efficient FRET, the size of the
nanoantenna particle should be optimal (40—S0 nm) and
the distance from its surface to the FRET acceptor should be
minimized. However, small PMMA-MA-based NPs bearing
nucleic acids have not been reported to date. The problem is
inefficiency of the direct coupling of hydrophobic polymers

(including PMMA-MA derivatives) with oligonucleotides
because of difficulty to solubilize together highly apolar and
polar species,”® so that solid phase synthesis is required.****’
However, the examples of direct modification of polymeric
NPs by oligonucleotides are limited to block copolymers
containing relatively large hydrophilic units with PEG linkers,*®
which is incompatible with our FRET strategy. On the basis of
our recent work, showing that a single charge per polymer is
sufficient to assemble small NPs by nanoprecipitation,” we
expect that addition of a reactive group next to this charged
group will enable preparation of functionalizable nano-
antennas.

In the present work, we developed a robust approach to
functionalize small (<50 nm) polymeric NPs with oligonucleo-
tides and thus provided the first platform based on dye-loaded
organic nanoantennas for amplified sensing of biomolecules.
Due to the light-harvesting principle, we achieved eflicient
FRET from ~3200 donor dyes inside nanoantenna to ~23
acceptors hybridized at the particle surface, leading to average
signal amplification of 75. Being ~100-fold brighter than
QDot-60S, the nanoprobes produce donor/acceptor emission
ratio response to just 3—4 NA hybridizations per particle,
which makes them the brightest nanoprobes reported to date.
The nanoprobe was designed to detect a fragment of nucleic
acid encoding survivin protein, an important antiapoptotic
cancer marker.”” The obtained nanoprobe operates in solution
and on surfaces delivering limit of detection for the NA target
of 5 and 0.25 pM, respectively, which is 1000—10 000-fold
lower than that achieved using molecular probes. Given the
universality of FRET-based detection concept, our functiona-
lizable organic nanoantennas open the route to a broad range
of ultrabright probes for amplified detection of biomolecules.

B RESULTS AND DISCUSSION

Design of Nanoprobes for Nucleic Acids. In our design,
the light-harvesting nanoantenna (FRET donor) is based on
poly(methyl methacrylate-co-methacrylic acid (PMMA-MA,
1.6% methacrylic acid) NPs loaded with ion pair of
hydrophobic rhodamine (R18) with bulky hydrophobic
counterion tetrakis(pentafluorophenyl)borate (FS-TPB). The
latter serves as spacer between dyes to minimize their
aggregation-caused quenching inside NPs'* and ensures
ultrafast excitation energy migration required for eflicient
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Figure 3. Characterization of DNA conjugates with nanoantenna particles. (a) Size by DLS of NPs bearing the motif AspN3 (NP-AspN3), NPs
bearing AspN3 prepared at high concentration (NP-Asp-N3-Conc), NPs bearing AspN3, and target-specific oligonucleotide SurC (NP-SurC), NPs
bearing Asp-N3, SurC, and nonspecific oligonucleotide T20 (NP-SurC-T20), and the latter after 2 months storage (NP-SurC-T20, 2 months). (b)
Absorption spectra of control PMMA-MA NPs (without azide groups) and NP-AspN3 after reaction with SurC followed by hybridization with
TCS-CyS (NP and NP-SurC/Cys, respectively), and NP-AspN3 after reaction with SurC and T20 followed by hybridization with TCS-CyS (NP-
SurC-T20/CyS). (c) Fluorescence spectra of NP-SurC-T20 (43 pM) without and with TCS-CyS (1 nM) and comparison with spectra of
corresponding molecular probe Cy3-SurC/TCS-CyS (1 nM) at the same instrumental conditions. For better comparison the latter spectrum was
also multiplied 100-fold, showing that it is >100 fold less bright than the NP-probe. TEM images of NP-AspN3 (d) and NP-SurC-T20 (f) and
corresponding size distribution statistics (e,g). Scale bar S0 nm. (h) Normalized fluorescence spectra of NP-SurC-T20 at different number of
hybridized TCS-CyS per particle. Phosphate buffer (20 mM, pH 7.4) with 30 mM of NaCl and 12 mM of MgCl, was systematically used. (c,h)

Excitation wavelength was 530 nm.

light harvesting (Figure 1).'® This nanoantenna is modified at
the surface with a capture oligonucleotide, complementary to a
nucleic acid fragment encoding cancer marker survivin (20mer,
SurC). SurC is hybridized with a short target-competitive
sequence bearing FRET acceptor CyS (12mer, TCS-CyS), so

10858

that the acceptor is localized close to the nanoantenna surface.
CyS dye was selected because its absorption spectrum has a
good spectral overlap with the emission spectrum of R18/FS-
TPB-loaded NPs with a Forster radius of 6.1 nm.'*
Combination of these two oligonucleotides was originally
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proposed by Mirkin and co-workers in NanoFlares,”***" which
ensured quenching of dyes located close to gold NPs. In our
case, this design is used to induce FRET form nanoantenna to
CyS acceptor. Here, thousands of rhodamine dyes inside
nanoantenna pump the energy to a few CyS acceptors at the
surface, resulting in strong acceptor (red) emission amplified
by the light harvesting (Figure 1). Then, the target nucleic acid
displaces TCS-CyS acceptors and blocks FRET, so that
nanoprobe should switch to green emission of nanoantenna.
Importantly, a few hybridization events are expected to switch
emission of thousands of dyes, provide this basis for signal
amplification. To obtain such a nanoprobe, the primary
challenge is to functionalize our polymeric nanoantenna with
controlled number of oligonucleotides.

DNA-Modified Polymeric Nanoparticles. In the first
approach, we modified the PMMA-MA polymer with an azide
group (PMMA-N3), which was further reacted with
oligonucleotide bearing dibenzocyclooctyne (DBCO) unit
through a Cu-free click cycloaddition.”® The latter was
reported to provide efficient coupling without DNA damage.*
However, this direct coupling failed because we could not find
an appropriate solvent to solubilize both polar oligonucleotide
and apolar polymer. Moreover, in contrast to PMMA-MA,
nanoprecipitation of PMMA-N3 gave only very large
aggregates (Figure S1 of the Supporting Information, SI),
because the charged carboxylate group, essential for obtaining
small NPs,"®* was absent in PMMA-N3. Therefore, we
designed a polymer bearing both charged carboxylate and
reactive azide groups in close proximity. In addition to
formation of small NPs, this charged group can favor the
exposure of reactive azide group at the NPs surface (Figure 2).
For this purpose, we developed a three-functional linker
containing: (i) carboxyl as a charged group; (ii) azide for
coupling with the oligonucleotide; and (iii) amino group for
conjugation with the polymer (Figure 2). As a building block,
we chose the biprotected aspartic acid, commonly used for
solid-phase peptide synthesis, Fmoc-Asp(OtBu)—OH. Its
carboxylic function was modified with 3-chloropropylamine,
and then the chlorine was substituted with an azide, which
resulted also in Fmoc removal giving target linker Asp(OtBu)-
N3 (Figure 2). The latter was coupled with PMMA-MA
through an amide bond. NMR spectra confirmed good yield of
the polymer modification. Finally, tert-butyl group was
removed giving a final polymer (PMMA-AspN3) for
preparation of functionalized nanoantennas (Figure 2).

Nanoprecipitation of acetonitrile solution of PMMA-AspN3
polymer with fluorescent dye (R18/FS-TPB) into aqueous
buffer (pH 7.4) gave small NPs (35 nm, Figure 3a),
highlighting the crucial role of the additional charged
carboxylate group. Moreover, with modified nanoprecipitation
protocol, concentration of PMMA-AspN3 NPs was further
improved ~10-fold (Figure S2), while keeping small particle
size (42 nm, Figure 3a). Despite high 30 wt % loading of R18/
FS-TPB (e.g, ~ 3200 dyes per 40 nm particle), the
fluorescence quantum yield of NPs was very high (47%,
Table S1), which renders our nanoantenna particles excep-
tionally bright.

For grafting oligonucleotides, the obtained concentrated
dye-loaded NPs were reacted with DBCO-bearing oligonucleo-
tide SurC-DBCO for 18 h at different temperatures, followed
by annealing with shorter oligonucleotide TCS-CyS bearing
FRET acceptor. The purification of the DNA-conjugated NPs
from nonreacted oligonucleotides was achieved by successive

filtrations through 100 kDa filters, as verified by absorption
spectroscopy (Figure S3). Fluorescence spectra suggested that
at 4 and 20 °C the reaction did not occur, while at 40 °C we
observed a clear FRET signal from NPs to hybridized TCS-
CyS, indicating successful conjugation reaction (Figure S4).
Moreover, grafting reaction at 40 °C was confirmed by
absorption spectroscopy, where the signal of the hybridized
TCS-CyS was observed in the purified samples, in contrast to
negative control based on PMMA-MA NPs without azide
group mixed with SurC-DBCO (Figure 3b). The heating at 40
°C is probably necessary in order to increase the probability of
collision between DBCO group grafted to oligonucleotide and
azide group at the particle surface, in line with relatively slow
DBCO/azide reaction kinetics reported recently for other type
of polymeric NPs.”* However, in phosphate buffer containin%
12 mM Mg*" ions, required for formation of stable duplexes,”
DNA-NPs conjugates (NP-SurC) showed relatively large size
(Figure 3a), probably because of partial aggregation of the
obtained NPs.

Stability of DNA-NPs conjugates can be improved by
increasing number of oligonucleotides per particle, as it was
recently shown for NPs built of ring-opening metathesis block
copolymers.”®* However, to achieve the highest optical
amplification through the light-harvesting mechanism, minimal
ratio of acceptors to donors should be used,'® ie., minimal
number of FRET acceptors should be grafted to the particle
surface. To address these both issues, our NPs were reacted
with a mixture of coding (SurC-DBCO) and noncoding (T20-
DBCO) oligonucleotides. According to absorption spectros-
copy, addition of T20-DBCO (20 uM) to SurC-DBCO (3
uM) did not inhibit the grafting of SurC to NPs surface
(Figure 3b), probably because azide groups of NPs were in
excess (26 4M). Fluorescence spectra of these NPs (NP-SurC-
T20/CyS) showed strong emission of the FRET acceptor
TCS-CyS around 670 nm (Figure 3c). Moreover, the emission
maximum of Cy$S shifted to the red and its anisotropy value
increased compared to free TCS-CyS (Figure SS), confirming
the TCS-CyS/SurC hybridization. These results suggested
successful grafting of SurC-DBCO to NPs in the presence of
T20-DBCO. Remarkably, NP-SurC-T20/CyS particles re-
mained small in phosphate buffer with Mg*'ions and their
size did not change even after 2 month incubation in this
medium (Figure 3a). Moreover, their emission spectrum with
characteristic FRET signal remained practically invariant for
this 2 month period (Figure S6). Therefore, grafting excess of
noncoding DNA (T20) is essential for stability of our
polymeric NPs. In addition, transmission electron microscopy
(TEM) confirmed that conjugation of NPs with oligonucleo-
tides did not modify their spherical shape and monodispersity,
while their size increased only by ca. $ nm (Figure 3d-g).

Signal Amplification by Nanoantenna. Our further
studies were focused on the most promising NPs bearing both
SurC and T20. Their hybridized form with FRET acceptor
TCS-CyS (NP-SurC-T20/CyS) was called “NP-probe”. The
synthesis of these nanoprobes was repeated four times showing
good reproducibility of their size and spectroscopic properties
(Table S2). On the basis of the absorption data and the
particle size from TEM (41 + 12 nm) we estimated that 23 +
3 (s.e.m., n = 4) FRET acceptors (TCS-CyS) were grafted per
nanoantenna particle containing 3200 + 400 donor dyes. In
this respect, two outstanding features of NP-probe should be
mentioned: (i) high fluorescence quantum yield (46%, Table
S1) and (ii) 60 + 6% FRET efficiency from 3200 donor dyes
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inside nanoantenna of 20 nm radius to 23 acceptors at the
surface, i.e., through distances far beyond the Forster radius
(6.1 nm). This is a highly efficient light-harvesting phenom-
enon with minimal energy losses, where giant ensemble of
donors “pumps” the energy to few acceptors, which implies
strong amplification of the acceptor emission (antenna effect).
The antenna effect, measured as an intensity ratio of the donor
to acceptor in the excitation spectra (Figure $7),>* was 58 + 1
with high reproducibility for all four preparations (Table S2).
This result means that excitation via nanoantenna amplifies
acceptor (TCS-CyS) emission 58-fold. To show the power of
our nanoantenna amplification approach, we compared the
NP-system with a molecular FRET probe (Cy3-SurC/TCS-
CyS), where SurC conjugate with Cy3 dye was hybridized with
TCS-CyS. The Cy3 dye was chosen because it exhibited
similar absorption and emission properties to rhodamine dye
used in our NPs (Table S1). Remarkably, for the same FRET
acceptor concentration (1 nM of TCS-CyS), the signal from
our NP-probe was >100-fold higher compared to the
molecular probe (Figure 3c), in line with the antenna effect
values. As the NP-probe concentration in this case was 43 pM,
the single NP-probe was >2000-fold brighter than the single
molecular probe. Finally, we verified the minimal number of
TCS-CyS that NP-probe can distinguish by its FRET signal.
To this end, TCS-CyS was hybridized with SurC-modified NPs
at the different ratios (Figure S8). The increase in number of
FRET acceptors per NP improved the FRET signal (Figure
3h). Remarkably, hybridization of 3—5 TCS-CyS per particle
produced clearly detectable change in the dual emission of the
nanoprobe, indicating that just a few molecular recognition
events can control emission of ~3200 donor dyes inside
nanoantenna. This unique sensitivity of our nanoantenna-
based probes to few hybridization events together with strong
signal amplification phenomenon are of key importance for
detection of the target nucleic acids.

Detection of Target Nucleic Acids. In the presence of
the NA target encoding survivin NP-probe totally lost FRET
signal at 670 nm, in contrast to the control sample without the
target (Figure 4a). Importantly, the response is ratiometric,
displaying >5-fold change in the A/D intensity ratio. This
result shows that the target sequence displaced FRET acceptor
TCS-CyS at NPs surface, thus stopping FRET. Moreover, the
response of NP-probe decreased drastically already for a single
mismatch in the target sequence, which was located in the
middle of the region corresponding to the target-competitive
sequence. Second and third mismatches further deteriorated
the response to the oligonucleotide (Figures 4a as S9),
showing very good sequence-specificity of the NP-probe. We
further verified the importance of the Mg*" ions in the
response of NP-probe. Remarkably, below 12 mM of Mg*,
NP-probe showed a decrease in the FRET signal after 3 h
incubation without the target (Figure S10a), confirming that
12 mM concentration of Mg** ensures stability of the duplex
between the capture sequence and TCS-CyS. Importantly, the
response of NP-probe to the target also decreased at lower
Mg** concentrations (Figure S10), indicating that Mg** could
also assist the displacement of TCS-CyS by the target
sequence. Therefore, 12 mM concentration of Mg** was
systematically used in all further experiments. Then, the NP-
probe diluted to TCS-CyS concentration of 10 pM (i.e., ~0.4
pM NP-probe) was tested in growing concentrations of NA
target. The relative intensity of the FRET acceptor, expressed
as semiempirical parameter of FRET efficiency, A/(A + D),
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Figure 4. Response of nanoprobe to the nucleic acid target. (a)
Fluorescence spectra of NP-probe (100 pM of TCS-CyS) after
incubation for 20 h at 4 °C without and with survivin NA target (1
nM). Targets containing 1, 2, and 3 mismatches were tested at the
same conditions. Fluorescence spectra (b) and values of FRET
response A/(A + D) (c) of NP-Probe after incubation with target at
different concentrations. A and D are the pick intensities of the
acceptor (at 665 nm) and the donor (at 580 nm), respectively.
Concentration of the NP-probe corresponds to 10 pM of TCS-CysS.
Phosphate buffer (20 mM, pH 7.4) with 30 mM of NaCl and 12 mM
of MgCl, was systematically used. (d) FRET response of the NP-
probe (100 pM of TCS-CyS) to the NA target (500 pM) in different
biological media (concentration of Mg** was adjusted to 12 mM):
Control (20 mM phosphate buffer with 30 mM of NaCl), PBS, BSA
(0.5 mg/mL in PBS), OptiMEM, FBS (inactivated, 10% in
OptiMEM), Human Serum (inactivated, 10% in OptiMEM), and
DNA from calf thymus (CT-DNA, heat denatured, 10 pug/mL in
PBS). (c,d) Error bars are standard deviation of the mean (n = 3).
Excitation wavelength was 530 nm.

gradually decreased in the concentration range of the NA
target from 20 to 200 pM (Figure 4b,c). The estimated limit of
detection (LOD) was S pM, which is remarkably low for a
standard fluorometer. Then, we checked whether our nanop-
robe is operational in different biological media. In all studied
media, namely phosphate buffered saline (PBS), PBS with
bovine serum albumin (BSA), Opti-MEM (cell culture
medium without serum), Opti-MEM with fetal bovine serum
(FBS), and Opti-MEM with human serum, the probe showed
robust ratiometric response to the NA target: decrease in the
relative intensity of the acceptor emission (Figure 4d).
Moreover, the probe preserved the response in the excess of
the denatured calf thymus DNA, which served as model of
random NA sequence. Thus, our NP-probe is compatible with
highly complex media containing variety of biomolecules,
including proteins and NAs.

Evaluation of NP-Probe at the Single-Particle Level.
The ultimate test for the performance of the nanoprobe is to
verify whether it can operate at the level of single particle. To
this end we modified the glass surface with A20 sequence,
which is complementary to that of noncoding T20 sequence of
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Figure S. Single-particle imaging of immobilized nanoprobes. (a) Scheme of nanoprobes immobilization on glass surface modified with BSA-biotin,
neutravidin, and A20-biotin. The interaction with the surface occurs due to hybridization of A20-biotin with T20 of NP. (b) Wide-field
fluorescence microscopy of the immobilized NPs: quantum dots (QDot-605) excited at 470 nm, control NP-T20 and nanoprobe (sum of donor
and acceptor channels is shown). To obtain comparable signals excitation power density for QDot-605 was 25-fold higher than that for NP-T20
and nanoprobe: 14 vs 0.56 W cm ™2, respectively. (c) Histogram of single-particle intensity distribution for these three types of NPs. At least 1000
NPs were analyzed in each case. (d) Wide-field microscopy images of the nanoprobe at the acceptor (direct excitation at 640 nm), antenna-
amplified acceptor (FRET-Acceptor), donor (FRET-donor), and merged FRET-Acceptor and donor channels (at the same intensity scale). The
excitation of nanoprobe (FRET-Donor and FRET-Acceptor) was at 550 nm with excitation power density 0.4 W cm™2, while direct excitation of
acceptor was done at 640 nm using 50-fold higher power density (20 W cm™2). Signals from FRET-Donor and FRET-Acceptor were recorded at
<640 and >640 nm, respectively. Integration time was systematically 200 ms. (b,d) Scale bar, 5 ym. (e) Amplification of FRET-Acceptor emission

(antenna effect) by the nanoprobe at the single-particle level presented as a distribution histogram. At least 1500 NPs were analyzed.

our NP-probe (Figure Sa). After incubation with the NP-probe
fluorescent particles were clearly seen displaying remarkable
homogeneity of their fluorescence intensity (Figure Sb,c).
Importantly, the overall (donor + acceptor) intensity recorded
per NP-probe was similar to that for control NP-T20 (without
acceptor), being ~100-fold higher compared to QDdot-60S
excited at optimal (470 nm) wavelength (Figure Sb,c, Table
S3). This unprecedented brightness for a FRET biosensor is
explained by high overall fluorescence quantum yield of NP-
probe (46%) and ~3200 rhodamine dyes inside nanoantenna
with total molar extinction coefficient of ~3.2 X 10®* M~'em™
at 550 nm (vs 1.1 X 10°* M~'em™ for QDot-605 at 488 nm)
that serve as giant ensemble of energy donors.

To evaluate FRET signal at the single particle level, the
images of NPs were recorded simultaneously at the green
(donor) and red (acceptor) channels. It can be seen that NP-
probe showed similar intensities at these two channels and
appeared mostly yellow in the overlay (Figure Sd), whereas
control NP-T20 showed signal only in the donor channel
(Figure 6a). These results provide clear evidence that, after
immobilization at the surface, our NP-probe preserved strong
FRET, as in the spectroscopy measurements (Figure 3c).
Then, to evaluate antenna effect at the single-particle level, we

compared emission of the acceptor excited via nanoantenna (at
550 nm) vs that directly excited at 640 nm. Remarkably, 50-
fold higher excitation power density (irradiance) at 640 nm
was required to achieve emission intensity comparable to that
excited at S50 nm (Figure Sd). Quantitative image analysis
revealed 75 + 30 fold amplification of acceptor emission
(Figure Se), in line with the spectroscopic data in solution. We
should note that this is the first report where this high
amplification is reported at the single particle level for a
biosensor. Previous reports that used QDot as a FRET donor
for NA detection at the single particle level did not exploit
light-harvesting concept because a large number of acceptors
per particle (~50) was required to achieve efficient FRET."*"
Indeed, the ratio of extinction coefficients of QDot-605 (1.1 X
10° M~'em™at 488 nm) to 50 acceptors (2.5 X 10° X 50 =
125 x 107 M'em™) is 0.09, suggesting that excitation
through QDot-605 is less efficient than direct excitation of the
acceptors. In case of our nanoantenna, the ratio of extinction
coefficients of nanoantenna and 23 acceptors at the used
excitation wavelengths (550 and 640 nm) is 3.2 X 10°/4.5 X
10° = 71, in agreement with the amplification values measured
at the single-particle level. The amplification at the single-
particle level within a biosensor was reported very recently for
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Figure 6. Response of surface-immobilized NP-probe to the NA target at the single-particle level. (a) Wide-field FRET images (donor channel,
acceptor channels and overlay) and (b) corresponding histograms of relative FRET efficiency, A/(A + D), of the NP-probe (first row), nanoprobe
after incubation with 100 pM survivin NA target for 20 h at 4 °C (second row) and control NP-T20 (third row). All channels are represented at the
same intensity scale. The excitation wavelength was at 550 nm with 0.4 W cm™ power density. Signals from the donor and the acceptor were
recorded at <640 and >640 nm, respectively. A and D are the integrated densities of the signal from individual particles recorded at the acceptor

and the donor channels, respectively. Scale bar, 5 ym.

a plasmonic system using DNA origami, where the average
amplification was 7.3.>°

Finally, we tested the response of our nanoprobe to the
target at the single-particle level (Figure 6). After incubation of
immobilized NP-probe with the target the emission in the red
channel strongly decreased, in line with our observations by
fluorescence spectroscopy. The semiquantitative FRET
efficiency parameter, A/(A + D), decreased from 0.48 down
to 0.20 (Figure 6b), reaching values close to that for the
control NP-T20 without FRET acceptor (0.12). Immobilized
NP-probe was able to detect NA target in the concentration
range of 1—1000 pM (Figures 7a and S11) with a remarkably
low LOD of 0.25 pM (down to 12.5 X 107*® moles in 50 uL).
At low target concentration, the response of NP-probe was
significantly improved for longer incubation times (Figure 7a),
showing that sensitivity of our system was only limited by the
kinetics of hybridization with the target NA. The latter is
known to be on the time scale of hours for pM NA
concentrations.”® Robust detection of 10 pM NA target at
the single-particle level was achieved in the presence of BSA,
bovine and human serum (Figures 7b,c and S12), showing
potential of our surface-immobilized NP-probe for develop-
ment of future diagnostics assays. Finally, we should stress that
~23 hybridization events at the surface of the single NP-probe
(corresponding to the number of TCS-CyS per NP) resulted
in the color switching of a particle exhibiting the brightness of
>3000 rhodamine dyes or ~100 QDot-60S. This outstanding
performance of the developed NP-probe has two important

consequences. First, the observed color switching implies that,
at the single particle level, the NP-probe could readily detect
just a few copies of the nucleic acid target. Indeed, according to
spectroscopy data, hybridization of 3—5 nucleotides can
provide detectable change in the FRET signal (Figure 3h).
Second, due to the signal amplification produced by light
harvesting with >3000 dyes, the target nucleic acids could be
detected at very low excitation power density (0.4 W cm™) of
LED in an epi-fluorescence mode, which is >100 fold-lower
than required in the single-molecule detection measurements.
The use of low power significantly decreases the background
noise and makes possible detection of a few copies of nucleic
acids using relatively weak and inexpensive light sources and a
simple imaging setup.

B CONCLUSIONS

Here, we introduce a concept of amplified fluorescence sensing
based on giant light-harvesting ensemble of organic dyes in a
polymeric nanoparticle (nanoantenna). This nanoantenna
serves as superefficient energy donor in a FRET-based nucleic
acid detection assay, where a few hybridization events at the
surface of the nanoparticle switch on/off energy transfer from
thousands of dyes. As chemical modification of small polymeric
nanoparticles with oligonucleotides remains a challenge, we
developed an original strategy for functionalization of the
polymeric nanoantennas. Bifunctional moiety bearing charged
carboxylate and azide was grafted to a biocompatible
hydrophobic polymer (PMMA-MA), which ensured (i)
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Figure 7. Single-particle evaluation of NP-probe ratiometric response
in different conditions. (a) Ratiometric response of the immobilized
NP-probe to different concentrations of survivin NA target after three
different incubation times: 1 and 4 h at room temperature, and 20 h at
4 °C. (b) Reponses of NP-probe 10 pM NA target after 20 h
incubation at 4 °C in different biological media: BSA, FBS, and
human serum (HS) in PBS. (a,b) The error bars are s.e.m. At least
1000 particles were analyzed for each condition. (c) Example of
overlaid images of Donor and Acceptor channels for NP-probe
incubated with 10 pM NA target after 20 h incubation at 4 °C. The
excitation wavelength was 550 nm with power density of 0.4 W cm™>;
integration time was 200 ms. Scale bar, S ym.

preparation of small nanoparticles (~40 nm) by nano-
precipitation and (ii) effective exposure of the azide group
for coupling with oligonucleotides by Cu-free click reaction.
Using this strategy, we functionalized the nanoantenna
particles with two oligonucleotides simultaneously. The first
one is the molecular recognition unit that after hybridization
with the target nucleic acid (encoding a fragment of cancer
marker survivin) removes the energy acceptor (CyS dye) from
the nanoantenna surface, triggering the loss of FRET. The
second one is a noncoding oligonucleotide, which is found to
be essential for nanoparticle stability in biological media. The
obtained nanoprobes display efficient FRET (>60%) from
~3200 rhodamine-based donor dyes of nanoantenna to only
23 CyS-acceptors. This efficient light-harvesting phenomenon
results in the amplification of the acceptor emission (antenna
effect) reaching 75. The nanoprobe detects target nucleic acid
by changing the ratio of its donor/acceptor intensity ratio and
can distinguish down to 3—5 hybridizations at its surface. Our
nanoantenna based probe is ~100-fold brighter than quantum
dots (QDot-60S) and >2000-fold brighter than analogous
FRET-based molecular probe. To our knowledge, it is the first
nanoparticle-based probe for biomolecules that combines this
exceptional brightness and such high signal amplification. The
nanoprobe operates in solution and on surfaces at the single-
particle level delivering limit of detections of 5 and 0.25 pM,
respectively, the latter being limited only by the hybridization
kinetics. We expect that the outstanding brightness and
amplification characteristics of nanoantenna probes will greatly

simplify detection of nucleic acids with low-cost portable
fluorescence detection instruments, which is of highest
importance for detection biomolecular markers of diseases in
point of care diagnostics. Moreover, our functionalized organic
nanoantenna, owing to the exceptional capacity to donate the
energy from thousands of donors to few acceptors at its
surface, can increase by orders of magnitude brightness of
practically any FRET based detection assay.

B EXPERIMENTAL SECTION

Oligonucleotides. Lyophilized single strand DNA sequences
were purchased from IBA, dissolved in Milli-Q water, aliquoted and
stored at —20 °C for further experiments. The oligonucleotide
sequences used in this study are shown below. SurC-DBCO, 5’-CCC
AGC CTT CCA GCT CCT TGA-(DBCO)-3'; T20-DBCO, §'-TTT
TTT TTT TTT TTT TTT TT-(DBCO)-3; TCS-CyS, 5'-(CyS)-
TCA AGG AGC TGG-3'; Target, 5'-CAA GGA GCT GGA AGG
CTG GG-3'; single mismatch, 5'-CAA GCA GCT GGA AGG CTG
GG-3'; two mismatches, 5-CAA GCA GCT GGA AGC CTG GG-3/;
three mismatches, 5'-CAA GCA GCT CGA AGC CTG GG-3'; A20-
Biotin, 5'-(BIO)-AAA AAA AAA AAA AAA AAA AA-3'.

Nanoparticle Preparation. Protocol for diluted NPs: 50 uL of
the PMMA-AspN3 polymer solution in acetonitrile (1 mg mL™'
containing R18/FS-TPB at 30 wt % relative to the polymer) were
added quickly using a micropipette to 450 uL of 20 mM phosphate
buffer, pH 7.4 at 21 °C under shaking (Thermomixer comfort,
Eppendorf, 1100 rpm). The particle solution was then quickly diluted
S-fold with the same buffer. For preparation of NPs functionalized
with DNA the protocol was modified to increase the NP
concentration: 100 yL of the PMMA-AspN3 polymer solution in
acetonitrile (2 mg mL™'with 30 wt % R18/FS-TPB relative to the
polymer) were then added quickly using a micropipette to 900 uL of
the same buffer under shaking with Thermomixer (1100 rpm). Then,
the residues of acetonitrile were evaporated.

NP-Probe Synthesis. Aliquots of DNA (3 M SurC-DBCO, with
or without 20 uM T20-DBCO) were added to 300 uL of
nanoparticles (concentration of azide groups were ~26 uM). The
reaction was mixed and kept overnight at 40 °C in Thermomixer
without shaking protected from light. Then the reaction was cooled
down to room temperature. For annealing with TCS-CyS, the aliquot
of TCS-CyS in ratio 1:1 with SurC-DBCO was added and mixture
was heated to 70 °C in water bath for 3 min. To complete
hybridization the reaction was cooled down to room temperature and
kept in the dark for 2 h. Then the mixture was diluted with 20 mM
phosphate buffer containing 12 mM MgCl, and 30 mM NacCl to 4 mL
and purified by centrifugation using centrifuge filters (Amicon, 0.5
mL, 100 kDa) on 1000g at 20 °C for 2 min. The procedure of
centrifugation was repeated 5 times to remove the nonreacted
oligonucleotides. The obtained NP-probes in volume of 1 mL were
kept in the dark at 4 °C.

Detection of Survivin Nucleic Acid Target. For detection in
solution the NP-Probe was diluted in 20 mM phosphate buffer
containing 30 mM NaCl and 12 mM MgCl, to a desired
concentration (corresponding to TCS-CyS) and aliquot of target
oligonucleotide was added. Before measurements the mixture was
incubated in the dark at 4 °C for 20 h, unless specified. For detection
of target NA on surfaces, the aliquot of the NA target was added to
the LabTek chamber with immobilized NP-Probes. The mixture was
kept in the dark at the room temperature for 1 and 4 h incubation or
at 4 °C for 20 h incubation.

For NA detection in different biological media, the PBS and
OptiMEM were adjusted to 12 mM MgCl, concentrations and further
used for sample preparations. BSA was diluted to 0.5 mg/mL
concentration in PBS. The DNA sodium salt from calf thymus (CT-
DNA) was dissolved to concentration of 2 mg/mL in water and kept
overnight at 4 °C for complete dissolution. Then, it was heated for 3
min at 90 °C followed by rapid transfer into ice bath. For
measurements it was diluted to concentration of 10 yg/mL in PBS.
Foetal bovine serum (FBS) and Human Serum were heat-inactivated

DOI: 10.1021/jacs.8b05840
J. Am. Chem. Soc. 2018, 140, 10856—10865


http://dx.doi.org/10.1021/jacs.8b05840

Journal of the American Chemical Society

by exposing them for 30 min to 56 °C before they were used. After
that the FBS and Human Serum were diluted to 10% concentration in
OptiMEM. For measurements in solution the NP-Probe was diluted
in the corresponding media and the target oligonucleotide was added.
Before the measurements were made, the mixtures of NP-Probe with
and without target oligonucleotide were incubated in the dark at 4 °C
for a given time. For the measurements on the surface, 300 uL of the
media was mixed with aliquot of the target oligonucleotide, and then
the mixture was added to the LabTek chamber with immobilized NP-
Probes. Prepared mixtures were incubated for 20 h at 4 °C before
measurements.
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1. Experimental section

1.1. Materials

Chemical compounds: Poly (methyl methacrylate-co-methacrylic acid) (PMMA-MA, 1.6%
methacrylic acid, Mn ~15000, Mw ~34000), 3-chloropropanamine hydrochloride (98%), rhodamine
B octadecyl ester perchlorate (>98.0%), lithium tetrakis (pentafluorophenyl)borate ethyl etherate,
N,N-dimethylformamide (anhydrous, 98%), N,N-Diisopropylethylamine (>99%), acetonitrile
(anhydrous, 99.8%), dichloromethane (anhydrous, >99.8%), 1-Hydroxybenzotriazole (>97%), 3-
azido-1-propamine (>95%), BSA-biotin, Deoxyribonucleic acid sodium salt from calf thymus (Type
I, fibers), Albumin bovine serum (Fraction V, minimum 96%, lyophilized powder), Amicon
Centrifugal filters (0.5mL, 100K) were purchased from Sigma-Aldrich. Citric acid monohydrate
(299.5%), sodium azide (99%), sodium iodide (=99.5%) and trifluoroacetic acid (99%) were
purchased from Alfa Aesar. Sulfo-Cyanine3 azide (95%) was purchased from Lumiprobe. Fmoc-
Asp(OtBu)-OH was purchased from Activotec. HBTU was purchased from ChemPep Inc.
Neutravidin, LabTek chambers (Borosilicate cover glass, eight wells), QDot® 605 Streptavidin
Conjugate (QDot-605), OptiMEM (Gibco®) and FBS (Gibco®) were purchased from ThermoFisher
Scientific. Illustra NAP Columns (prepacked with Sephadex G-25 DNA Grade) were purchased
from GE Healthcare. Human Serum was purchased from hospital and supernatant was stored at -20
°C. Sodium phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic
dihydrate (>99.0%, Sigma- Aldrich) were used to prepare 20 mM phosphate buffers at pH 7.4. For
saline buffer sodium chloride (>99%, Sigma Aldrich) 30 mM and magnesium chloride (>98%,
Sigma Aldrich) 12 mM was added to 20 mM phosphate buffer and pH was adjusted with sodium
hydroxide 1N solution. Milli-Q water (Millipore) was used in all experiments. For immobilization

protocol PBS (without Ca?* and Mg?*) was purchased from Lonza.
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1.2. FRET-based molecular probe preparation

To 120 pL of 20 mM phosphate buffer containing 50 mM NaCl and 1 mM of EDTA was added 30
pL of SurC-DBCO (400 pM stock in water) and 50 pL of Sulfo-Cyanine3 azide (2 mM stock in
water). The mixture was left overnight under shaking (Thermomixer comfort, Eppendorf, 400 rpm)
at room temperature. Then, the mixture was purified using disposable columns pre-packed with
Sephadex G-25 DNA Grade (illustra NAP Columns, GE Healthcare) and 20 mM phosphate buffer
as an eluent. The fractions were collected in 50 pL volumes and the conjugate formation was
verified by absorption and fluorescence emission spectra. The 10 uM of conjugate was further
mixed with 10 pM of TCS-Cy5 and the mixture was heated for 70 °C in water bath for 3 mins.
Finally, it was cooled down to room temperature and kept in the dark for 2 hours before the

experiments.

1.3. Nanoparticle characterization

Measurements for the determination of the size of nanoparticles were performed on a Zetasizer
Nano ZSP (Malvern Instruments S.A.). The mean value of the diameter of the size distribution per
volume was used for analysis. Absorption spectra were recorded on a Cary 4000 scan UV-visible
spectrophotometer (Varian), excitation and emission spectra were recorded on a FluoroMax-4
spectrofluorometer (Horiba Jobin Yvon). For standard recording of fluorescence spectra, the
excitation wavelength was set to 530 nm. The fluorescence spectra were corrected for detector
response and lamp fluctuations. Quantum yields of donor dye in NPs were calculated using
Rhodamine 101 in methanol as a reference (QY = 1.0) with an absorbance of 0.01 at 530 nm.! QYs

of the acceptor were measured using DiD in methanol (QY = 0.33) as a reference.? To calculate

Ip-a
Ip

FRET efficiency based on fluorescence spectra, a classical equation was used: Errer=1- , Where

I is the donor maximum intensity and Ip_a is the maximum intensity of the donor in the presence of

the acceptor. Amplification factor of the acceptor emission (antenna effect, AE) was expressed as
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the ratio of the maximal excitation intensity of the donor to that of the acceptor with correction from

the emission of the donor dyes at 690 nm:*

em
Iex _ Iex * D—FRET
D—FRET D Ism

AE =
IffFRET - Ifx

Where I5* prer and 15X prer are the maximal excitation intensities of donor and acceptor in NP-
Probe, respectively; I5*and I5* are the excitation intensities at the wavelengths of excitation
maximum of donor and acceptor in NP-SurC-T20; I5™xrgr and I5™ maximum emission intensity of

donor for NP-Probe and NP-SurC-T20, respectively.

1.4. Transmission electron microscopy (TEM)

Carbon-coated copper-rhodium electron microscopy grids with a 300 mesh (Euromedex, France)
were surface treated with a glow discharge in amylamine atmosphere (0.45 mbar, 4 — 4.5 mA, 22 s)
in an EImo glow discharge system (Cordouan Technologies, France). Then, 5 puL of the solution of
NPs at 0.04 g/L were deposited onto the grids and left for 2 min. The grids were then treated for 1
min with a 2% uranyl acetate solution for staining. They were observed with a Philips CM120
transmission electron microscope equipped with a LaB6 filament and operating at 100 kV. Areas
covered with nanoparticles of interest were recorded at different magnifications on a Peltier cooled
CCD camera (Model 794, Gatan, Pleasanton, CA). Image analysis was performed using the Fiji

software.

1.5. Estimation of number of dyes per particle and the molar extinction coefficient of NP-
probe

Using the diameter of NPs measured by TEM, we calculated the volume of a nanoparticle in form of
sphere. Then, we estimated how many dye molecules are encapsulated per nanoparticle of a given
volume. Based on loading of the donor dye into the polymer matrix of NPs (30 wt%), we calculated
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the number of moles of the dye per volume of the single particle. The latter value was multiplied by
the Avogadro constant giving the estimated number of donor dye molecules per particle (~3200).
Then, based on the absorption spectrum of NP-probe (Fig. 3b) and known molar extinction
coefficient of R18 dye (125,000 M cm™), we estimated the extinction coefficient of the dye at 550
nm (100,000 M*cm™), corresponding to the excitation wavelength used in microscopy. Then, the
total molar extinction coefficient of NP-probe at 550 nm was estimated as 3200 x 100,000 = 3.2x10°
M™cm™. To calculate the number of hybridized TCS-Cy5 per particle, the molar concentration of
the donor R18/F5-TPB (C(donor)) and the acceptor TCS-Cy5 (C(acceptor)) dyes were estimated
based on the absorbance of NP-probe at 560 and 650 nm, respectively. Then, the number of TCS-

Cy5 per particle was estimated as 3200 x C(acceptor) / C(donor).

1.6. Fluorescence microscopy

Immobilization of nanoparticles and QDot-605 in LabTek chamber was performed according to
previously described protocol.* The LabTek chamber was washed 3 times with PBS followed by
incubation with 200 pL of BSA-Biotin (0.5 mg mL™ in BPS) for 5 min. Then, BSA-biotin solution
was removed, and the chamber was washed 3 times with 500 pL of PBS. In case of NP-probe
immobilization, the chamber was incubated with 200 pL of neutravidin solution (0.5 mg mL™ in
BPS) for 5 min and washed 3 times with 500 puL of PBS. Then the camber was incubated with 200
puL of 1 uM solution of A20-biotin in PBS for 5 min and washed 3 times with 20 mM phosphate
buffer containing 12 mM MgCl, and NaCl 30mM. Then NP-Probe solution was deposed with
proper concentration to achieve desired density and incubated for 1 hour at room temperature in the
dark. Before measurements the chamber was washed 2 times with 20 mM phosphate buffer
containing 12 mM MgCl, and 30 mM NaCl and covered with 200 uL of the same buffer. In case of

QDot-605 immobilization, QDot-605 Streptavidin Conjugate (ThermoFisher Scientific) was diluted
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to 100 pM concentration in PBS and 300uL was added to the chamber. After 1 h of incubation, the

chamber was washed 3 times with 500 pL of PBS and filled with 200 pL of PBS.

Single-particle measurements were performed in the epi-fluorescence mode using Nikon Ti-E
inverted microscope with a 100x objective (Apo TIRF, oil, NA 1.49, Nikon). The excitation was
provided by light emitting diodes (SpectraX, Lumencor) at 550 and a 640 nm. The 550-nm light
power was set to 0.2 mW at the sample level. The diameter of the wide-field illumination spot was
250 um, according to a photobleaching test, so that the power density used at 550 nhm was 0.4 W cm’
2. For direct excitation of acceptor Cy5, the 640-nm light was used with a power density of 20 W
cm. The fluorescence signal was recorded with a Hamamatsu Orca Flash 4 camera. The exposure
time was set to 200 ms per image frame. To enable two-color image detection, corresponding to
R18/F5-TPB and Cy5 signals, W-VIEW GEMINI image splitting system (Hamamatsu) was used
with dichroic 640 nm (Semrock FF640-FDi01-25x36). Single-particle analysis was performed using
the Fiji software. Particle locations were detected through a Fiji routine applied to a projection
(maximum intensity) of 20 frames. After the automatic background subtraction, the mean intensities
of circular regions of interest with a diameter of 8 pixels around the found particle locations were
then measured. Average of intensity of NPs was obtained base on the first 3 frames for each
channel. At least three image sequences (245 pixel x 245 pixel) per condition were analyzed with,

on average, 500-1000 particles per sample.

The amplification factor of the acceptor emission at the single particle level was determined using:

_125071771 p64onm

AF

== X—
12407’1771 p550nm

Where 13°0"™ and 849" are mean intensities of acceptors under excitation at 550 and 640 nm,

respectively, and P®*0"m and P>59"™M are laser powers at corresponding wavelengths. The
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amplification factor indicates how many fold the emission increases when the dye is excited via

nanoantenna vs direct dye excitation.

Comparison of single-particle brightness of our NPs vs QDot-605 was done using the same
experimental setup. Excitation of nanoantenna particles was done using 550-nm light with power
density of 0.56 W cm™, whereas QDot-605 were excited by 470-nm light with power density of 14

W cm™.

1.7. Protocols of synthesis

NMR spectra were recorded at 20°C on Bruker Avance Ill 400MHz spectrometer and chemical
shifts were reported as delta scale in ppm relative to CHCI3 (5 = 7.26 ppm) for *H NMR and CDCl;
(8 = 77.16 ppm) for *C NMR. Mass spectra were obtained using an Agilent Q-TOF 6520 mass

spectrometer.

1.7.1. Synthesis of Asp(OtBu)-N3 linker

o o /H N3
OwHN OH CI(CH,);NH,,  Os_HN 0 J/
o)

O
HOBT, HBTU w NaNj, Nal H,N
O —

Fmoc-Asp(OtBu)-OH Fmoc-Asp(OtBu)-Cl Asp(OtBu)-N3

Tert-butyl  3-[(3-chloropropyl)  carbamoyl]-3-[[(9H-fluoren-9-yImethoxy)carbonyllamino]
propanoate (Fmoc-Asp(OtBu)-Cl). Fmoc-Asp(OtBu)-OH (1 eq 6 mmol 2.47 g), HBTU (1.2 eq 7.2

mmol 2.73 g) and HOBt (1.3 eq 7.8 mmol 1.05 g) were dissolved in 30 mL of anhydrous N,N-
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dimethylformamide. After complete dissolution the N,N-diisopropylethylamine (3 eq 18 mmol 2.97
mL) was added to the stirring mixture under argon at room temperature and after 15 min 3-
chloropropanamine hydrochloride (1 eq 6 mmol 0.78 g) was added. The reaction was stirred for 24 h
and completion of the reaction was checked by TLC (DCM/MeOH 98/2). The solvent was
evaporated under reduced pressure, the residue was diluted with water and precipitate was collected.
The crude product was washed with solution of citric acid, followed by solution of sodium
bicarbonate. After the crude product was purified by column chromatography (DCM/MeOH 98/2),
the product was obtained as pale-yellow solid (2.3 g 80% vyield). *H NMR (400 MHz, CDCls) 8,
ppm: 1.46 (s, 9 H), 1.98 (quin, J=6.30 Hz, 2 H), 2.60 (dd, J=16.75, 6.24 Hz, 1 H), 2.95 (br d,
J=15.16 Hz, 1 H), 3.45 (m, 2 H), 3.56 (br t, J=6.24 Hz, 2 H), 4.23 (m, 1 H), 4.36 - 4.60 (M, 3 H),
5.93 (brs, 1 H), 6.59 (br s, 1 H), 7.27 - 7.36 (m, 2 H), 7.42 (t, J=7.50 Hz, 2 H), 7.60 (d, J=7.34 Hz, 2
H), 7.78 (d, J=7.58 Hz, 2 H). 3C NMR (101 MHz, CDCls) 8, ppm: 28.00, 31.92, 37.07, 37.35,
42.16, 47.13, 51.12, 67.07, 81.88, 120.01, 124.93, 127.01, 127.05, 127.74, 141.28, 143.58, 143.63,
156.02, 170.71, 171.20. . HR/LC/MS for CyH3CIN,Os m/z (M+) calc 487.19943, found

487.19706.

Tert-butyl 3-amino-4-((3-azidopropyl)amino)-4-oxobutanoate (Asp(OtBu)-N3). Fmoc-Asp-ClI (1
eg 3 mmol 1.5 g), sodium azide (5 egq 15.4 mmol 1 g) and sodium iodide (1 eq 3 mmol 0.47 g) were
dissolved in anhydrous N,N-dimethylformamide (20 mL) and stirred under Ar overnight at 60 °C.
Then, the solvent was evaporated, the residue was extracted with water/DCM and washed twice
with brine. The crude product was purified by column chromatography (DCM/MeOH 94/6). By
LCMS and NMR was observed Fmoc deprotected Asp(OtBu)-N3 as pale-yellow oil (460 mg 55%
yield). "H NMR (400 MHz, CDCI3) &, ppm: 1.46 (s, 9 H), 1.65 (m, 2 H), 1.81 (quin, J=6.72 Hz, 2
H) 2.57 (dd, J=16.63, 8.07 Hz, 1 H) 2.8 - 2.85 (m, 1 H) 3.29 - 3.44 (m, 4 H) 3.63 (dd, J=8.07, 3.67
Hz, 1 H), 7.57 (br s, 1 H). **C NMR (101 MHz, CDCls) & ppm 28.08, 28.89, 36.65, 40.52, 49.20,

S9



52.02, 81.15, 171.24, 173.71. HR/LC/MS for C11H2:1NsO3 m/z (M+) calc 272.17226, found

272.17158.

1.7.2. Synthesis of modified PMMA polymers

N 3 N 3 N 3
n m n m
o 0" o Ny O 0”0 Np ©

H,N PMMA-MA, TN | HN

N HBTU, HOBT N TFA N

H H H
0] e e} —» O

>r° >r° >

Asp(OtBu)-N3 PMMA-Asp(OtBu)-N3 PMMA-AspN3

PMMA-Asp(OtBu)-N3. The PMMA-MA (1 eq of COOH groups, 0.06 mmol, 400 mg) was
dissolved in anhydrous N,N-dimethylformamide (5 mL). To this solution HBTU (3 eq, 0.183 mmol,
70 mg), HOBL (4 eq, 0.24 mmol, 33 mg) and N,N-diisopropylethylamine (10 eq 0.61 mmol 0.1 mL)
was added. The mixture was stirred for 15 min and after Asp(OtBu)-N3 (3 eq 0.183 mmol 50 mg)
was added. The reaction was stirred overnight at room temperature under argon. The solvent was
evaporated under reduced pressure and residue was dissolved in minimum of acetonitrile and
precipitated with methanol. The precipitate was washed with methanol, redissolved in acetonitrile
and reprecipitated twice in methanol. After drying under a vacuum, product was obtained as a white
solid — 220 mg, yield 55%. *H NMR (400 MHz, CDCls) 8, ppm: 0.85 (br s, 2 H), 1.02 (br s, 1 H),
1.18 - 1.29 (m, 0.31 H), 1.46 (br s, 0.29 H), 1.65 (br s, 1H), 1.74 - 2.11 (m, 2 H), 3.60 (br s, 3 H).

(Degree of modification was 82%, calculated from BOC signal in NMR spectra).

PMMA-AspN3. PMMA-Asp(OtBu)-N3 (200 mg) was dissolved in anhydrous dichloromethane (5
mL) and 2 mL of trifluoroacetic acid was added. The mixture was stirred for 3 h. Then solvents
were evaporated under reduced pressure. Acetonitrile was added to the residue and evaporation was

repeated several times until the absence of the trifluoroacetic acid. Then the product was precipitated
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in methanol and filtrated. After drying under vacuum, the product was obtained as a white solid —
160 mg, yield 80%. *H NMR (400 MHz, CDCls) §, ppm: 0.78 - 1.11 (m, 2 H), 0.94 - 1.11 (m, 1 H),

1.24 (brs, 0.30 H), 1.45 (brs, 0.37 H), 1.72 - 2.15 (m, 2 H), 3.60 (br s, 3 H).

PMMA-N3. The PMMA-MA (1eq of COOH groups, 0.03 mmol, 250mg) was dissolved in
anhydrous N,N-dimethylformamide (5 ml). To this solution HBTU (3eq, 0.098 mmol, 38 mg),
HOBt (3.3 eqg, 0.109 mmol, 15 mg) and N,N-diisopropylethylamine (10eq, 0.33mmol, 0.054mL)
was added. The mixture was stirred for 15 min and after 3-azido-1-propamine (3eq, 0.098 mmol,
10mg) was added. The reaction was stirred overnight at room temperature under argon. The solvent
was evaporated under reduced pressure and residue was dissolved in minimum of acetonitrile and
precipitate with methanol. The precipitate was washed with methanol, redissolved in acetonitrile and
reprecipitated twice in methanol. After drying under a vacuum, product was obtained as a white
solid — 130 mg, yield 52%. *H NMR (400 MHz, CDCls) &, ppm: 0.84 (br s, 2 H), 1.02 (br s, 1 H),

1.19 - 1.28 (m, 0.31 H), 1.44 (m, 0.29 H), 1.79 - 2.07 (m, 2 H), 3.60 (br s, 3 H).

Rhodamine B octadecyl ester trakis(penta-fluorophenyl)borate (R18/F5) was synthesized by ion

exchange and purified by column chromatography as described previously.®

S11



1.7.3 NMR and mass spectra
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Mass spectrum of Fmoc-Asp(OtBu)-Cl.

'H NMR spectrum of Asp(OtBu)-N3.
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2. Supporting Figures and Tables

2.1. Dynamic light scattering
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Figure S1. Size of NPs prepared from PMMA polymers with and without carboxyl group.
Hydrodynamic diameter by DLS of NPs made from non-modified PMMA-MA (NP) and PMMA-
MA with azide moiety grafted to the carboxyl group of the polymer (NP-N3). Absence of charged
carboxyl group in the latter polymer leads of aggregation of polymer after nanoprecipitation in

phosphate buffer, in contrast to parent PMMA-MA. Error is standard deviation of the mean (n = 3).
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2.2. Optical spectroscopy

Dilution / stock concentration:
0.25+ —— 50-fold / 1 g/L
— 10-fold / 2 g/L
— 10-fold / 2 g/L
and CH,CN evaporation

Absororbance

400 5(I)O 6(|)O 7(|)0

Wavelength (nm)
Figure S2. Absorption spectra of NPs prepared from PMMA-AspN3 polymer (NP-AspN3) using
different protocols. Nanoprecipitation of more concentrated solution of polymer with lower dilution
(10-fold) in phosphate buffer, followed by acetonitrile evaporation, provides more concentrated

samples of NPs.

S18



NPs PMMA-MA
Number of

0.3 4 centrifugations:

o
N
1

Absorbance

0.1 4

00,

T T T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure S3. Purification by ultrafiltration of NPs from non-reacted oligonucleotides (SurC-DBCO
hybridized with TCS-Cy5) monitored by absorption spectra. Control PMMA-MA NPs (without
azide groups) were incubated with SurC-DBCO for 20 h at 40 °C, followed by hybridization with
TCS-Cy5. Absorption spectra are presented at different steps of purification by ultrafiltration with

centrifugal filters.
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Figure S4. Monitoring grafting of oligonucleotides at different temperatures using FRET.
Fluorescence emission spectra of NP-AspN3 after reaction with SurC (10 pM) and hybridization
with TCS-Cy5 at different temperature conditions followed by purification by ultrafiltration.

Excitation wavelength was 530 nm.
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Figure S5. Evidences for hybridization of TCS-Cy5 with SurC grafted to nanoantenna. (a)
Fluorescence emission spectra (excitation at 640 nm) of TCS-Cy5 along (50 nM) and in the NP-
Probe. (b) Fluorescence anisotropy values of Cy5-dye in TCS-Cy5 along and in the NP-Probe
(excitation at 640 nm, emission at 665 nm). Anisotropy values: 0.0640+0.0043 for TCS-Cy5 and

0.0817+0.0083 for NP-Probe. Error is standard deviation of the mean (n = 3).
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Figure S6. Stability of NP-probe over time. Fluorescence emission spectra of NP-Probe
immediately after preparation and after 2 months storage in the dark at 4 °C. Phosphate buffer (20

mM) with 30 mM NaCl and 12 mM of MgCl, was used. Excitation wavelength was 530 nm.
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Figure S8. Characterization of NP-probes bearing different number of TCS-Cy5 per particle. (a)
Fluorescence emission spectra of the acceptor of NP-Probes under direct excitation at 640 nm. (b)

Fluorescence excitation spectra of NP-Probes. Emission was detected at 690 nm.
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Figure S9. Sequence-specificity of the NP-probe. Ratiometric response of NP-Probe (200 pM TCS-
Cy5) and 1 nM of oligonucleotide in 20 mM phosphate buffer containing 30 mM NaCl and 12 mM
MgCl,. Before measurements the mixture was incubated for 20 h at 4 °C. Error is standard deviation

of the mean (n = 3).
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Figure S10. Effect of magnesium ions on the fluorescence response of NP-probe. (a,b) Fluorescence

spectra of NP-probe (100 pM of TCS-Cy5, 5 pM of NPs) after incubation with the target for 3h

without and with 1 nM survivin NA target in 20 mM phosphate buffer (pH 7.4) with 30mM NaCl

and different concentrations of MgCl,. Excitation wavelength was 530 nm. (c) FRET-based

response of NP-probe to survivin NA target at different concentrations of MgCl,. Error bars are

standard deviation of the mean (n = 3).
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2.3. Single-particle measurements

Donor Acceptor Merged
NP-Probe (no Target)
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NP-Probe + Target 50pM

Figure S11. Response of NP-probe to survivin NA target at the single partlcle level. Wide-field
fluorescence microscopy images of the immobilized NP-Probe after 24h incubation with different
concentrations of survivin NA target. Both donor and acceptor channels are presented at the same
intensity. Scale bar, 5 uM. All images are of the same size. The excitation wavelength was at 550
nm with 0.4 W cm™ power density. Signals from FRET-Donor and FRET-Acceptor were recorded at
<640 and >640 nm, respectively.
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NP-Probe in 10% of FBS in PBS

NP-Probe + Target 10 pM in 10% of FBS in PBS

Figure S12. Response of NP-probe to survivin NA target at the single particle level. Wide-field
fluorescence microscopy images of the immobilized NP-Probe after 24 h incubation without and
with the NA target (10 pM) in different biological media. Both donor and acceptor channels are
presented at the same intensity. Scale bar, 5 M. All images are of the same size. The excitation
wavelength was at 550 nm with 0.4 W cm™ power density. Signals from FRET-Donor and FRET-
Acceptor were recorded at <640 and >640 nm, respectively.

S30



2.4. Tables

Table S1. Fluorescence quantum yields (QY) of studied systems.

Sample QY (%)
NP-AspN3 (donor)® 47+1
NP-probe (donor + acceptor)® 46x1
Cy3-SurC (donor)® 31+2
TCS-Cy5 (acceptor)® 3242

® Sample prepared according to 10-fold dilution protocol. QY corresponds to the total emission of
both donor and acceptor, measured using the integral for the entire emission spectrum of NP-probe
(550 — 800 nm range). *>° QY was measured using rhodamine101 in ethanol as a reference (QY =
100%). “QY of TCS-Cy5 was measured by direct excitation at 630 nm of NP-Probe and comparison

with DiD in MeOH as a reference (QY = 33%). Error are standard deviation of the mean (n = 2).
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Table S2. Size, composition and light-harvesting properties of the NPs-DNA conjugate prepared

four times.®
Sample | Diameter | Ratio D/A A per NP FRET AE
(nm) by efficiency,
DLS* (%)
1 71.8+2.5 143 20.1 42.3 58.2
2 60.2+2.3 117 25.7 66.9 56.7
3 61.4+3.1 190 15.8 65.1 58.2
4 52+1.3 101 29.6 66.8 57.3
Average” 61+4 138+20 2313 60+6 58+1

% Statistics by volume was used in DLS data; Ratio D/A is the molar donor-acceptor ratio; A per NP
is the number of acceptors per particle; AE is antenna effect. ® Average values are shown together
with s.e.m. (n = 4). ° Despite variations in the DLS data, the average size by TEM was relatively
stable (41+12 nm), where the error is the half width at half maximum of the size distribution
(number of particles analysed >500). A per NP — 3200 (Number of Donors in NPs with size 40 nm)

divided by Ratio D/A.
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Table S3. Comparison of brightness QDot-605, NP-T20 (donor channel) and NP-probe (sum of

acceptor and donor channels).?

Excitation
Excitation Average Median
power
Sample wavelength intensity intensity s.e.m.
density
(nm) (a.u) (a.u.)
(W cm™)
QDot 605 470 14 2050 1770 60
NPs-T20 550 0.56 7720 6380 350
NP-probe (D+A) 550 0.56 7120 5490 190

4 >500 particles were analysed in total per each sample.
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Part 2. Results and discussions

2.3 Development of nanoprobes with single-molecule sensitivity towards nucleic acid
target

A single-molecule sensitivity is an ultimate goal in biosensing and biomedical diagnostics.?
The next step of my PhD project was focused on development of a system where the single
hybridization event at the surface of the nanoparticle would switch on/off energy transfer from
thousands of dyes inside the nanoantenna. Despite the excellent performance of nanoantenna-
based nucleic acid detection assay described in a previous chapter, to obtain such nanoprobe
with a single-molecule sensitivity it was necessary to redesign it, in particular, the donor patrticle
and the acceptor dye.

The original Cy5 acceptor dye appeared to have poor photostability at the single-molecule
level when thousands of dyes transferred their energy to 23 acceptors. In order to find the
photostable dye, which is an absolute must for a single acceptor-based nanoprobe, we
performed a screening of possible acceptors in the nanoprobes approach (Fig.2.18A). We
checked 3 families of commercially available dyes: Cy, DY and ATTO with different polarities,
charge and absorption/emission wavelengths. A series of nanoprobes with 10 different
acceptors were synthesized and we discovered that only positively or neutrally charged
fluorophores appropriate for hybridization of their TCS oligonucleotide and corresponding FRET
signal (Fig.2.18B-C). Then, we compared the photostability of ATTO and Cy dye families at the
single-particle level and found that ATTO647N and ATTOG665 are far more photostable in the
nanoprobe context than Cy5 or Cy5.5 dyes (Fig. 2.18D). As the replacement of Cy5, we chose
the ATTO665 dye due to its exceptional photostability and better spectral resolution of its
emission band from the donor emission band which is favorable for the ratiometric detection.
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Fig.2.18. Acceptor screening. A) Chemical structure of dyes conjugated with TCS and used as FRET-
acceptors, B) Absorbance spectra and C) Normalized fluorescence spectra of nanoprobes formulated
with different TCS-acceptors. Excitation wavelength was 530 nm. D) Photobleaching curves of
nanoprobes immobilized on the glass surface formulated with TCS-CY5, TCS-Cy5.5, ATTO647N and
ATTO665. Excitation was at 550 nm with power density 0.41 W cm 2,

Our previous results demonstrated that the nanoantenna of 40 nm can distinguish 3-5
hybridization events on the surface. Therefore, we aimed to decrease the size of the
nanoantenna. To this end, we performed the nanoprecipitation PMMA-AspN3 polymer at the
higher pH and obtained the nanoprobes of lower size (32 nm) and then functionalized them with
the lower number of acceptors per particle (4). Obtained results showed that FRET efficiency
was not sufficient so that further decrease of the size was required. Therefore, we synthesized
polymers PMMA-AspN3 with 5 mol% of methacrylic acid groups in the polymer compared to
1.6% in the original polymer. We found that the obtained NPs (PMMA-AspN3) were much
smaller in size (~16 nm) and exhibited excellent FRET to 1-2 acceptors, but they were poorly
photostable. Therefore, we synthesized the polymer based on poly(ethyl methacrylate-co-
methacrylic acid) (PEMA-MA) with 5 mol% of methacrylic acid (PEMA-AspN3) (Fig. 2.19A). The
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obtained NPs from this polymer exhibited very high homogeneity, small size of 18 nm (Fig.
2.19B) and much higher photostability at the single-particle level compared to corresponding
PMMA-AspN3. In order to obtain higher brightness and amplification of the acceptor signal, we
increased the loading of PEMA-AspN3 NPs to 50 wt% of the dye.
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Fig.2.19. Synthesis and characterization of PEMA-nanoprobes. A) Scheme synthesis of nanoprobe with
a single TCS-ATTO665 and its response to the Target. B) TEM images and size distribution statistics for
NP-PEMA-AspN3. C) Absorption spectra and D) normalized fluorescence spectra of PEMA-nanoprobe
hybridized with 0 (PEMA-T20) and 0.3, 1 and 2 TCS-ATTO665.

Formulated nanoprobes with PEMA-AspN3, bearing oligonucleotides and statistically single
acceptor ATTOG665 exhibited extraordinary results: both high fluorescence quantum yield (46%)
and high FRET efficiency (51%) through the distance far beyond the Forster radius (6.65 nm vs
20 nm particle size). The amplification of the acceptor emission (antenna effect), measured from
the excitation spectra, was 208 + 17. To verify the presence of the single acceptor on the
nanoantenna we immobilized nanoparticles and analyzed their traces by excitation at 550 nm
(Fig. 2.20A). The single-step switch on/off of acceptor/donor in nanoparticle demonstrated the
modification with a single acceptor at least in 50% of nanoparticles (Fig. 2.20C). The presence
of a single acceptor in these nanoprobes was confirmed by the analysis of emission traces of
acceptor by its direct excitation at 640 nm laser (Fig.2.20D). Moreover, the antenna effect at the
single-particle level was 257 + 30 (Fig. 2.20B). Remarkably, using these NPs, we were able to
detect single hybridized oligonucleotide labeled with the acceptor at ambient sunlight-like
excitation conditions.
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Fig.2.20. Characterization of PEMA-nanoprobes at the single-particle level. A) Wide-field fluorescence
microscopy of the immobilized PEMA-nanoprobe: donor, antenna-amplified acceptor, merged FRET-
acceptor and donor (excitation wavelength was 550 nm with power density 0.24 W cm?) and direct
excitation of acceptor at 640 nm with power density 27.65 W c¢cm™. Signals from Donor and FRET-
Acceptor were recorded at <640 and >640 nm, respectively. Integration time was 400 ms. B) Histogram
of single-particle intensity distribution for acceptor through direct excitation and nanoantenna energy
transfer. A smaller graph represents a distribution histogram of amplification of FRET-Acceptor emission
(antenna effect) by the nanoprobe at the single-particle level. At least 2000 NPs were analyzed in each
case. Examples of intensity curves of C) nanoprobes through FRET and D) direct excitation of acceptor
on TIRF setup with power density 24.69 W cm 2.

The obtained system opened a new way for “digital” detection of nucleic acids (Fig. 2.21A).
Since the single hybridization event can switch the color of nanoparticle, it means that one
nucleic acid molecule corresponds to one nanoparticle. We imaged the same immobilized
nanoprobes at ambient sunlight-like excitation power before and after incubation with DNA and
RNA targets for one hour at room temperature. This way by following the single-particle
hybridization event we were able practically to calculate the number of nucleic acids targets
hybridized to the nanoparticles, which decreased the theoretical limit of detection down to the
single hybridization (Fig. 2.21B).
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Fig.2.21. Detection of oligonucleotides and their hybridization with single-molecule sensitivity. Concept
of digital detection. (A) Schematic presentation of digital detection of single oligonucleotides. (B) Wide-
filed FRET images (merged) without and with 100 pM of DNA and RNA targets. The excitation wavelength
was 550 nm, 60x oil objective with power density 0.036 W cm 2. Integration time was 1 s. C) Intensity
traces of donor (black) and acceptor (red) of a single nanoprobe with addition of TCS-ATTO665 of 12NA
and corresponding two-color merged images of the same single particle. The excitation wavelength was
550 nm, 100x oil objective with power density 0.24 W cm 2. Integration time was 400 ms.

The final test was the direct imaging of the single hybridization event under the microscope.
During the imaging, we added the TCS-ATTO665 and by recording the acceptor signal, we were
able to follow a direct hybridization event of a single oligonucleotide. The single-step intensity
trace proved the appearance of single acceptors, which was followed by the bleaching of the
single acceptor on the nanoparticle surface (Fig. 2.21C). Such exceptional ability of our
developed nanoantenna to donate the energy from a thousand donors to a single acceptor
enabled unprecedented direct observation of single oligonucleotide hybridization event under a
simple epi-microscope at the excitation powers equivalent to ambient sunlight conditions.
Overall, through the rational design of the nanoprobe, the main objective of my thesis was
achieved, where the developed NPs enabled detection of individual molecules of nucleic acids.

A full description of the work can be found in the manuscript enclosed below.
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Article 2 (Manuscript). Light-harvesting nanoparticle probes for FRET-
based detection of oligonucleotides with single-molecule sensitivity.
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Light-harvesting nanoparticle probes for FRET-based detection of
oligonucleotides with single-molecule sensitivity

Nina Melnychuk, Sylvie Egloff, Anne Runser, Andreas Reisch and Andrey S. Klymchenko*

Abstract: Bright luminescent nanoparticles (NPs) can drastically
increase the sensitivity of Forster resonance energy transfer (FRET)
assays for detection of biomolecular markers, such as DNA and RNA.
However, existing luminescent NPs, including qguantum dots (Qdots),
are unable to undergo efficient FRET to a single acceptor because
their size is far beyond the Forster radius. To overcome this
fundamental problem, we have developed a 20-nm DNA-
functionalized light-harvesting nanoantenna particles, built of
specially designed hydrophobic charged polymer poly(ethyl
methacrylate-co-methacrylic acid), encapsulating ~1000 strongly
coupled and highly emissive rhodamine dyes with their bulky
counterion. This is the first nanomaterial exhibiting >50% FRET
efficiency to a single acceptor (ATTO665) at the particle surface,
being 87-fold brighter than QDots605 (52% quantum yield and 108 M-
tem extinction coefficient). The obtained FRET nanoprobes enable
single-molecule detection of short DNA and RNA, encoding a cancer
marker, and imaging single hybridization events by a simple epi-
fluorescence microscope with ultra-low excitation power close to
ambient sunlight.

Introduction

Detection of biomolecular targets, such as nucleic acids, with
single-molecule sensitivity is an ultimate goal in biosensing and
biomedical diagnostics.™M In optical detection of single molecules,
the limited brightness of organic dyes, having molar absorption
coefficients below 300,000 M cm? and quantum vyields below
unity, imposes the use of very high excitation powers (=1 kW
cm?) and minimized detection volumes,*2 3l in order to achieve
good signal-to-background ratio. Plasmonic nanomaterials can
address this problem by enhancing emission of single dyes in the
hot spots,i*™ 4 in particular between two gold nanoparticles with
strictly respected distances.®” This sophisticated system based
on DNA origami enabled up to 100-300-fold signal amplification
of single molecules, % however, so far, the reported biosensor
for nucleic acids based on this concept can amplify the signal by
7-fold on the average.!®

A promising amplification approach is to use bright luminescent
nanoparticles!” as energy donors that pump excitation energy to
a single dye molecule by Foérster Resonance Energy Transfer
(FRET).[l However, nanoparticles are generally not efficient
FRET donors, because their diameter is generally far beyond the
Forster radius (Ro).[”! Indeed, in case of quantum dots (QDots),
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the document.

10-50 acceptor molecules are needed to ensure efficient FRET.[0
Similar large number of acceptors are also needed to ensure
FRET from UCNPs[Y and dye-doped silica NPs.*? One way to
go beyond the Forster radius is to use light-harvesting
nanomaterialsi*® where the strongly coupled energy donors
communicate through excitation energy migration,* which allows
transporting the energy through long distances up to the FRET
acceptor. Previous works showed that energy migration can
improve FRET efficiency in both dye-doped silica NPsi?! and
UCNPs.'®1 Moreover, in conjugated polymers,i*®l this approach
enabled 25-100-fold signal amplification, although no single-
molecule FRET-based detection were reported. New possibilities
appeared with recently introduced giant light-harvesting
nanoantenna,®d based on dye-loaded polymeric nanoparticles.]
In this nanomaterial, dyes (R18, Scheme 1) are loaded into
polymer matrix at high concentration using bulky hydrophobic
counterions (F5-TPB) that prevent self-quenching® and enable
ultrafast dye-dye energy migration on a time scale < 30 fs. The
obtained 60-nm nanoantenna particle (~10 Ro) containing 10,000
energy donors transferred energy to a single acceptor inside the
particle, providing unprecedented signal amplification of >1000-
fold. More recently, we functionalized 40 nm nanoantenna with
nucleic acids and reported the first DNA-based biosensor
featuring exceptional brightness (equivalent of 100 Qdot-605) and
75-fold signal amplification.*® However, to achieve efficient FRET
in these NPs, 23 acceptor dyes at the particle surface were
needed, so that this system was still far from being able to detect
single nucleic acid molecules. To the best of our knowledge, no
luminescent NPs with a diameter above 2R, (>10 nm) are capable
to undergo efficient FRET (i.e. >50%) to a single acceptor dye at
the particle surface.

Herein, we overcame the problem of inefficient FRET in
nanoparticle-based biosensors and developed a light-harvesting
nanoantenna of 20 nm size, encapsulating ~1000 dyes equivalent
in brightness to 87 quantum dots (Qdot-605), which undergoes
FRET with 51% efficiency to a single acceptor (ATTO665) at the
DNA-functionalized surface. This new nanomaterial enabled
preparation nanoprobes capable to switch their color in response
to a single copy of RNA and DNA molecules and monitor in real-
time single hybridization events using a basic epi-fluorescence
microscope with ultralow excitation power close to that of ambient
sunlight.

Results and Discussion

Development of this single-molecule biosensor requires boosting
FRET performance of our dye-loaded NPs. To this end, we need
to design a polymer capable to assemble a maximum number of
dyes into a particle of optimal small size, while ensuring their
efficient emission and excitation energy migration (Scheme 1).
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Scheme 1. Synthesis of the nanoprobes with a single TCS-Acceptor and their response to the target.

Moreover, we need to find a robust FRET acceptor able to collect
energy from the whole particle without rapid photobleaching.
Then, based on a previously developed DNA-functionalization
strategy,*¥ the donor NPs should be modified with only a single
FRET acceptor through a nucleic acid sensing unit. In our
biosensor, azide-functionalized dye-loaded polymeric NPs are
modified with two different oligonucleotide sequences (Scheme
1): (i) excess of non-coding T20 to ensure NPs stability and (ii) a
statistically one copy per particle of specific sequence (SurC),
encoding a fragment of survivin, an important cancer marker.?"
The latter is hybridized with a shorter complementary DNA
sequence (target competitive sequence, TCS) bearing a
corresponding acceptor, which serves in the FRET displacement
assay to detect the survivin DNA/RNA target (Scheme 1).

First, we searched for the best FRET acceptor, using previously
developed dye-loaded donor NPs based on polymer PMMA-
AspN3-1.6% (obtained from PMMA-MA with 1.6% of methacrylic
acid).*®! Among ten tested acceptor dyes (Figure 1A) conjugated
to DNA TCS, only positively charged and neutral (zwitterionic)
dyes, namely Cy5, Cy5.5, ATTO647N and ATTO665, were found
to provide strong FRET signal after hybridization in the DNA
nanoprobe. This signal was observed as an intense emission
band around 650-750 nm compared to the FRET donor band of
R18 dye around 590 nm (Figure 1B and S1). The number of
hybridized acceptors per particle was also larger for these dyes
(Table S1), probably because their duplexes were more stable
than those bearing strongly anionic dyes. Then, we tested the
fluorescence response of the obtained four nanoprobes to the
target DNA sequence encoding survivin fragment. The three
nanoprobes based on Cy5, ATTO647N and ATTO665 showed
complete replacement of the acceptor, resulting in loss of the
acceptor emission (Figure S2). By contrast, Cy5.5-based

acceptor showed residual FRET in the presence of the DNA target,

showing that it remains non-specifically bound to the particle
(Figure S3). Then, we compared photostability of the four
nanoprobes in solution under laser irradiation (Figure S4).
Remarkably, nanoprobes built of Cy5 or Cy5.5 dyes showed fast
decay of the FRET acceptor signal, expressed as A/(A+D) ratio
(Figure S4), whereas the signal from ATTO647N and ATTO665
was far more stable (half-life for ATTO665 and Cy5 was 3500 and
98 s, respectively). The significantly higher photostability of
ATTO-based FRET acceptors was also confirmed at a single
particle level (half-life for ATTO665 and Cy5 was 128 and 3.7 s,
respectively), using fluorescence microscopy of nanoprobes
immobilized on the glass surface (Figure 1C, S5, S6). The

observed ~35-fold longer half-life for ATTO665 was an
outstanding improvement for the FRET acceptor, and thus it was
selected for the single-molecule biosensor design.

The primary approach to improve FRET donor efficiency of the
particle is to decrease its size. Our earlier studies showed that
smaller polymer NPs can be obtained by increasing the pH during
nanoprecipitation®d or increasing the charge on the polymer.?1 In
the first approach, we performed nanoprecipitation of PMMA-
AspN3-1.6% at pH 9, which yielded NPs of 30 nm (Figure S7 A-
B). However, the obtained DNA-functionalized nanoprobes
required >8 acceptors per particle to achieve efficient FRET
(Figure S7 C-D), so further decrease in the size was needed.
Therefore, we increased the fraction of methacrylic acid units in
PMMA-MA to 5 mol%, and further converted it into azide-
carboxylate-bearing polymer PMMA-AspN3-5% (Scheme 1).
Moreover, to compensate the increase in the fraction of polar
carboxylates in the polymer, we replaced its methyl methacrylate
unit with more hydrophobic ethyl methacrylate (PEMA-AsSpN3
polymer, Scheme 1, obtained from PEMA-MA with 1.6% of
methacrylic acid). Nanoprecipitation of these polymers yielded
dye-loaded NPs of 16 and 18 nm for PMMA-AspN3-5% and
PEMA-AspN3, respectively (Figure 2 A-B).
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Figure 1. Search for the best FRET acceptor. A) Chemical structure of dyes
conjugated with TCS and used as FRET-acceptors. B) Normalized fluorescence
spectra of PMMA-nanoprobes (PMMA-AspN3-1.6% polymer) with different
acceptors and 30 wt% R18/F5-TPB dye loading. Excitation: 530 nm. C)
Photobleaching kinetics of PMMA-nanoprobes formulated with different
acceptors, immobilized on the glass surface and measured by microscopy.
Excitation: 550 nm; power density: 0.41 W cm2.
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Figure 2. Development and evaluation of FRET nanoprobes. TEM images (scale bar 50 nm) and size distribution statistics for NPs of (A) PMMA-AspN3-5% and
(B) PEMA-AspN3 polymers. C) Average intensity traces measured by microscopy for PMMA-AspN3-5% and PEMA-AspN3 NPs loaded with 50 wt% R18/F5-TPB.
Excitation: 550 nm; power density: 0.41 W cm™. D) Example of single-particle intensity traces from PMMA-AspN3-5% and PEMA-AspN3 NPs loaded with 50 wt%
R18/F5-TPB. E) Absorbance and F) normalized fluorescence spectra of PEMA-nanoprobes (50 wt% R18/F5-TPB dye) hybridized with 0 (NP-PEMA-T20) and 0.3,
1 and 2 TCS-ATTO665 acceptor. G) Fluorescence response of PEMA-nanoprobe (20 pM of TCS-ATTO665) to survivin DNA and RNA targets (200 pM, 3 h
incubation at 20 °C). DNA targets containing 1, 2, and 3 mismatches were tested at the same conditions. H) FRET ratio, A/(A + D), of PEMA-nanoprobes (10 pM of
TCS-ATTO665) vs target DNA and RNA concentration (3 h incubation at 20 °C). A and D are the pick intensities of the acceptor (at 665 nm) and the donor (at 580

nm), respectively.

Strikingly, PEMA-AspN3 NPs outdid PMMA-AspN3-5% NPs in all
tested properties: (i) better size homogeneity according to TEM
(Figure 1 A-B); (ii) higher fluorescence quantum yield; (iii) 2.7-fold
higher single-particle brightness and (iv) much lower blinking and
higher photostability (Figure 2 C-D, S8, Table S2). Thus,
combining higher fraction of carboxylic groups with higher
hydrophobicity of PEMA matrix enabled us to prepare very small
dye-loaded NPs with drastically improved morphology and optical
properties. As the particle brightness and the nanoantenna
performance are directly linked to the dye loading, we varied it
from 0 to 100 wt% with respect to the PEMA-AspN3 polymer.
Even though fluorescence quantum yield remained high for all
loadings tested (Table S3), above 50 wt% the NPs showed lower
single-particle photostability (Figure S9), probably linked to larger
fraction of photo-induced dark states.*®®! Therefore, we selected
50 wt% as the optimal dye loading. Remarkably, increase in the
dye loading till 50 wt% led to >100-fold drop in the fluorescence
anisotropy (Figure S10), which suggested strong coupling of
closely packed dyes inside NPs and efficient excitation energy
migration,it4 8 181 required for FRET beyond the Forster
radius. [

Next, in order to prepare the nanoprobes, we functionalized dye-
loaded PEMA-AspN3 with oligonucleotides. It was important to
increase the concentration of oligonucleotide-DBCO in order to
ensure stability of these small DNA-NPs (Figure S11). In the
obtained FRET nanoprobes we varied the number of hybridized
TCS-ATTO665 acceptors from 0 to 3 (Figure S12) and found that
FRET signal was sensitive to the addition of a single acceptor
(Figure 2 E-F, S12). Remarkably, the nanoprobe with a single
acceptor exhibited extraordinary high FRET efficiency (51%),
which implies that 980 donors in the 20-nm particle transfer half
of their energy to the surface, which is far beyond the Forster
radius (6.65 nm) (Table S3). The nanoprobe also showed high
total fluorescence quantum yield (46%), while the amplification of

acceptor emission (antenna effect) was 208 + 17. This
outstanding performance was highly reproducible in 5
independent preparations (Table S4). The obtained nanoprobes
showed strong ratiometric response to the target survivin-
encoding DNA and RNA sequences, where the target detection
was associated with the loss of FRET signal (Figure 2G, S13). At
10-pM concentration, the nanoprobe exhibited the Ilimit of
detection of 2 pM for both DNA and RNA in solution (Figure 2H),
the value limited by slow oligonucleotide hybridization at these low
concentrations. Incubation of the nanoprobe with target DNA
containing 1, 2 and 3 mismatches revealed high sequence
specificity of the probe (Figure 2G).

Then, our DNA-functionalized NPs were studied at the single-
particle level. We immobilized PEMA-AspN3 NPs bearing only
T20 on A20-modified glass surface (Figure 3A) and compared
them with Qdot-605 under the wide-field microscope. Remarkably,
our 20-nm NPs were 87-fold brighter than Qdot-605 measured at
the same conditions (Figure 3 A-C, E). This outstanding
brightness for such a small particle size is explained by the high
QY (52%) of 980 encapsulated rhodamine B derivatives, giving a
theoretical brightness (extinction coefficient x QY) of 5.1 x 107 vs
5.8 x 10° Mt cm? of Qdot-605.

FRET-based nanoprobes bearing a single acceptor showed
emission in both donor (<640 nm) and acceptor (>640 nm)
channels, whereas NPs without acceptor showed signal in the
donor channel only (Figure 3B). Remarkably, the signal of
acceptor excited through the nanoantenna (Acceptor-FRET) was
257 + 30-fold stronger than that obtained by direct excitation
(Acceptor-direct) (Figure 3D, F). This value matches well the
antenna effect measured in solution, indicating that efficient FRET
from a thousand of dyes to a single acceptor results in outstanding
amplification. To the best of our knowledge, this is the largest
antenna effect ever reported for optical biosensors, including
those based on plasmonics.
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Figure 3. Characterization of nanoprobes at the single particle level. A) Scheme of PEMA-nanoprobe immobilization on a glass surface modified with BSA-biotin,
neutravidin, and A20-biotin and B) Wide-field fluorescence microscopy of the immobilized NPs: donor, antenna-amplified acceptor and merged acceptor and donor
Without (above) and with (under) TCS-ATTO665. Excitation wavelength was 550 nm with power density 0.24 W cm2. Signals from Donor and FRET-Acceptor were
recorded at <640 and >640 nm, respectively. C) Wide-field fluorescence microscopy of the immobilized Qdot-605 excited at 550nm with power density 15.4 W cm”
2, To obtain comparable signals excitation power density for QDot-605 was 65-fold higher than that for PEMA-T20. D) Wide-field fluorescence microscopy of PEMA
nanoparticles at direct excitation of acceptor at 640 nm with power density 27.7 W cm2. Integration time was 400 ms. Histogram of single-particle intensity distribution
for E) NP-PEMA-T20 and Qdot-605 and F) acceptor through direct excitation and nanoantenna energy transfer. Smaller graph represents a distribution histogram
of amplification of FRET-Acceptor emission (antenna effect) by the nanoprobe at the single-particle level. At least 2000 NPs were analyzed in each case. Examples
of single-particle intensity curves of FRET nanoprobe (G) excited at 550 nm with power density 0.24 W cm and recorded at donor and acceptor channels and (H)
direct excitation of acceptor at 640 nm on TIRF setup with power density 24.7 W cm2. 50 wt% R18/F5-TPB dye loading was systematically used.

To verify the number of acceptors in our nanoprobe, we analyzed
emission traces of the single particles and quantified the number
of single-molecule bleaching steps. When excited through
nanoantenna (at 550 nm), we estimated that 61+4% of
nanoparticles contained acceptors, among which 48+5% of
nanoprobes demonstrated single bleaching step (Figure 3G,
Table Sb), corresponding to a single acceptor per nanoprobe.
Moreover, 67+7% of single-step photobleaching events were
accompanied by recovery of the donor emission, indicating that in
our nanoprobe a single acceptor can switch on/off emission of a
thousand of dyes inside NP. Direct excitation of the acceptor in a
total internal reflection (TIRF) mode with 640 nm laser (Figure 3H)
showed that 52 + 4% of acceptors underwent the single bleaching
step, confirming that a large fraction of nanoprobes bear single
acceptor.

The achieved >250-fold amplification of acceptor emission by the
nanoantenna particles enables single-molecule FRET detection
(i.e. single-step bleaching of the acceptor and recovery of the
donor) using simple epi-fluorescence microscope setup with very
low excitation power density (irradiance) comparable to ambient
sunlight (36 mW cm, Figure S14). Then, we incubated the
immobilized nanoprobes with increasing amounts of DNA target;
starting from 1 pM, individual particles switched their emission
pseudo-color from red to green and the population of green
species increased gradually (Figure S15). At the highest tested

target concentration, all nanoprobes switched their emission to
green, showing the decrease in the FRET ratio parameter, A / (A
+ D) from 0.46 to 0.21 (Figure S16). The gradual switching
indicates that the nanoprobe can be used for quantification of the
nucleic acid targets. More importantly, as our NPs bear only a
single acceptor, the color switch of NPs corresponds to detection
of the single nucleic acid molecule, so that we could practically
calculate the number of target molecules hybridized with
nanoparticles. Therefore, we imaged a given area with
immobilized nanoprobes and quantified the number of FRET-
positive particles before and after incubation with DNA and RNA
targets (Figure 4A). Without the target, no change in the number
of FRET-positive nanoprobes was detected, whereas in case of
DNA and RNA samples, 1433187 and 768+24 particles,
respectively, switched their color from red to green per 1600 pm?
surface area (Figure 4 B-C). This “digital” detection of single-
molecule targets correlated with corresponding drop in the
average FRET ratio of NPs (Figure 4C, S17). Importantly, our
nanoprobe enables detection of DNA/RNA targets with single-
molecule sensitivity using basic epi-fluorescence microscope with
excitation close to ambient sunlight (36 mW cm-2), something that
has not been achieved to date.

Here, the minimal detectable concentration of oligonucleotides is
not limited by nanoprobe sensitivity but by the hybridization
kinetics.
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was systematically used.



Finally, we challenged our nanoprobes in another key application:
to image in real-time the single hybridization events between two
labelled oligonucleotides. In the first experiment, immobilized
donor nanoparticle bearing a single capture sequence were
treated with TCS-ATTO665 during the imaging (Figure 5A). After
addition of TCS-ATTOG665, initially green NPs turned into red and
then returned back to green (Figure 5C, Video S1). In the intensity
traces, the single-step jump of the acceptor emission was
accompanied by the drop of the donor one, which corresponded
to the single hybridization event. Then, the acceptor dye got
bleached which resulted in exactly opposite single-step changes:
drop of the acceptor and jump of the donor. In the second
experiment, we added shorter (8mer) TCS-ATTO665 (Figure 5B),
which was expected to bind reversibly to the target, similar to what
is done in DNA-PAINT imaging methods.?? Remarkably, we were
able to follow a continuous process of binding unbinding in our
two color images and the intensity traces, where donor and
acceptor signals switched many times in the opposite way (Figure
5B, S18, Video S2). Thus, these two experiments show that,
owing to >250-amplification, our light-harvesting nanomaterial
enables real-time detection of reversible and irreversible single
hybridization processes using a basic imaging setup with ultra-
low excitation irradiance.

Conclusion

In conclusion, we developed an organic nanomaterial that breaks
the FRET barrier in existing luminescent nanoparticle systems. It
is based on a light-harvesting nanoantenna, where ~1000 of
strongly coupled rhodamine dyes with 52% fluorescence quantum
yield are confined within a 20-nm polymeric particle. The obtained
nanoparticle, being as bright as 87 Qdots-605, shows
unprecedented 51% FRET efficiency to a single acceptor
(ATTO665) hybridized at the DNA-modified particle surface,
generating antenna effect (amplification factor) of ~250. To the
best of our knowledge, none of reported fluorescent nanoparticles
can combine such high brightness and FRET efficiency to a single
acceptor at the surface. High loading of bright rhodamine dyes
with their bulky counterions (50 wt%) and a specially designed
polymer in this nanoantenna ensure short interfluorophore
distances with minimal self-quenching that lead to excitation
energy migration within 1000 encapsulated dyes and further
FRET to a single accepter beyond the Forster radius with minimal
energy losses. Thus, our 20-nm particle is an efficient FRET
donor, like a small dye molecule, but it is ~1000-fold brighter. Our
DNA-functionalized nanoantenna particles enabled
unprecedented FRET-based detection of single copies of short
DNA and RNA as well as monitoring single oligonucleotide
hybridization events by a simple epi-fluorescence microscope at
ultra-low excitation irradiance (36 mW cm), close to ambient
sunlight. For comparison, conventional single-molecule detection
techniques would require in this case >1000-fold higher excitation
irradiance, TIRF microscopy and minimized detection volumes to
achieve good signal-to-noise ratio.'* 3 The developed
nanomaterials will drastically simplify single-molecule detection
and open a route to FRET assays for ultrasensitive detection of
biomolecular markers, especially microRNA, mRNA and DNA,
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Supporting Information

Light-harvesting nanoparticle probes for FRET-based detection of
oligonucleotides with single-molecule sensitivity

Nina Melnychuk, Sylvie Egloff, Anne Runser, Andreas Reisch and Andrey S. Klymchenko*

Materials

Chemical compounds: Poly (methyl methacrylate-co-methacrylic acid) (PMMA-MA, 1.6% methacrylic acid, Mn ~15000, Mw ~34000),
3-chloropropanamine  hydrochloride  (98%), rhodamine B octadecyl ester perchlorate (>98.0%), lithium tetrakis
(pentafluorophenyl)borate ethyl etherate, N,N-dimethylformamide (anhydrous, 98%), N,N-Diisopropylethylamine (299%), acetonitrile
(anhydrous, 99.8%), dichloromethane (anhydrous, =99.8%), 1-Hydroxybenzotriazole (=97%), BSA-biotin, Amicon Centrifugal filters
(0.5mL, 100kD) were purchased from Sigma-Aldrich. Citric acid monohydrate (299.5%), sodium azide (99%), sodium iodide (299.5%)
and trifluoroacetic acid (99%) were purchased from Alfa Aesar. Fmoc-Asp(OtBu)-OH was purchased from Activotec. HBTU was
purchased from ChemPep Inc. Neutravidin, LabTek chambers (Borosilicate cover glass, eight wells), QDot® 605 Streptavidin
Conjugate (QDot605), RNAsecure™ RNase Inactivation Reagent (invitrogen) were purchased from ThermoFisher Scientific. Sodium
phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic dihydrate (>99.0%, Sigma- Aldrich) were used to
prepare 20 mM phosphate buffers. Sodium tetraborate decahydrate (>99.0%, Sigma- Aldrich) was used to prepare borate buffer at and
pH was adjusted with 0.1M hydrochloride acid. For saline buffer sodium chloride (299%, Sigma Aldrich) 30 mM and magnesium chloride
(298%, Sigma Aldrich) 12 mM was added to 20 mM phosphate buffer and pH was adjusted with sodium hydroxide 1N solution. Milli-Q
water (Millipore) was used in all experiments. For immobilization protocol PBS (without Ca?* and Mg?*) was purchased from Lonza.
Nucleic acids sequences: Lyophilized single strand DNA and RNA sequences were purchased from IBA GmbH, dissolved in Milli-Q
water, aliqguoted and stored at -20 °C for further experiments. The oligonucleotide sequences used in this study are shown below.
DNA:

SurC-DBCO, 5-CCC AGC CTT CCA GCT CCT TGA - (DBCO)-3'.

T20-DBCO, 5-TTT TTT TTT TTTTTT TTT TT-(DBCO)-3..

A20-Biotin, 5-(BIO)-AAA AAA AAA AAA AAA AAA AA-3'.

TCS-acceptor, 5-(acceptor)-TCA AGG AGC TGG-3'. As acceptors were used next dyes: Cy5, Alexa-647, Oyster-650, Cy5.5, DY651,
DY654, DY676, ATTO647N, ATTO665, ATTO700.

8NA-TCS-ATTO665, 5-(ATTO665)-TCA AGG AG.

Target-DNA, 5-CAA GGA GCT GGA AGG CTG GG-3’; single mismatch, 5’-CAA GCA GCT GGA AGG CTG GG-3’; two mismatches,
5-CAA GCA GCT GGA AGC CTG GG-3’; three mismatches, 5-CAA GCA GCT CGA AGC CTG GG-3'.

RNA:

Target-RNA, 5-CAA GGA GCU GGA AGG CUG GG-3.

Experimental Procedures

Nanoparticle Preparation.

Protocol for NPs, obtained by nanoprecipitation at pH 7.4: 100 uL of the polymer solution in acetonitrile (2 mg mL-* with 30 wt% R18/F5-
TPB relative to the polymer) were then added quickly using a micropipette to 900 pL the same buffer under shaking with Thermomixer
(1,200 rpm). Then, the residues of acetonitrile were evaporated.

Protocol for NPs, obtained by nanoprecipitation at pH 9: 50 uL of the polymer solution in acetonitrile (2 mg mL* containing R18/F5-
TPB at 20, 30, 50, 70 or 100 wt% relative to the polymer) were added quickly using a micropipette to 450 uL of 10 mM borate buffer,
pH 9 at 21 °C under shaking (Thermomixer comfort, Eppendorf, 1100 rpm). While continues mixing 500 pL of 20 mM phosphate buffer,
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pH 6 were added. Then, the residues of acetonitrile were evaporated. The particle solution was then 2-fold diluted with the 20 mM of
phosphate buffer, pH 7.4.

General protocol for nanoprobe synthesis.

Aliquots of DNA were added to 200 pL of nanoparticles. The reaction was mixed and kept overnight at 40 °C in Thermomixer without
shaking protected from light. Then the reaction was cooled down to room temperature. For annealing with TCS-acceptor, the aliquot of
TCS-acceptor in ratio 1:1 with SurC-DBCO was added and mixture was heated to 70 °C in water bath for 3 min. To complete
hybridization the reaction was cooled down to room temperature and kept in the dark for 2 h. Then the mixture was diluted with 20 mM
phosphate buffer containing 12 mM MgCl; and 30 mM NaCl to 4 mL and purified by centrifugation using centrifuge filters (Amicon,
0.5ml, 100kD) on 1000 g at 20 °C for 2 min. The procedure of centrifugation was repeated 5 times to remove the non-reacted
oligonucleotides. The obtained nanoprobes in volume of 1 mL were kept in the dark at 4 °C.

Detection in solution.

The PEMA-nanoprobe was diluted in 20 mM phosphate buffer containing 30 mM NaCl and 12 mM MgCl; (in case of RNA-target the
buffer additional contained 1x RNAsecure™) to a desired concentration (corresponding to TCS-ATTO665) and aliquot of target
oligonucleotide was added. The mixture (200 pL) was kept at 20 °C in Thermomixer without shaking protected from light. Before
measurements the mixture was 3-fold diluted with a same buffer.

Detection on surfaces.

300 L of the buffer was mixed with aliquot of the target oligonucleotide and then the mixture was added to the LabTek chamber with
immobilized nanoprobes. The mixture was kept in the dark at the room temperature for 6 h incubation before measurements. In case
of detection by imaging of the same area of nanoparticles, first the PEMA-nanoprobe was imaged with 200 pL of the same buffer (in
case of RNA the buffer contained 1x RNAsecure™) and then 200 pL of nucleic acid target were added in order to obtain 100 pM final
concentration. After 1 hour of incubation at the room temperature the same zone of nanoparticle was imaged.

Nanoparticle characterization.

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano series DTS 1060 (Malvern Instruments S.A.). The
Zetasizer software provided with standard cumulates and size distribution by volume analysis was used to characterize nanoparticles
by DLS. For the data analysis, the following parameters were used: for the solvent (water) — temperature 25 °C, refractive index RI
1.33, and viscosity 0.8872 cP. Nanoparticles were assumed to be all homogenous and spherical in shape. Absorption spectra were
recorded on a Cary 4000 scan UV-visible spectrophotometer (Varian). Excitation, emission spectra and anisotropy were recorded on
FS5 Spectrofluoremeter (Edinburg Instruments). For standard recording of fluorescence spectra, the excitation wavelength was set to
530 nm. The fluorescence spectra were corrected for detector response and lamp fluctuations. Quantum yields of donor dye in NPs
were calculated using Rhodamine 101 in methanol as a reference (QY = 1.0) with an absorbance of 0.01 at 530 nm. QY of the acceptor
were measured using DiD in methanol (QY = 0.33) as a reference. To calculate FRET efficiency based on fluorescence spectra, a

. ) Ip-4 . . . . : . . . .
classical equation was used: EFRETzl-I—, where Ip is the donor maximum intensity and Ip.a is the maximum intensity of the donor in
D

the presence of the acceptor. The overlap integral J (A) was calculated using the FluorTools software.! The Forster distance was
calculated by:

2 1/6
Ro=0.211[~2/?)|

n

Amplification factor of the acceptor emission (antenna effect, AE) was expressed as the ratio of the maximal excitation intensity of the
donor to that of the acceptor with correction from the emission of the donor dyes at 690 nm for CY5 and 700 nm for ATTO665:

I5% prer — 1 [
AE =

ijFRET - Ijx

Where I5* rrpr and I§% prer are the maximal excitation intensities of donor and acceptor in nanoporbe, respectively; I5* and I* are the
excitation intensities at the wavelengths of excitation maximum of donor and acceptor in nanoparticle-T20; I§™zgr and I§™ maximum
emission intensity of donor for nanoprobe and nanoparticle-T20, respectively.

Jem
ex , 'D-FRET
D em

Photobleaching of nanoparticles in solution.

Photobleaching experiments were performed on a home-build setup. The cuvette holder (CHV100) with SMA905 Fiber Adapter was
purchased from ThorLab. For sample excitation, we used the module of a 532 nm diode laser (Oxxius) guided through the fiber optics
and passed through optical beam expander (BE50M, ThorLabs). The cuvette height was adjusted so that sample volume of 100uL was
fully irradiated. To get rid of laser radiation at 532, the single Noch filter 532 nm (Chroma) was installed. For the fluorescence signal
detection OceanOptics QE Pro modular spectrometer was used. The fluorescence signal was further processed by an OceanView
Software.

Transmission electron microscopy (TEM).

Carbon-coated copper-rhodium electron microscopy grids with a 300 mesh (Euromedex, France) were surface treated with a glow
discharge in amylamine atmosphere (0.45 mbar, 4 —4.5 mA, 22 s) in an EImo glow discharge system (Cordouan Technologies, France).
Then, 5 uL of the solution of NPs at 0.04 g/L were deposited onto the grids and left for 2 min. The grids were then treated for 1 min with
a 2% uranyl acetate solution for staining. They were observed with a Philips CM120 transmission electron microscope equipped with
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a LaB6 filament and operating at 100 kV. Areas covered with nanoparticles of interest were recorded at different magnifications on a
Peltier cooled CCD camera (Model 794, Gatan, Pleasanton, CA). Image analysis was performed using the Fiji software.

Fluorescence Microscopy

Immobilization protocol for non-functionalized nanoparticles. The 300 pL of 1M KOH aqueous solution was added in the LabTek
chamber. After 20 mins the chamber was washed 3 times with ~300 pL of MQ-water. Then 200 pL of 1 mg/mL PEI solution in TRIS
buffer pH 7.4 was added. After 20 mins the chamber was washed with 300 pL of MQ-water and left with 300 pL of MQ-water for 15
mins. Then the chamber was washed 2 times with 300 pL of MQ-water and 2 times with 300 pL of 20 mM phosphate buffer. The 250
uL of nanoparticle solution with proper concentration to achieve desired density was deposit on the plate and left for 20 mins. Then the
chamber was rinsed 3 times with 20 mM phosphate buffer and measurements were performed with a layer of the same buffer (~300
uL) above the surface.

Immobilization protocol for DNA-functionalized nanoparticles and QDot605. Immobilization in LabTek chamber was performed
according to previously described protocol.”! The LabTek chamber was washed 3 times with PBS followed by incubation with 200 uL
of BSA-Biotin (0.5 mg mL in PBS) for 5 min. Then, BSA-biotin solution was removed, and the chamber was washed 3 times with 500
uL of PBS. In case of nanoparticles immobilization, the chamber was incubated with 200 pL of neutravidin solution (0.5 mg mL™ in
PBS) for 5 min and washed 3 times with 500 pL of PBS. Then the chamber was incubated with 200 pL of 1 pM solution of A20-biotin
in PBS for 5 min and washed 1 time with PBS and 2 times with 20 mM phosphate buffer containing 12 mM MgCl, and 30 mM NacCl.
Then nanoprobe solution was deposed with proper concentration to achieve desired density and incubated for 1 hour at room
temperature in the dark. Before measurements the chamber was washed 2 times with 20 mM phosphate buffer containing 12 mM
MgCl; and 30 mM NaCl and covered with 200 pL of the same buffer. In case of QDot605 immobilization, QDot605 Streptavidin
Conjugate (ThermoFisher Scientific) was diluted to 100 pM concentration in PBS and 300 pL was added to the chamber. After 1 h of
incubation, the chamber was washed 3 times with 500 pL of PBS and filled with 200 pL of PBS.

Single-particle measurements were performed in the epi-fluorescence mode using Nikon Ti-E inverted microscope with a 100x objective
(Apo TIRF, oil, NA 1.49, Nikon) and a CFI Plan Apo 60x oil (NA = 1.4) objective. The excitation was provided by light emitting diodes
(SpectraX, Lumencor) at 550 and a 640 nm.

In case of non-functionalized nanoparticles (NP-PEMA-AspN3 and NP-PMMA-AspN3-5%) the power density used at 550 nm was 0.4
W cm?. In case of PEMA-nanoprobe, the power density used at 550 nm was 0.24 W cm2 (100x objective) and 0.036 W cm (60x
objective). For direct excitation of acceptor (ATTO665), the 640-nm light was used with a power density of 27.62 W cm-2. Also, direct
excitation of ATTO665 was done in a TIRF (Total Internal Reflection Fluorescence) setup using a 642 nm diode laser (Oxxius) with
power density set to 24.69 W cm™2,

The fluorescence signal was recorded with a Hamamatsu Orca Flash 4 camera. The exposure time was set to 200 ms (PMMA-
nanoprobe-1.6%) or 400 ms (PEMA-nanoprobe) per image frame. In case of two-color image detection, corresponding to Donor
(R18/F5-TPB) and Acceptor (Cy5 or ATTO665) signals, W-VIEW GEMINI image splitting system (Hamamatsu) was used with dichroic
640 nm (Semrock FF640-FDi01-25x36).

Comparison of single-particle brightness of PEMA-nanoprobe vs QDot605 was performed using the same experimental setup. The
excitation of nanoantenna particles and QDot605 were achieved using 550-nm light with power density of 0.24 W ¢cm2 and 15.35 W
cm2 correspondently.

The detection of target via illumination the same area of PEMA-nanoprobes before and after 1 hour of incubation with a target was
done using the same experimental setup with 60x objective using 550-nm light with power density of 0.036 W cm. The images were
made with the exposure time of 1s.

Single-particle analysis was performed using the Fiji software. Particle locations were detected through a Fiji routine applied to a
projection (maximum intensity) of all obtained frames per experiment. After the automatic background subtraction, the mean intensities
of circular regions of interest with a diameter of 8 pixels around the found particle locations were then measured. In order to calculate
the FRET response A/(A+D) average of intensity of NPs was obtained base on the first 3 frames for each channel. At least three image
sequences (245 pixel x 245 pixel) per condition were analysed with, on average, 500-1000 particles per sample.

The fluorescence intensity in photons (P — input photon) was calculated for SCMOS camera as:
P _ CFX(Ioutput_Idark)

- 16
100

where CF is the conversion factor (according to manufactures CF=0.48), I,y @and Iqqr« are the output signal with and without
illumination, respectively. Q(4) is a conversion efficiency of photons to electrons in % (provided by manufactures). To calculate the total
emitted photons per NP-acceptor, value (Ipyepur — laarr) COllected on acceptor channel was integrated over the on-time (time before
photobleaching), that gave the total detected photons before the photobleaching.

The amplification factor of the acceptor emission at the single particle level was determined using:

550nm P 640mm

AF = Ao x

7640mm ~ pssonm

R Where I539"™ and 1§*9"™ are mean intensities of acceptors under excitation at 550 and 640 nm, respectively, and P%40"m gnd p550nm
are laser powers at corresponding wavelengths. The amplification factor indicates how many folds the emission increases when the
dye is excited via nanoantenna vs direct dye excitation.
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Chemical synthesis

NMR spectra were recorded at 20°C on Bruker Avance Il 400MHz spectrometer and chemical shifts were reported as delta scale in
ppm relative to CHCI; (5 = 7.26 ppm) for *H NMR and CDCl; (8 = 77.16 ppm) for 3C NMR. Mass spectra were obtained using an
Agilent Q-TOF 6520 mass spectrometer.

Rhodamine B octadecyl ester trakis(penta-fluorophenyl)borate (R18/F5-TPB) was synthesized by ion exchange and purified by column
chromatography as described previously.F!

Linker Asp(OtBu)N3 was synthesized by coupling of Fmoc-Asp(OtBu)-OH with a 3-chloropropanamine, followed by azide substitution
and Fmoc removal as described previously.REF

PMMA-AspN3-1.6% polymer was obtained by coupling of PMMA-MA (1.6% methacrylic acid, Mn ~15000, Mw ~34000) with
Asp(OtBu)N3 and further Boc-protecting group removal as described previously.?!

Poly (methyl methacrylate-co-methacrylic acid), PMMA-MA (5% of methacrylic acid) and Poly (ethyl methacrylate-co-methacrylic acid),
PEMA-MA (5% of methacrylic acid) were synthesized through free radical polymerization and purified via precipitation in
methanol/water mixtures as described elsewhere.®!

General method for synthesis of PMMA-AspN3-5% and PEMA-AspN3:

N3 N3
o f n mo f N3
o 0 0 n m
H,N N R HN \ 0”70 [N @ J/
L m H 1. HBTU, HOBT N 2. TFA R HN N
(o) (o} o|.|+ o o 3 H
L H DIPEA, DMF CH.CI, o
R >(O >(0
OH
R=CH;, PMMA-MA Asp(OtBu)-N3 R=CH;, PMMA-Asp(OtBu)-N3 R=CH;, PMMA-AspN3
R=C,H;, PEMA-MA R=C,Hs, PEMA-Asp(OtBu)-N3 R=C,Hs, PEMA-AspN3

1. The PMMA-MA or PEMA-MA (1 eq of COOH groups) was dissolved in anhydrous N,N-dimethylformamide. To this solution HBTU (3
eq), HOBt (4 eq) and N,N-diisopropylethylamine (10 eq) was added. The mixture was stirred for 15 min and after Asp(OtBu)-N3 or
Asp(OtBu)3-N3 (3 eq) was added. The reaction was stirred overnight at room temperature under argon. The solvent was evaporated
under reduced pressure and residue was dissolved in minimum of acetonitrile and precipitated with methanol. The precipitate was
washed with methanol, redissolved in acetonitrile and reprecipitated twice in methanol. After drying under a vacuum, product was
obtained as a white solid.

PMMA-Asp(OtBu)-N3 (5% of initial methacrylic acid) — yield 45%. *H NMR (400 MHz, CDClI3) 8, ppm: 0.84 (br s, 2 H), 1.02 (br s, 1 H),
1.21 (br s, 0.24 H), 1.34 - 1.53 (m, 0.29 H), 1.76 - 2.04 (m, 2 H), 2.10 - 2.32 (m, 1 H), 3.60 (br s, 3 H).

PEMA-Asp(OtBu)-N3 (5% of initial methacrylic acid) — yield 50%. *H NMR (400 MHz, CDCl3) 8, ppm: 0.88 (br s, 2 H) 1.04 (br s, 1 H),
1.27 (s, 3H), 1.45 (br s, 0.47 H), 1.59 (br s, 1 H), 1.83 (br s, 1 H), 1.93 (br s, 0.72 H), 2.01 (br s, 0.44 H), 4.04 (br s, 2 H).

2. Polymer obtained in a previous step was dissolved in anhydrous dichloromethane (~ 5 mL) and 2 mL of trifluoroacetic acid was
added. The mixture was stirred for 3 h. Then solvents were evaporated under reduced pressure. Acetonitrile was added to the residue
and evaporation was repeated several times until the absence of the trifluoroacetic acid. Then the product was precipitated in methanol
and filtrated. After drying under vacuum, the product was obtained as a white solid.

PMMA-AspN3-5% (5% of initial methacrylic acid) — yield 60%. *H NMR (400 MHz, CDCl3) 3, ppm: 0.75 - 0.93 (m, 2 H), 1.02 (br s, 1 H),
1.21 (br s, 0.29 H), 1.45 (br s, 0.33 H), 1.81 (br s, 0.81 H), 1.84 - 2.05 (m, 1 H), 3.60 (br s, 3 H).

PEMA-AspN3 (5% of initial methacrylic acid) — yield 70%. *H NMR (400 MHz, CDCl3) &, ppm: 0.83 - 1.10 (m, 2 H), 0.96 - 1.12 (m, 1
H), 1.20 - 1.34 (br s, 3 H), 1.35 - 1.63 (m, 0.47 H), 1.83 (br s, 1 H), 1.93 (br s, 0.72 H), 1.97 - 2.23 (m, 0.44 H), 4.04 (br s, 2 H).
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Figure S1. Search for the best FRET acceptor. A) Absorbance spectra and C-D) fluorescence excitation spectra of PMMA-nanoprobes (PMMA-AspN3-1.6%
polymer) with ten different FRET acceptors. Emission wavelength was 690 nm (C) and 710 nm (D). R18/F5-TPB loading was 30 wt%.
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Figure S2. Response of PMMA-nanoprobes (PMMA-AspN3-1.6% polymer) formulated with four different TCS-acceptors to the DNA target. Emission spectra of
PMMA-nanoprobe (TCS-Acceptor, 200 pM) formulated with A) Cy5, B) Cy5.5, C) ATTO647N, D) ATTO665 after incubation for 2 h without and with 1 nM of DNA
target at the room temperature. Excitation wavelength was 550 nm. R18/F5-TPB loading was 30 wt%.

A B

1.0 ——NP-PMMA-T20
3 +TCS-CY5 3
808 +TCS-Cy5.5 =
2 +TCS ATTO-647TN 2
2 0.6 +TCS ATTO-665 2
g g
= =1
5 0.4 5
a 2
£ 0.2 €
w L

0.0 : ; ‘

550 600 650 700 750 800 850

Wavelength (nm)

= a
B OO 0 O N A
L L X ! L ]

——NP-PMMA-T20
+TCS-CY5
+TCS-ATTOB47N
+TCS-ATTO665

550 600 650
Wavelength (nm)

Emission inten

450

——NP-PMMA-T20
+TCS-CY5.5

J

700

550 600 650
Wavelength (nm)

500

Figure S3. Non-specific interaction of different TCS-acceptors with NP-PMMA-T20 (PMMA-AspN3-1.6% polymer). A) Fluorescence emission spectra of NP-PMMA-
T20 after 24 h incubation at the room temperature without and with 50 nM of TCS-Cy5, TCS-ATTO647N, TCS-ATTO665 and TCS-Cy5.5. Excitation wavelength
was 550 nm. B) Fluorescence excitation spectra of NP-PMMA-T20 after 24 h incubation at the room temperature without and with 50 nM of TCS-Cy5, TCS-
ATTO647N, TCS-ATTO665 at emission wavelength 690 nm and C) NP-PMMA-T20 without and with TCS-Cy5.5 at emission wavelength 710 nm. R18/F5-TPB
loading was 30 wt%.
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Figure S4. Photobleaching of PMMA-nanoprobe (PMMA-AspN3-1.6% polymer) formulated with four different TCS-acceptors in solution. Fluorescence spectra of
PMMA-nanoprobe (TCS-Acceptor, 100 pM): A) Cy5, B) Cy5.5, C) ATTO647N, D) ATTO665 measured during 10 min of irradiation at 532 nm with excitation power
density 80 mW cm-2 (exposure time 200 ms, 5 scan to average spectrum). E) Photobleaching curves of nanoprobes formulated with TCS-Cy5, TCS-Cy5.5,
ATTO647N and ATTO665. R18/F5-TPB loading was 30 wt%.
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Figure S5. Photostability of PMMA-nanoprobes (PMMA-AspN3-1.6% polymer) formulated with four different TCS-acceptors at a single particle level. Wide-field
FRET images (donor channel, acceptor channels and overlay) of PMMA-nanoprobes formulated with TCS-Cy5, TCS-Cy5.5, TCS-ATTO647N and ATTO665 A)
before illumination and B) after 20 s of illumination. The excitation wavelength was at 550 nm with 0.54 W cm™2 power density. Signals from the donor and the
acceptor were recorded at <640 and >640 nm, respectively. All channels are represented at the same intensity scale. Scale bar, 5 pm.
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Figure S6. Photostability of PMMA-nanoprobe (PMMA-AspN3-1.6% polymer) formulated with TCS-ATTO647N and TCS-ATTO665 at the single particle level
excited with higher power. Curves of relative FRET efficiency A/(D+A) during 20 s of excitation at 550 nm of A) PMMA-nanoprobe (TCS-ATTO647N) and B) PMMA-
nanoprobe (TCS-ATTO665) with power density of 0.41, 0.91, 3.73 and 9.26 W cm™. Signals from the donor and the acceptor were recorded at <640 and >640 nm,
respectively. A and D are the integrated densities of the signal from individual particles recorded at the acceptor and the donor channels, respectively.
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Figure S7. Formulation of PMMA-nanoprobe (PMMA-AspN3-1.6% polymer) at higher pH. A) TEM image (scale bar: 50 nm) and B) Size-distribution diagram of NP-
PMMA-AspN3 formulated at pH 9. C) Absorption spectra and D) normalized fluorescence spectra of PMMA-nanoprobe-1.6% without and with 3, 8 and 12 TCS-
ATTOG665 per NP. Excitation wavelength was 530 nm. R18/F5-TPB loading was 30 wt%.

Figure S8. Wide-field microscopy images of immobilized nanoparticles based on A) PMMA-AspN3-5% and B) PEMA-AspN3 polymers. The excitation was at 550
nm with excitation power density 0.41 W cm™2. Integration time was 200 ms. Scale bar 5um. R18/F5-TPB loading was 30 wt%. C) Example of single-particle intensity
traces from PMMA-AspN3-5% and PEMA-AspN3 NPs loaded with 50 wt% R18/F5-TPB.
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Figure S9. Average intensity curves of NP-PEMA-AspNS3 at a single particle level at different loading of R18/F5-TPB dye. The excitation wavelength was at 550 nm
with 0.4 W cm™ power density. Intensity is an average integrated density of nanoparticles.
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Figure S10. Steady-state fluorescence anisotropy of PEMA-AspN3 NPs as a function of R18/F5-TPB dye loading.
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Figure S11. Size by DLS of NP-PEMA-AspN3 functionalized with increasing amount of T20 DNA (40 pM, 50 uM and 60 uM of T20 DNA were added to the reaction
mixtures). The DLS was measured immediately after purification and after 5 days of storage in the dark at 4 °C. R18/F5-TPB loading was 50 wt%.
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Figure S12. Characterization of PEMA-nanoprobes with different amount of acceptors. A) Fluorescence excitation spectra of PEMA-nanoprobes with increasing
amount of acceptors (TCS-ATTO665). R18/F5-TPB loading was 50 wt%. Emission wavelength was 690 nm. B) Characterization of PEMA-nanoprobes with
increasing amount of acceptors.
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Figure S13. Response of PEMA-nanoprobe to DNA and RNA target in the solution. Fluorescence spectra of PEMA-nanoprobes incubated for 6 h at 20 °C with
increasing amount of A) DNA target and B) RNA target. Excitation wavelength was 530 nm.
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Figure S14. Single-molecule detection in PEMA-nanoprobes at excitation conditions close to ambient light. A) Wide-field FRET images of PEMA-nanoprobes (donor
channel, acceptor channels and overlay) and B) Intensity traces of donor and FRET-acceptor. The excitation wavelength was 550 nm, 60x oil objective with power

density 0.036 W cm2. Integration time was 400 ms. Scale bar, 5 um
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Figure S15. Response of PEMA-nanoprobe to survivin DNA target at the single particle level. A) Wide-field fluorescence microscopy images of the immobilized
PEMA-nanorobe B) and corresponding histograms of relative FRET efficiency, A/(A + D) after 6h incubation at room temperature with different concentrations of
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Figure S17. Ratiometric response of PEMA-nanoprobes without and with 100 pM of DNA and RNA targets. The excitation wavelength was 550 nm, 60x oil objective
with power density 0.036 W cm2. Integration time was 1s.
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Figure S18. FRET-acceptor traces during imaging of NP-PEMA-SurC/T20 A) containing 3 capture sequences per NP while addition of 100 nM of TCS-ATTO665
(12NA) in PB with 12 mM of MgCl. and 30mM NaCl and B) containing 1 capture sequence per NP while addition of 250 nm of TCS-ATTO665 containing 8 NA in

PBS.
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Supporting Tables

Table S1. Number of acceptors per nanoparticle and their FRET ratio A/(A+D) for PMMA-nanoprobes (PMMA-AspN3-1.6% polymer) with different acceptors.

TCS-Acceptor r’:‘:nrzk;;ti?; Ratio A/(D+A)

Cy5 (650) 20 0.64
Alexa (650) 6.6 0.30
Oyster (650) 6.9 0.26
Cy5.5 33 0.67
DY651 9.7 0.48
DY654 4.7 0.20
DY676 6.1 0.31
ATTO647N 19 0.77
ATTO665 18 0.68
ATTO700 9.2 0.21

Table S2. Comparison of NPs made of PEMA-AspN3, PMMA-AspN3-5% or PMMA-AspN3-1.6% polymers with 30 wt% loading of RhB/F5-TPB.

NP, with loading of RhB/F5- Size by Size by Number of Average photon count

TPB 30 %wt TEM, d.nm  DLS, d. nm Qviel % dyes per NPl rate per nanoparticlel®
NP-PEMA-AspN3 18 17.2+0.5 54 401 3570
NP-PMMA-AspN3-5% 15 15.6+£0.5 31 232 1350
NP-PMMA-AspN3-1.6% 28 30.8+1.1 38 1510 5650

[a] Rh101 in methanol was used as a standard. [b] Calculated from diameter of nanopatrticle. [c] Average number of photons collected from single nanoparticle
during 600 ms of acquisition time. Calculated average from ~200 NPs.

Table S3. Formulation of NP-PEMA-AspN3 with different loadings of RhB-C15/F5-TPB.

Loading, % wt Size, d. nm QYH, % M c‘]n’][j e R, nm
20 16.6 £0.9 60.0 5.03E+15 6.82
30 17.9+0.7 53.6 5.08E+15 6.69
50 18.6 +0.4 52.2 5.00E+15 6.65
70 18.9+0.4 49.3 4.99E+15 6.58
85 221+13 39.4 4.90E+15 6.32
100 25.9+0.7 39.8 5.02E+15 6.34

[a] As a standard, Rh101 in methanol was used. [b] J is an overlap integral, calculated using the FluorTools software.™ [c] R is the Forster radius.
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Table S4. Composition, light-harvesting and spectroscopic properties of PEMA-nanoprobes prepared with a single acceptor. [

. Ratio A/D from Acceptors per Ratio A/(D+A) b FRET
Preparation Antenna effect from QYPl % L
Absorbance NP efficiency, %
Fluorescence

1 558 1.76 193 0.480 43 51

2 573 1.71 220 0.486 47 48

3 548 1.79 190 0.536 53 47

4 567 1.73 225 0.484 38 53

5 584 1.68 214 0.501 52 58
Avarage, STD 566 + 14 1.73+0.04 209+16 0.497+0.023 46+6 51+4

[a] For Acceptors per NP calculation, the 980 Donors in NP with a size of 20 nm was used. [b] As a standard, Rh101 in methanol was used.

Table S5. Behavior of PEMA-nanoprobes at the single-particle level.®

Observation Size by DLS, d. nm Percentage[b]
Donor
1000 = FRET-Acceptor
- 800
8
. 2 600
Photobleaching of acceptor was not observed 2 52+6%
Q
< 400
200
0 10 20 30 40 50 60
Time (s)
Donor
1200 —— FRET-Acceptor
1000
3
. S 800
with turn on >
of the donor ‘2 600 67+7%
s 5
emission £ 100
200
0+ . . . . . .
10 20 30 40 50 60
Time (s)
Single step photobleaching 48+5%
=— Donor
20007 —— FRET-Acceptor
S
without turn E 15001
on of the =
donor % 1000+ 33£4%
emission £
500+
0 . : . . . .
0 10 20 30 40 50 60
Time (s)

[a] Analysed 3 independent preparations. Statistics from at least 500 nanoparticle per image. [b] Obtained results demonstrates that at least 61+4% contain an
acceptor and at least 48% of all FRET NPs contain single acceptor (demonstrates bleaching step).
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Part 3. Conclusions and perspectives

PART 3. CONCLUSIONS AND PERSPECTIVES

The objective of my PhD thesis was to develop an approach for the functionalization of
polymeric dye-loaded nanoparticles with oligonucleotides and apply them for amplified detection
of nucleic acids.

In the first part of my work, we investigated two principle approaches that lead to surface
functionalization of the dye-loaded polymer nanoparticles: pre-functionalization of polymer with
a ligand prior to nanoparticle formulation and post-functionalization of nanoparticles surface after
nanoparticles are formed. To attach covalently ligand to the polymer, the polymers with azide
groups were synthesized based on commercial PMMA-MA and hydrophilic Sulfo-Cy5(DBCO)
was used as a ligand, which acted as a FRET-acceptor, while nhanoparticle was a FRET-donor.
Cupper-free click reaction was performed in both cases of coupling the polymers and a Sulfo-
Cy5(DBCO) in organic solvent and coupling the nanoparticles and a Sulfo-Cy5(DBCO) in a
buffer. Obtained results demonstrated that the presence of a charged group between the
polymer chain and an azide group is absolutely necessary to expose the functional azide group
or fluorescent ligand at the nanopatrticle surface during the nanoprecipitation. Moreover, different
number of charged groups per azide is necessary for each of these two approaches. Indeed,
one charged group is favorable for the post-functionalization, because the reactivity of these
nanoparticles with DBCO-bearing ligand is higher. On the other hand, three charged groups are
required to completely pull out the fluorescent ligand during the nanoprecipitation in the pre-
functionalization approach. Based on these results, the sensor of the reduction environment was
developed, and its performance was demonstrated in cells. Finally, it was concluded, that due
to the solubility issues the only way to attach oligonucleotides to dye-loaded polymer
nanoparticle is the post-functionalization approach where biomolecules are coupled with
nanoparticles in a buffer.

In the second part of my work, we developed a nanoprobe based on light-harvesting
nanoantenna for ultrasensitive detection of nucleic acids. As a target sequence for probe design,
we chose a fragment encoding cancer marker survivin. In the nanoprobe design, nanoparticle is
modified at the surface with capture oligonucleotide complementary to a nucleic acid target
(SurC), which is hybridized with a short target-competitive sequence bearing FRET acceptor
Cy5 (TCS-Cyb), so that acceptor is localized close to nanopatrticles surface, which ensures good
FRET efficiency. In the presence of the target nucleic acid, TCS-Cy5 is replaced and FRET is
blocked. This way upon target nucleic acid detection nanoparticles changes its color from red to
green. To fulfill the design, we developed a method for surface modification of dye-loaded
polymer nanoparticles and obtained a nanoprobe with ~23+3 capture sequences per
nanoparticle able to distinguish the hybridization of 3-5 TCS-Cy5 by producing clear detectable
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change in dual emission of nanoprobe. As a result, we established the nanoprobe with
amplification of nucleic acid detection, where a few molecular recognition events can control the
emission of 3200 donor dyes inside the nanoantenna. Finally, we have demonstrated their
capability for sequence-specific detection of nucleic acids targets in the presence of proteins and
mixtures of non-specific nucleic acids in solution and on the glass surface at the single-particle
level.

In the third part of my work, we aimed to reach the sensitivity of the nanoprobes to the level
of single hybridization. To accomplish this, a number of improvements in the nanoprobe design
were made. First, the acceptor with better photostability was absolutely needed. A screening of
nanoprobe formulation was performed with 10 different dyes from 3 families: Cy, DY and ATTO
with different polarities and emission wavelengths. We discovered that only positively or neutrally
charged acceptors are suitable for nanoprobe formulation. Then we compared their
photostability and found that dyes from ATTO family are far more photostable than initially used
Cy5. ATTO665 was chosen due to its photostability and better spectral separation which is
favorable for the ratiometric detection. Second, we designed functionalized nanoparticles of
smaller size using a more hydrophobic polymer (PEMA-MA), which allowed us to obtain an
improved brightness and photostability of donor nanoparticle. By formulation of nanoprobe using
PEMA as a polymer matrix and ATTO665 as a FRET-acceptor, we obtained a system with a
statistically single acceptor per NP. This newly designed nanoprobes exhibit extraordinary
results: both high fluorescence quantum yield (46%) and high FRET efficiency (51%) through
the distance beyond the Fadrster radius (6.4 nm vs 20 nm particle size). The presence of a single
acceptor was confirmed by observation of the single-step switch on/off of acceptor/donor
emission at the single-particle level. The amplification of acceptor emission (antenna effect) was
257 + 40 at the single-particle level. This way, the redesigned nanoprobes showed capacity to
detect a single hybridization event by switching on/off energy transfer from thousands of dyes
inside the nanoantenna to a single acceptor at the excitation power equivalent to ambient
sunlight. This has opened a new way for “digital” detection of oligonucleotide targets just by
counting green/red nanoparticles at the single-particle level and lowered down the limit of
detection down to a single hybridization event. The remaining limitation of this system is the
kinetics of hybridization, which is slow at low target concentrations.

Finally, we demonstrated the direct imaging of a single hybridization event under the
epifluorescence microscope. By adding TCS-ATTO665 during the imaging process we were
able to follow a single hybridization event by a change in the color of nanopatrticle from green to
red, which was supported by a single step intensity trace. Moreover, by changing the length of
TCS-ATTO665 from 12 to 8 nucleic acids we were able to distinguish irreversible and reversible
binding. In the first case the hybridization was followed by acceptor bleaching, so the acceptor
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emission was longer observed, while in the second case we observed multiple short acceptor
emission spikes, corresponding to reversible single hybridization events.

During the three years of my work, | reached the aims of my thesis. We have developed an
approach for the functionalization of dye-loaded polymeric nanoparticles with oligonucleotides
and established a platform for amplified detection of nucleic acids. Moreover, such
unprecedented properties of nanoprobes allowed us to follow single hybridization events
comparable to ambient sunlight excitation conditions.

The important remaining problem of the developed detection assay is the slow hybridization
kinetics at ultralow concentrations of both target nucleic acids and nanoprobes, which controls
the limit of detection. Therefore, the detection assay should be improved to address this problem.
Also, an approach of the synthesis and purification of nanoprobes bearing a single capture
sequence is an important challenge to be addressed. Indeed, the elimination of nanoparticles
without acceptor will improve the homogeneity of a nanoprobe signal at the single-particle level.

The further step of this project is a validation of assays for the detection of biologically relevant
targets, like messenger RNA and microRNA in biological samples, such as cell lysates, fixed
and live cells. New nanoprobes should be designed for important nucleic acids cancer markers.
Moreover, nanoprobes of different colors should be developed, which will open a possibility of
multiplex detection of RNA and DNA targets simultaneously.

The developed surface chemistry could be also applied for attachment of proteins (antibodies)
to the surface of dye-loaded polymer nanoparticles. This would create new hybrid materials that
are of interest in targeted bioimaging and biosensing.

The ultimate goal of this research is the development of the kits for rapid and effective point-
of-care diagnostics of cancer and other diseases.
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PART 4. MATERIALS AND METHODS

4.1 Materials

All starting materials and solvents for chemical synthesis were purchased from Alfa Aesar,
SigmaAldrich, Iris Biotech, Lumiprobe or TCl Europe and used as received. BSA-biotin,
deoxyribonucleic acid sodium salt from calf thymus (Type I, fibers), Albumin bovine serum
(Fraction V, minimum 96%, lyophilized powder), Amicon Centrifugal filters (0.5mL, 100K) were
purchased from Sigma-Aldrich. Neutravidin, LabTek chambers (Borosilicate cover glass, eight
wells), QD605 Streptavidin Conjugate, RNAsecure™ RNase Inactivation Reagent (invitrogen),
OptiMEM (Gibco®) and FBS (Gibco®) were purchased from ThermoFisher Scientific. Illustra
NAP Columns (prepacked with Sephadex G-25 DNA Grade) and PD10 desalting columns
(prepacked with Sephadex G-25) were purchased from GE Healthcare. Human Serum was
purchased from the hospital and supernatant was stored at -20 °C.

Sodium phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic
dihydrate (>99.0%, Sigma- Aldrich) were used to prepare 20 mM phosphate buffers. Sodium
tetraborate decahydrate (>99.0%, Sigma- Aldrich) was used to prepare borate buffer at and pH
was adjusted with 0.1M hydrochloride acid. For saline buffer sodium chloride (299%, Sigma
Aldrich) 30 mM and magnesium chloride (298%, Sigma Aldrich) 12 mM was added to 20 mM
phosphate buffer and pH was adjusted with sodium hydroxide 1N solution. Milli-Q water
(Millipore) was used in all experiments. For immobilization protocol PBS (without Ca?* and Mg?*)
was purchased from Lonza.

Nucleic acids sequences:

Lyophilized single-strand DNA and RNA sequences were purchased from IBA GmbH,
dissolved in Milli-Q water, aliquoted and stored at -20 °C for further experiments. The
oligonucleotide sequences used in this study are shown below.

DNA:
SurC-DBCO, 5’-CCC AGC CTT CCA GCT CCT TGA - (DBCO)-3’;
T20-DBCO, 5-TTTTTTTITTTITTTIT TTT TT-(DBCO)-3’;

A20-Biotin, 5’-(BIO)-AAA AAA AAA AAA AAA AAA AA-3

TCS-acceptor, 5'-(label)-TCA AGG AGC TGG-3’; As labels were used next dyes: Cy5, Alexa-
647, Oyster-650, Cy5.5, DY651, DY654, DY676, ATTO647N, ATTO665, ATTO700.

8NA-TCS-ATTO665, 5’-(ATTO665)-TCA AGG AG.

Target-DNA, 5’-CAA GGA GCT GGA AGG CTG GG-3’; single mismatch, 5-CAA GCA GCT
GGA AGG CTG GG-3’; two mismatches, 5-CAA GCA GCT GGA AGC CTG GG-3’; three
mismatches, 5-CAA GCA GCT CGA AGC CTG GG-3'.

RNA: Target-RNA, 5-CAA GGA GCU GGA AGG CUG GG-3'.
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4.2 Methods

Nanoparticle Preparation

Protocol for diluted NPs: 50 uL of the polymer solution in acetonitrile (1 mg mL-1 containing
R18/F5-TPB at 20 or 30 wt% relative to the polymer) was added quickly using a micropipette to
450 pL of 20 mM phosphate buffer, pH 7.4 at 21 °C under shaking (Thermomixer comfort,
Eppendorf, 1100 rpm). The particle solution was then quickly diluted 5-fold with the same buffer.

Protocol for concentrated NPs: 100 uL of the polymer solution in acetonitrile (2 mg mL* with
30 wt% R18/F5-TPB relative to the polymer) were then added quickly using a micropipette to
900 pL the same buffer under shaking with Thermomixer (1,100 rpm). Then, the residues of
acetonitrile were evaporated.

Protocol for concentrated NPs, obtained by nanoprecipitation at pH9: 50 uL of the polymer
solution in acetonitrile (2 mg mL-1 containing R18/F5-TPB at 20, 30, 50, 70 or 100 wt% relative
to the polymer) was added quickly using a micropipette to 450 yL of 10 mM borate buffer, pH 9
at 21 °C under shaking (Thermomixer comfort, Eppendorf, 1100 rpm). While continues mixing
500uL of 20 mM phosphate buffer, pH 6 was added. Then, the residues of acetonitrile were
evaporated. The particle solution was then 2-fold diluted with the 20mM of phosphate buffer, pH
7.4.

Protocol for reaction and purification of NPs with Sulfo-Cy5(DBCO)

An aliquot of Sulfo-Cy5(DBCO) was added to the 1 mL of nanopatrticles in 20mM phosphate
buffer, pH 7.4 to reach the desired concentration. The mixture was incubated overnight in the
dark at room temperature. The size-exclusion column (PD10 desalting columns prepacked with
Sephadex G-25) was washed with 10 mL of 20 mM phosphate buffer and the reaction mixture
was deposed on a column. Then NPs were eluted with 4 mL of buffer and colored fractions with
volume 1 mL were collected. The concentration of nanoparticles was verified by absorbance
spectra.

General protocol for nanoprobe synthesis

Aliquots of DNA were added to 200 pL or 300 pL of nanoparticles. The reaction was mixed
and kept overnight at 40 °C in Thermomixer without shaking protected from light. Then the
reaction was cooled down to room temperature. For annealing with TCS-target, the aliquot of
TCS-target in ratio 1:1 with SurC-DBCO was added and the mixture was heated to 70 °C in a
water bath for 3 min. To complete hybridization the reaction was cooled down to room
temperature and kept in the dark for 2 h. Then the mixture was diluted with 20 mM phosphate
buffer containing 12 mM MgClz and 30 mM NaCl to 4 mL and purified by centrifugation using
centrifuge filters (Amicon, 0.5ml, 100k) on 1000 g at 20 °C for 2 min. The procedure of
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centrifugation was repeated 5 times to remove the non-reacted oligonucleotides. The obtained
NP-probes in volume of 1 mL were kept in the dark at 4 °C.

Detection of survivin nucleic acid target

Detection in solution with the NP-Probe: the NP-Probe was diluted in 20 mM phosphate buffer
containing 30 mM NacCl and 12 mM MgCl: to the desired concentration (corresponding to TCS-
Cy5) and aliquot of target oligonucleotide was added. Before measurements, the mixture was
incubated in the dark at 4 °C for 20h. For NA detection in different biological media, the PBS and
OptiMEM were adjusted to 12 mM MgClz concentrations and further used for sample
preparations. BSA was diluted to 0.5 mg/mL concentration in PBS. The deoxyribonucleic acid
sodium salt from calf thymus (CT-DNA) was dissolved to a concentration of 2 mg/mL in water
and kept overnight at 4 °C for complete dissolution. Then, it was heated for 3 min at 90 °C
followed by rapid transfer into an ice bath. For measurements, it was diluted to a concentration
of 10 pg/mL in PBS. Fetal bovine serum (FBS) and Human Serum were heat-inactivated by
exposing them for 30 min to 56 °C before they were used. After that, the FBS and Human Serum
were diluted to 10% concentration in OptiMEM. For measurements in solution the NP-Probe was
diluted in the corresponding media and the target oligonucleotide was added. Before the
measurements were made, the mixtures of NP-Probe with and without target oligonucleotide
were incubated in the dark at 4 °C for a given time.

Detection in_solution with PEMA-nanoprobe: the PEMA-nanoprobe was diluted in 20 mM
phosphate buffer containing 30 mM NaCl and 12 mM MgClIz (in case of RNA-target the buffer
additional contained 1x RNA-secure) to a desired concentration (corresponding to TCS-
ATTOG665) and aliquot of target oligonucleotide was added. The mixture (200 pL) was kept at
20°C in Thermomixer without shaking protected from light. Before measurements, the mixture
was 3-fold diluted with the same buffer.

Detection on surfaces with the NP-Probe: 300 uL of the buffer or media was mixed with an
aliquot of the target oligonucleotide and then the mixture was added to the LabTek chamber with
immobilized NP-Probes (for preparation, see below). The mixture was kept in the dark at room
temperature for 1 and 4 h incubation or at 4 °C for 20h incubation before measurements.

Detection on surfaces with the PEMA-nanoprobe: 300 pL of the buffer was mixed with an
aliquot of the target oligonucleotide and then the mixture was added to the LabTek chamber with
immobilized nanoprobes (for preparation, see below). The mixture was kept in the dark at room
temperature for 6 h incubation before measurements. In case of detection by imaging of the
same area of nanoparticles, first the PEMA-nanoprobe was imaged with 200uL of the same
buffer (in case of RNA the buffer contained 1x RNA-secure) and then 200uL of nucleic acid
target were added in order to obtain 100 pM final concentration. After 1 hour of incubation at the

room temperature the same zone of nanoparticle were imaged.
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Molecular Probe Preparation

To 120 pL of 20 mM phosphate buffer containing 50 mM NaCl and 1 mM of EDTA was added
30 pL of SurC-DBCO (400 puM stock in water) and 50 pL of Sulfo-Cyanine3 azide (2 mM stock
in water). The mixture was left overnight under shaking (Thermomixer comfort, Eppendorf, 400
rpm) at room temperature. Then, the mixture was purified using disposable columns pre-packed
with Sephadex G-25 DNA Grade (lllustra NAP Columns, GE Healthcare) and 20 mM phosphate
buffer as eluent. The fractions were collected in 50 yL volumes and the conjugate formation was
verified by absorption and fluorescence emission spectra. The 10 uM of the conjugate was
further mixed with 10 pM of TCS-Cy5 and the mixture was heated for 70 °C in a water bath for
3 mins. Finally, it was cooled down to room temperature and kept in the dark for 2 hours before
the experiments.

Nanoparticle characterization

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano series
DTS 1060 (Malvern Instruments S.A.). The Zetasizer software provided with standard cumulates
and size distribution by volume analysis was used to characterize nanopatrticles by DLS. For the
data analysis, the following parameters were used: for the solvent (water) — temperature 25 °C,
refractive index RI 1.33, and viscosity 0.8872 cP. Nanoparticles were assumed to be all
homogenous and spherical in shape. Absorption spectra were recorded on a Cary 4000 scan
UV-visible spectrophotometer (Varian), excitation and emission spectra were recorded on a
FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) and FS5 Spectrofluoremeter (Edinburg
Instruments). For standard recording of fluorescence spectra, the excitation wavelength was set
to 530 nm. The fluorescence spectra were corrected for detector response and lamp fluctuations.
Measurements of fluorescence anisotropy was performed at 20°C with a Fluorolog
spectrofluorometer (Horiba Jobin Yvon). To measure the anisotropy value of Cy5 the excitation
wavelength was 640 nm and the emission wavelength was 665 nm. Quantum yields of donor
dye in NPs were calculated using Rhodamine 101 in methanol as a reference (QY = 1.0) with
an absorbance of 0.01 at 530 nm. QY of the acceptor was measured using DiD in methanol (QY
= 0.33) as a reference. To calculate FRET efficiency based on fluorescence spectra, a classical

D-A

equation was used: Errer=1- , where Ip is the donor maximum intensity and Ip-a is the

Ip
maximum intensity of the donor in the presence of the acceptor. The overlap integral J (A) was

calculated using the FluorTools software.®® The Forster distance was calculated by:

2 1/6
Ro:0.211["Q+{(”]
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Amplification factor of the acceptor emission (antenna effect, AE) was expressed as the ratio
of the maximal excitation intensity of the donor to that of the acceptor with a correction from the
emission of the donor dyes at 690 nm for CY5 and 700 nm for ATTOG665:

Iem
Iex _ Iex * D—FRET
D—-FRET D Igm

AE =

IXfFRET - Ijx
Where I5¥ .rer @nd 5% ppr @re the maximal excitation intensities of donor and acceptor in
nanoprobe, respectively; I5* and I;* are the excitation intensities at the wavelengths of
excitation maximum of donor and acceptor in nanoprobe-SurC-T20; I5"xger and I5™ maximum
emission intensity of donor for nanoprobe and nanoprobe-SurC-T20, respectively.

Photobleaching of nanoparticles in solution

For photobleaching experiments were acquired on a home-build setup. The cuvette holder
(CHV100) with SMA905 Fiber Adapter was purchased from ThorLab. For sample excitation, we
used the module of a 532 nm diode laser (Oxxius) guided through the fiber optics and passed
through optical beam expander (BE50M, ThorLabs). The cuvette height was adjusted so that
the sample volume of 100uL was fully irradiated. The get rid of laser radiation at 532, the single
Noch filter 532 nm (Chroma) was installed. For the fluorescence signal detection, OceanOptics
QE Pro modular spectrometer was used. The fluorescence signal was further processed by an
OceanView Software.

Transmission electron microscopy (TEM)

Carbon-coated copper-rhodium electron microscopy grids with a 300 mesh (Euromedex,
France) were surface treated with a glow discharge in amylamine atmosphere (0.45 mbar, 4 —
4.5 mA, 22 s) in an Elmo glow discharge system (Cordouan Technologies, France). Then, 5 uL
of the solution of NPs at 0.04 g/L were deposited onto the grids and left for 2 min. The grids were
then treated for 1 min with a 2% uranyl acetate solution for staining. They were observed with a
Philips CM120 transmission electron microscope equipped with a LaB6 filament and operating
at 100 kV. Areas covered with nanoparticles of interest were recorded at different magnifications
on a Peltier cooled CCD camera (Model 794, Gatan, Pleasanton, CA). Image analysis was
performed using the Fiji software.

Fluorescence Microscopy

Immobilization protocol for non-functionalized nanoparticles. The 300uL of 1M KOH aqueous
solution was added to the LabTek chamber. After 20 mins the chamber was washed 3 times
with ~300 pL of MQ-water. Then 200 pL of 1 mg/mL PEI solution in TRIS buffer pH 7.4 was
added. After 20 mins the chamber was washed with 300 uL of MQ-water and left with 300 pL of
MQ-water for 15 mins. Then the chamber was washed 2 times with 300 pL of MQ-water and 2
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times with 300 pL of 20 mM phosphate buffer. The 250 pL of nanoparticle solution with proper
concentration to achieve the desired density was deposit on the plate and left for 20 mins. Then
the chamber was rinsed 3 times with 20 mM phosphate buffer and measurements were
performed with a layer of the same buffer (~300uL) above the surface.

Immobilization protocol for DNA-functionalized nanoparticles and QD605. Immobilization in
LabTek chamber was performed according to previously described protocol.'>® The LabTek
chamber was washed 3 times with PBS followed by incubation with 200 uL of BSA-Biotin (0.5
mg mL?* in PBS) for 5 min. Then, BSA-biotin solution was removed, and the chamber was
washed 3 times with 500 pL of PBS. In case of nanoparticles immobilization, the chamber was
incubated with 200 pL of neutravidin solution (0.5 mg mLt in PBS) for 5 min and washed 3 times
with 500 uL of PBS. Then the chamber was incubated with 200 pL of 1 uM solution of A20-biotin
in PBS for 5 min and washed 1 time with PBS and 2 times with 20 mM phosphate buffer
containing 12 mM MgClz2 and NaCl 30mM. Then, the nanoprobe solution was deposed with
proper concentration to achieve the desired density and incubated for 1 hour at room
temperature in the dark. Before measurements, the chamber was washed 2 times with 20 mM
phosphate buffer containing 12 mM MgCl2 and 30 mM NaCl and covered with 200 pL of the
same buffer. In case of QD605 immobilization, QD605 Streptavidin Conjugate (ThermoFisher
Scientific) was diluted to 100 pM concentration in PBS and 300 uL was added to the chamber.
After 1 h of incubation, the chamber was washed 3 times with 500 pL of PBS and filled with 200
uL of PBS.

Single-particle measurements were performed in the epi-fluorescence mode using Nikon Ti-
E inverted microscope with a 100x objective (Apo TIRF, oil, NA 1.49, Nikon) and a CFI Plan Apo
60x oil (NA = 1.4) objective. The excitation was provided by light-emitting diodes (SpectraX,
Lumencor) at 550 and a 640 nm.

In case of NP-Probe, PEMA-AspN3 and PMMA-AspN3, the power density used at 550 nm
was 0.4 W cm2. In case of PEMA-nanoprobe to 0.24 W cm (100x objective) and 0.036 W cm-
2 (60x objective). For direct excitation of acceptor Cy5 in case of NP-Probe, the 640-nm light was
used with a power density of 20 W cm2. For direct excitation of acceptor ATTO665 in case of
PEMA-nanoprobe, the 640-nm light was used with a power density of 27.62 W cm-2. Also, direct
excitation of ATTO665 was done in a TIRF (Total Internal Reflection Fluorescence) setup using
a 642 nm diode laser (Oxxius) with power density set to 24.69 W cm™.

The fluorescence signal was recorded with a Hamamatsu Orca Flash 4 camera. The exposure
time was set to 200 ms (NP-Probe) or 400 ms (PEMA-nanoprobe) per image frame. In case of
two-color image detection, corresponding to Donor (R18/F5-TPB) and Acceptor (Cy5 or
ATTOG665) signals, W-VIEW GEMINI image splitting system (Hamamatsu) was used with
dichroic 640 nm (Semrock FF640-FDi01-25x36).
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A comparison of single-particle brightness of our NPs vs QD605 was done using the same
experimental setup. In case of NP-Probe, the excitation of nanoantenna particles was done using
550-nm light with a power density of 0.56 W cm-?, whereas QD605 were excited by 470-nm light
with a power density of 14 W cm™. In case of PEMA-nanoprobe, excitation of nanoantenna
particles and QD605 were done using 550-nm light with a power density of 0.24 W cm? and
15.35 W cm correspondently.

The detection of the nucleic acid target via illumination of the same area of PEMA-nanoprobes
before and after 1 hour of incubation with a target was done using the same experimental setup
with 60x objective using 550-nm light with power density of 0.036 W cm™. The images were
made with the exposure time of 1 s.

Single-particle _analysis was performed using the Fiji software. Particle locations were
detected through a Fiji routine applied to a projection (maximum intensity) of all obtained frames
per experiment. After the automatic background subtraction, the mean intensities of circular
regions of interest with a diameter of 8 pixels around the found particle locations were then
measured. In order to calculate the FRET response A/(A+D) average of intensity of NPs was
obtained base on the first 3 frames for each channel. At least three image sequences (245 pixel
x 245 pixel) per condition were analyzed with, on average, 500-1000 particles per sample.

The fluorescence intensity in photons (P — input photon) was calculated for sSCMOS camera
as:

P = CFX(Ioutput—Idark)
- QD)
100

where CF is the conversion factor (according to manufactures CF=0.48), I,y ¢pye and I, are

the output signal with and without illumination, respectively. Q(1) is a conversion efficiency of
photons to electrons in % (provided by manufactures). To calculate the total emitted photons per
NP-acceptor, value (Ioyepur — laark) collected on acceptor channel was integrated over the on-
time (time before photobleaching), which gave the total detected photons before the
photobleaching.

The amplification factor of the acceptor emission at the single-particle level was determined
using:

550nm P64—017.m

AF =4

124017.771 ps550nm

Where I25°"™ and [$*°"™ are mean intensities of acceptors under excitation at 550 and 640
nm, respectively, and Pé4°"™ and P55 gre laser powers at corresponding wavelengths. The
amplification factor indicates how many folds the emission increases when the dye is excited via
nanoantenna vs direct dye excitation.
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Cellular experiments

HelLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic
solution (penicillin—streptomycin, Gibco-Invitrogen), at 37°C in a humidified atmosphere
containing 5% CO:. Cells were seeded onto a chambered coverglass (IBiDi) at a density of 5 x
104 cells per well 24 h before the microscopy measurement. For imaging, the culture medium
was removed and the attached cells were washed with Opti-MEM (Gibco-Invitrogen). Next,
freshly prepared FRET NPs (loaded with 20 wt% of donor and 120 eq. of acceptor) were diluted
30 times in Opti-MEM and incubated for 20 mins at room temperature and for 3 h at 37°C. Before
imaging, cells were washed with Opti-MEM. Imaging was performed in the epi-fluorescence
mode using Nikon Ti-E inverted microscope with a CFI Plan Apo 60x oil (NA = 1.4) objective.
The excitation was provided by diode laser (Oxxius) at 532 nm. The fluorescence signal was
recorded with a Hamamatsu Orca Flash 4 camera. The exposure time was set to 100 ms per
image frame. For two-color image detection, corresponding to Donor (R18/F5-TPB) and
Acceptor (Cy5) signals, W-VIEW GEMINI image splitting system (Hamamatsu) was used with
dichroic 640 nm (Semrock FF640-FDi01-25x36). Image analysis was performed using Fiji
software.

4.3 Chemical synthesis

NMR spectra were recorded at 20°C on Bruker Avance lll 400MHz spectrometer and
chemical shifts were reported as delta scale in ppm relative to CHCIs (d = 7.26 ppm) for *H NMR
and CDCIz (5 = 77.16 ppm) for 3C NMR. Mass spectra were obtained using an Agilent Q-TOF
6520 mass spectrometer.

Synthesis of linkers

CI(CH,);NH,, HOBT,
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Tert-butyl 3-[(3-chloropropyl) carbamoyl]-3-[[(9H-fluoren-9-yImethoxy)carbonyl]amino]
propanoate (Fmoc-Asp(OtBu)-Cl) — Fmoc-Asp(OtBu)-OH (1 eq, 6 mmol, 2.47 g), HBTU (1.2
eq, 7.2 mmol, 2.73 g) and HOBLt (1.3 eq, 7.8 mmol, 1.05 g) were dissolved in 30 mL of anhydrous
N,N-dimethylformamide. After complete dissolution the N,N-diisopropylethylamine (3 eq, 18
mmol, 2.97 mL) was added to the stirring mixture under argon at room temperature and after 15
min 3-chloropropanamine hydrochloride (1 eq, 6 mmol, 0.78 g) was added. The reaction was
stirred for 24 h and completion of the reaction was checked by TLC (DCM/MeOH: 98/2). The
solvent was evaporated under reduced pressure, the residue was diluted with water and
precipitate was collected. The crude product was washed with solution of citric acid, followed by
solution of sodium bicarbonate. After the crude product was purified by column chromatography
(DCM/MeOH 98/2), the product was obtained as pale-yellow solid (2.3 g, 80% vyield). 'H NMR
(400 MHz, CDCI3) 8, ppm: 1.46 (s, 9 H), 1.98 (quin, 2 H), 2.60 (dd, 1 H), 2.95 (br d, 1 H), 3.45
(m, 2 H), 3.56 (brt, 2 H), 4.23 (m, 1 H), 4.36 - 4.60 (m, 3 H), 5.93 (br s, 1 H), 6.59 (br s, 1 H),
7.27 -7.36 (m, 2 H), 7.42 (t, 2 H), 7.60 (d, 2 H), 7.78 (d, 2 H). *C NMR (101 MHz, CDCIzs) d,
ppm: 28.00, 31.92, 37.07, 37.35, 42.16, 47.13, 51.12, 67.07, 81.88, 120.01, 124.93, 127.01,
127.05, 127.74, 141.28, 143.58, 143.63, 156.02, 170.71, 171.20. . HR/LC/MS for C26H31CIN20s
m/z (M+) calc 487.19943, found 487.19706.

Tert-butyl 3-amino-4-((3-azidopropyl)amino)-4-oxobutanoate Asp(OtBu)-N3 — Fmoc-
Asp(OtBu)-ClI (1 eq, 3 mmol, 1.5 g), sodium azide (5 eq, 15.4 mmol, 1 g) and sodium iodide (1
eqg, 3 mmol, 0.47 g) were dissolved in anhydrous N,N-dimethylformamide (20 mL) and stirred
under Ar overnight at 60 °C. Then, the solvent was evaporated, the residue was extracted with
water/DCM and washed twice with brine. The crude product was purified by column
chromatography (DCM/MeOH 94/6). By LCMS and NMR was observed Fmoc deprotected
Asp(OtBu)-N3 as pale-yellow oil (460 mg, 55% yield). *H NMR (400 MHz, CDCIs3) 3, ppm: 1.46
(s, 9 H), 1.65 (m, 2 H), 1.81 (quin, 2 H) 2.57 (dd, 1 H) 2.8 - 2.85 (m, 1 H) 3.29 - 3.44 (m, 4 H)
3.63 (dd, 1 H), 7.57 (br s, 1 H). 13C NMR (101 MHz, CDCIls) & ppm 28.08, 28.89, 36.65, 40.52,
49.20, 52.02, 81.15, 171.24, 173.71. HR/LC/MS for C11H21NsOs m/z (M+) calc 272.17226, found
272.17153.

tert-butyl 3-((((9H-fluoren-9-yl)oxy)carbonyl)amino)-4-((-1-((3-azidopropyl)amino)-4-
(tert-butoxy)-1,4-dioxobutan-2-yl)amino)-4-oxobutanoate (Fmoc-Asp2(OtBu)-N3) — Fmoc-
Asp(OtBu)-OH (1 eq, 1.07 mmol, 440 mg), HBTU (1.3 eq, 1.39 mmol, 528 mg) and HOBT (1.5
eq, 1.6 mmol ,217 mg) were dissolved in DMF (15 mL). Then DIPEA (2 eq, 2.14 mmol, 0.35 mL)
was added and the mixture was stirred for 15 min. Then Asp(OtBu)-N3 (1.2 eq, 1.28 mmol, 350
mg) was added. The reaction was stirred for 24 h at room temperature. Then solvent was
evaporated and the product was extracted with water/DCM, washed with brine. The crude
product was purified by column chromatography (DCM/MeOH: 97/3). The product was obtained
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as pale-yellow oil (530mg 74% yield). *H NMR (400 MHz, CDCIz) 3, ppm: 1.41 - 1.49 (m, 18 H),
1.76 - 1.83 (m, 2 H), 2.54 (dd, 1 H), 2.70 - 2.92 (m, 2 H), 3.06 (br s, 1 H), 3.32 (tt, 4 H), 4.12 -
4.34 (m, 1 H), 4.43 (brd, 3H),4.58-4.77 (m, 1 H), 5.77 (brd, 1 H), 7.09 (br s, 1 H), 7.26 - 7.37
(m, 2 H), 7.38 - 7.45 (m, 2 H), 7.52 (br s, 1 H), 7.60 (br d, 2 H), 7.78 (d, 2 H). 3C NMR (101
MHz, CDCIs) 6, ppm: 27.95, 28.05, 28.72, 36.29, 36.98, 37.38,47.08, 48.93, 49.54, 51.98, 67.51,
81.92, 82.35, 120.06, 125.02, 127.16, 127.83, 141.33, 143.69, 156.15, 170.13, 170.35, 170.91,
171.53. HR/LC/MS for Cs3sH44NsOs m/z (M*) calc 664.32206, found 664.32152.

Tert-butyl 3-amino-4-((-1-((3-azidopropyl)amino)-4-(tert-butoxy)-1,4-dioxobutan-2-
yl)amino)-4-oxobutanoate (Asp2(OtBu)-N3) — Fmoc-Asp2(OtBu)-N3 (0.45 mmol, 300 mg)
was dissolved in DMF (7 mL) and piperidine (2 mL) was added. The reaction was mixed for 2
hours. Then, the solvent was evaporated, the product was extracted with water/DCM and
washed twice with brine. The crude product was purified by column chromatography
(DCM/MeOH: 92/8). The product was obtained as pale oil (180 mg, 90% yield). *H NMR (400
MHz, CDCls) &, ppm: 1.45 (s, 18 H), 1.67 (br s, 2 H), 1.78 (quin, 2 H), 2.53 - 2.70 (m, 2 H), 2.82
(dd, 1 H), 2.95 (dd, 1 H), 3.24 - 3.42 (m, 4 H), 3.61 (t, 1 H), 4.58 - 4.76 (m, 1 H), 5.30 (s, 1 H),
6.96 (brs, 1 H), 8.12 (br s, 1 H). 13C NMR (101 MHz, CDCIz) &, ppm: 28.04, 28.08, 28.73, 36.60,
36.98, 40.53, 49.05, 49.49, 52.20, 53.42, 81.47, 81.63, 170.55, 171.18, 171.20, 174.12.
HR/LC/MS for C19H3sNsOs m/z (M+) calc 442.25398, found 442.25347.

Tert-butyl 11-((3-azidopropyl)carbamoyl)-5,8-bis(2-(tert-butoxy)-2-oxoethyl)-1-(9H-
fluoren-9-yl)-3,6,9-trioxo-2-oxa-4,7,10-triazatridecan-13-oate  (Fmoc-Asp3(OtBu)-N3) -
Fmoc-Asp(OtBu)-OH (1 eq, 0.27 mmol, 112 mg), HBTU (1.3eq, 0.35 mmol, 133 mg) and HOBT
(1.5 eq, 0.4 mmol, 55 mg) were dissolved in DMF (7 mL), then DIPEA (2 eq, 0.54 mmol, 0.09mL)
was added and the mixture was stirred for 15 min. Then Asp2(OtBu)-N3 (1 eq, 0.27 mmol, 120
mg) was added and the reaction was stirred for 24 h at room temperature under argon. Then
DMF was evaporated and the product was extracted with water/DCM, washed twice with brine.
The crude product was purified by column chromatography (DCM/MeOH: 97/3). The product
was obtained as pale-yellow oil (203 mg, 90% vyield). *H NMR (400 MHz, CDCI3) &, ppm: 1.41 -
1.48 (m, 27 H), 1.70 - 1.83 (m, 2 H), 2.63-2.92 (m, 6 H), 3.21 - 3.41 (m, 4 H), 4.25 (br t, 1 H),
4.44 (brd, 2 H),4.47 - 456 (m, 1 H), 4.57 - 4.75 (m, 2 H), 5.89 (brs, 1 H) 7.03 (br s, 1 H) 7.31 -
7.37(m,2H)7.37-7.52(m, 4 H)7.60 (brd, 2 H) 7.78 (d, 2 H). 13C NMR (101 MHz, CDCIs) d,
ppm: 28.00, 28.05, 28.70, 36.31, 36.90, 47.09, 48.89, 49.83, 50.49, 51.60, 67.51, 81.64, 82.29,
120.06, 125.02, 127.13, 127.82, 141.33, 143.60, 143.70, 169.92, 170.19, 170.85, 170.99,
171.03, 171.19. HR/LC/MS for C42Hs57N7011 m/z (M+) calc 834.41161, found 834.41109.

tert-butyl 3-amino-4-((-1-((-1-((3-azidopropyl)amino)-4-(tert-butoxy)-1,4-dioxobutan-2-
yl)amino)-4-(tert-butoxy)-1,4-dioxobutan-2-yl)amino)-4-oxobutanoate (Asp3(OtBu)-N3) —
Fmoc-Asp3(0OtBu)-N3 (0.18 mmol, 150 mg) was dissolved in DMF (5 mL). Then piperidine (2
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mL) was added and the reaction was mixed for 2 hours. The mixture was evaporated and the
product was extracted with water/DCM, washed twice with brine. The crude product was purified
by column chromatography (DCM/MeOH: 95/5). The product was obtained as pale oil (80mg,
73% yield). 'H NMR (400 MHz, CDCls) 5, ppm: 1.41 - 1.47 (m, 27 H), 1.69 - 1.83 (m, 4 H), 2.53
-2.64 (m, 2 H), 2.73 - 2.88 (m, 3 H), 3.03 (dd, 1 H), 3.19 - 3.41 (m, 4 H), 3.68 (br m, 1 H), 4.56
-4.69 (m, 2 H), 7.09 (br s, 1 H), 7.52 (br s, 1 H), 8.25 (br s, 1 H). 13C NMR (101 MHz, CDCIls) 9,
ppm: 28.02, 28.09, 28.69, 36.74, 36.90, 40.22, 48.90, 49.63, 50.32, 52.06, 81.44, 81.78, 82.02,
170.20, 170.43, 170.69, 170.93, 171.60, 174.53. HR/LC/MS for C27H47N7O9 m/z (M*) calc
613.34353, found 613.34202.

Synthesis of dyes
Rhodamine B octadecyl ester trakis(penta-fluorophenyl)borate (R18/F5-TPB) was
synthesized by ion exchange and purified by column chromatography as described previously.3!

Synthesis of the Sulfo-Cy5(DBCO).
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Sulfo-Cy5(DBCO)

Sulfo-Cy5-NHS ester (1 eq, 0.0055 mmol, 4.3 mg) and azadibenzocyclooctyne-amine (2 eq,
0.011 mmol, 3 mg) were dissolved in DMF (150 pL), then DIPEA (4 eq, 0.022 mmol, 3.7 pyL) was
added and the mixture was stirred overnight at room temperature. The solvent was evaporated.
The product was extracted with water/DCM and washed twice with brine. The crude product was
purified by preparative TLC (DCM/MeOH: 80/20). The product was obtained as dark blue solid
— 3.3 mg, 64% yield. HPLC/MS for CsoHs3N40sS2 m/z (M*) calc 901.329, found 901.210.
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Synthesis of the Sulfo-Cy5(SS)DBCO.

HossW j\/gso,ﬁ HO,S O < O SO;H
~N N i;'l:l\ + N

Br

H
+ H NSig N0 DIPEA, DMF
3
o O \g \’< -Boc [e)

N-O Boc-Cystamine INH
S

o] HNT_g

Sulfo-Cy5 (NHS) Sulfo-Cy5(SS)-NH,

HO3S SO;H HO3S
3 _,‘j+ _ _O 3 o:(’Nlo 3 N’ P NSOsH

Br 0. ) Br\ o
& i Mo DIPEA, DMF . w
° a0 R e
INH = Mo
HAN_& DBCO-NHS ester
Sulfo-Cy5(SS)-NH, Sulfo-Cy5(SS)-DBCO

Sulfo-Cy5(SS)-NH2. To a solution of Sulfo-Cy5(NHS) (1 eq, 6.4 pmol, 5 mg) in anhydrous
N,N-dimethylformamide (0.25 mL) was added diisopropylethylamine (4 eq, 25.71 pmol, 4.25 uL)
and Boc-Cystamine (1.8 eq, 11.57 umol, 2.92 mg) and stirred at room temperature for 12 h. The
solvents were evaporated under reduced pressure and the crude product was purified by using
preparative silica gel TLC (CH2Cl2/MeOH: 7/3). The obtained product from the preparative TLC
was found to be Boc deprotected probably due to the acidic condition rendered by silica gel at
higher methanol content. Yield: 3.51 mg, 67%. *H NMR (400 MHz, MeOD) &, ppm: 8.31 (br t,
2H), 7.89 (s, 4H), 7.32 (t, 2H), 6.68 (t, 1H), 6.33 (d, 2H), 4.14 (br t, 2H), 3.65 (s, 3H), 3.42 (t,
2H), 3.12 (t, 2H), 2.86 (t, 2H), 2.72 (t, 2H), 2.19 (t, 2H), 1.84 (br s, 2H), 1.76 (s, 12H), 1.69 (t,
2H), 1.60 (br s, 2H). HRMS (ESI): calcd for C3sHa7N4O7S4 (M-1) 775.2328, found: 775.2334.

Sulfo-Cy5(SS)-DBCO. To a solution of Sulfo-Cy5(SS)-NH2 (1 eq, 2.45 umol, 2.0 mg) in
anhydrous N,N-dimethylformamide (120 pL) was added diisopropylethylamine (6 eq, 14.72
pumol, 2.4 yL) and DBCO-NHS ester (1.8 eq, 4.42 umol, 1.78 mg) and stirred for 16 h at room
temperature. The solvents were evaporated under reduced pressure and the crude product was
purified by using preparative silica gel TLC (CH2Cl2/MeOH: 8/2) to obtain pure Sulfo-Cy5(SS)-
DBCO (1.57 mg, 58% vyield). HRMS (ESI): calcd for CssHeoNsO9S4 (M) 1062.3274, found:
1062.3263.

Synthesis of polymers
Poly (methyl methacrylate-co-methacrylic acid) (PMMA-MA), 5% methacrylic acid and Poly
(ethyl methacrylate-co-methacrylic acid) (PEMA-MA), 5% methacrylic acid were synthesized
through free radical polymerization and purified via reprecipitation in methanol/water as
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described elsewhere.®! Poly (methyl methacrylate-co-methacrylic acid) (PMMA-MA), 1.6%
methacrylic acid, Mn ~15000, Mw ~34000) was purchased from Sigma-Aldrich.

Synthesis of modified PMMA and PEMA polymers.

L HNT TN m
H
HBTU, HOBT, o Yo Mo
o OHO o DIPEA, DMF | HN
| NN,
PMMA-MA PMMA-N,

PMMA-N3. The PMMA-MA (1eq of COOH groups, 0.03 mmol, 250 mg) was dissolved in
anhydrous N,N-dimethylformamide (5 ml). To this solution HBTU (3 eq, 0.098 mmol, 38 mg),
HOBLt (3.3 eq, 0.109 mmol, 15 mg) and N,N-diisopropylethylamine (10eq, 0.33mmol, 0.054mL)
was added. The mixture was stirred for 15 min and after 3-azido-1-propamine (3eq, 0.098 mmol,
10mg) was added. The reaction was stirred overnight at room temperature under argon. The
solvent was evaporated under reduced pressure and residue was dissolved in a minimum of
acetonitrile and precipitate with methanol. The precipitate was washed with methanol,
redissolved in acetonitrile and reprecipitated twice in methanol. After drying under a vacuum,
product was obtained as a white solid — 130 mg, yield 52%. *H NMR (400 MHz, CDCls) 3, ppm:
0.84 (brs, 2 H), 1.02 (br s, 1 H), 1.19 - 1.28 (m, 0.31 H), 1.44 (m, 0.29 H), 1.79 - 2.07 (m, 2 H),
3.60 (br s, 3 H).

General method for PMMA-AspN3 (1.6% and 5% of copolymer), PMMA-Asp3N3 (1.6%
of copolymer) and PEMA-AspN3 (5% of copolymer) synthesis.

N;

m
o O ™o
R HN
1. HBTU HOBT 2 TFA
) o on 0 k
& DIPEA DMF CH2CI2

>(0

Iz

R=CHj, PMMA-MA k=1, Asp(OtBu)-N3 R=CHj, k=1, PMMA-Asp(OtBu)-N3 R=CH;, k=1, PMMA-AspN3
R=C,Hs;, PEMA-MA k=3, Asp(OtBu)3-N3 R=CH3, k=3, PMMA-Asp(OtBu)3-N3 R=CHj, k=3, PMMA-Asp3N3
R=C,H;, k=1, PEMA-Asp(OtBu)-N3 R=C,Hs, k=1, PEMA-AspN3

1. The PMMA-MA or PEMA-MA (1 eq of COOH groups) was dissolved in anhydrous N,N-
dimethylformamide. To this solution HBTU (3 eq), HOBt (4 eq) and N,N-diisopropylethylamine
(10 eq) were added. The mixture was stirred for 15 min and after Asp(OtBu)-N3 or Asp(OtBu)3-
N3 (3 eq) was added. The reaction was stirred overnight at room temperature under argon. The
solvent was evaporated under reduced pressure and residue was dissolved in a minimum of
acetonitrile and precipitated with methanol. The precipitate was washed with methanol,
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redissolved in acetonitrile and reprecipitated twice in methanol. After drying under a vacuum, a
product was obtained as a white solid.

PMMA-Asp(OtBu)-N3 (1.6% of copolymer) — yield 55%. 'H NMR (400 MHz, CDCI3) 3, ppm:
0.85(brs,2H),1.02 (brs,1H),1.18-1.29 (m, 0.31 H), 1.46 (br s, 0.29 H), 1.65 (br s, 1H), 1.74
-2.11 (m, 2 H), 3.60 (br s, 3 H).

PMMA-Asp(OtBu)-N3 (5% of copolymer) — yield 45%. 'H NMR (400 MHz, CDCIz) 3, ppm:
0.84 (br s, 2 H), 1.02 (br s, 1 H), 1.21 (br s, 0.24 H), 1.34 - 1.53 (m, 0.29 H), 1.76 - 2.04 (m, 2
H), 2.10 - 2.32 (m, 1 H), 3.60 (br s, 3 H).

PMMA-Asp(OtBu)3-N3 (1.6% of copolymer) — yield 60%. *H NMR (400 MHz, CDCI3) &, ppm:
0.85(s,1.55H),1.02 (s,1.12H),1.17 - 1.31 (m, 0.33 H), 1.44 (m, 0.33 H), 1.62 (br s, 0.12 H),
1.72 - 2.22 (m, 1.82 H), 3.60 (br s, 3 H).

PEMA-Asp(OtBu)-N3 (5% of copolymer) — yield 50%. *H NMR (400 MHz, CDCls) &, ppm: 0.88
(brs, 2 H)1.04 (brs, 1H), 1.27 (s, 3 H), 1.45 (br s, 0.47 H), 1.59 (br s, 1 H), 1.83 (br s, 1 H),
1.93 (brs, 0.72 H), 2.01 (br s, 0.44 H), 4.04 (br s, 2 H).

2. The polymer obtained in a previous step was dissolved in anhydrous dichloromethane (~ 5
mL) and 2 mL of trifluoroacetic acid was added. The mixture was stirred for 3 h. Then solvents
were evaporated under reduced pressure. Acetonitrile was added to the residue and evaporation
was repeated several times until the absence of the trifluoroacetic acid. Then the product was
precipitated in methanol and filtrated. After drying under vacuum, the product was obtained as a
white solid.

PMMA-AspN3 (1.6% of copolymer) — yield 80%. *H NMR (400 MHz, CDCI3) 3, ppm: 0.78 -
1.11 (m, 2 H),0.94 - 1.11 (m, 1 H), 1.24 (br s, 0.30 H), 1.45 (br s, 0.37 H), 1.72 - 2.15 (m, 2 H),
3.60 (br s, 3 H).

PMMA-AspN3 (5% of copolymer) — yield 60%. *H NMR (400 MHz, CDCI3) 3, ppm: 0.75 - 0.93
(m, 2 H), 1.02 (br s, 1 H), 1.21 (br s, 0.29 H), 1.45 (br s, 0.33 H), 1.81 (br s, 0.81 H), 1.84 - 2.05
(m, 1 H), 3.60 (br s, 3 H).

PMMA-Asp3N3 (1.6% of copolymer) — yield 73%. *H NMR (400 MHz, CDCIz) 8, ppm: 0.85 (s,
1.63 H), 1.03 (s, 1.23 H), 1.21-1.25 (m, 0.26 H), 1.37 - 1.52 (m, 0.28 H), 1.77 - 2.26 (m, 1.92 H),
3.61 (brs, 2 H).

PEMA-AspN3 (5% of copolymer) — yield 70%. *H NMR (400 MHz, CDCI3) 3, ppm: 0.83 - 1.10
(m, 2 H), 0.96 - 1.12 (m, 1 H), 1.20 - 1.34 (br s, 3 H), 1.35 - 1.63 (m, 0.47 H), 1.83 (br s, 1 H),
1.93 (brs, 0.72 H), 1.97 - 2.23 (m, 0.44 H), 4.04 (br s, 2 H).
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General method for PMMA-AspN3-Cy5(SS), PMMA-Asp3N3-Cy5(SS) and PMMA-
Asp3N3-Cy5 synthesis.

m > N o o) OO
0~ o [Ng © | HN N
N + 8
; Br
+- OH

Sz

B\o

S
N CH;CN, MeOH
N ( s—_~"NH
o NH

HO-.S O
k=1, PMMA-AspN3
k=3, PMMA-Asp3N3

Sulfo-Cy5-(SS)(DBCO)

HO,S
k=1, PMMA-AspN3-Cy5(SS)
k=3, PMMA-Asp3N3-Cy5(SS)

m
N; HOsS SO;H m o
m e |  HN N
0”0 [Ng O n N 5 3 \NN
| HN \ n o)
H
) 3 !
OH

B
o CH,CN, MeOH N ~C)
Y\,NH
s @
PMMA-Asp3N3 Sulfo-Cy5(DBCO) PMMA-Asp3N3-Cy5  §0,H

PMMA-AspN3 or PMMA-Asp3N3 (1 eq of COOH groups) was dissolved in anhydrous CH3CN
and Sulfo-Cy5(DBCO) (4 eq) was dissolved in MeOH. Two components were mixed and kept
under vortex for 18 h at 40 °C. After the reaction was complete, the solvents were evaporated
under reduced pressure and residue was dissolved in CH2Cl2:MeOH (1:1). The crude product
was purified on a size-exclusion LH20 column using CH2Cl2:MeOH (1:1) as eluent.

For all resulting polymers PMMA-AspN3-Cy5(SS), PMMA-Asp3N3-Cy5(SS) and PMMA-
Asp3N3-Cy5, the product was insufficient to obtain *H NMR spectra with any useful information.
But in each case two distinct blue-colored bands observed in LH20 column indicating the
existence of unreacted dye and dye coupled with a polymer. The first fraction corresponding to
the dye-polymer couple was washed with methanol, which resulted in colorless supernatant.
This demonstrates the reaction between dye and polymer and the absence of any unreacted
non-specifically bound free dye.
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Synthesis of the PMMA-Cy5(SS).

HBTU, HOB, m
H DIPEA, DMF
m o4 HzN/\/S\S/\/N\g/O\,< — > 7 W°

PMMA-MA Boc-Cystamine PMMA-(SS)-NHBoc \/\NH§0
%ﬂgm
HO;S SO;H O |70
- \ Br
0 Y0 Br\ \L
| HN i 1. TFA, DCM i
1 iinkiie s
(0]
g O/Q o O 2. DIPEA, DMF, HN]
el di” d DCM, TEA .
(o)
PMMA-(SS)-NHBoc Sulfo-Cy5(NHS ester) PMMA-Cy5(SS)

O;H
PMMA-(SS)-NHBoc. 50 mg of PMMA-MA (3.33 pumol, 1 eq. of COOH groups) was dissolved in
anhydrous N,N-dimethylformamide (0.5 mL). To this solution N,N-diisopropylethylamine (10 eq,
33.3 umol, 5.5 uL), HOBt (4 eq, 13.3 umol, 1.80 mg) and HBTU (3 eq, 10.0 umol, 3.79 mg) were
added. Then Boc-Cystamine (3 eq, 10.0 umol, 2.5 mg) in 0.5 mL of anhydrous dichloromethane
was added to the reaction mixture and stirred for 18 h at room temperature. The solvent was
evaporated under reduced pressure and residue was dissolved in a minimum of acetonitrile and
precipitated with methanol. The precipitate was washed with methanol, redissolved in
acetonitrile and reprecipitated twice in methanol. After drying under a vacuum, PMMA-(SS)-
NHBoc was obtained as a white solid (26.9 mg, yield 53%). *H NMR (400 MHz, CDCls) d, ppm:
3.60 (br s, 3 H), 3.04 (br s, 0.05 H), 2.78 (br s, 0.05 H), 2.07 - 1.81 (m, 2 H), 1.43 (br s, 0.29 H),
1.31 - 1.21 (m, 0.45 H), 1.01 (br s, 1 H), 0.84 (br s, 2 H). (Degree of modification was 77%,
calculated from CHz signal in NMR spectra).

PMMA-Cy5(SS). To a solution of PMMA-(SS)-NHBoc (1 eq of modified copolymer groups, 0.52
umol, 8 mg) in anhydrous dichloromethane (50 pL) was added trifluoroacetic acid (25 pL) and
stirred at room temperature for 3 h. The solvent was removed from the reaction mixture by rotary
evaporation. Acetonitrile was added to the residue and evaporation was repeated several times
until the absence of the trifluoroacetic acid. The obtained solid was dissolved in anhydrous N,N-
dimethylformamide (30 pL) and diisopropylethylamine (14 eq, 7.34 pumol, 1.2 pL) were added to
neutralize the amine-TFA salt formed after Boc-deprotection. To this reaction mixture was added
a solution of Sulfo-Cy5(NHS ester) (3 eq, 1.57 pumol, 1.22 mg) in anhydrous DCM (30 pL) and
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triethylamine (17 eq, 8.92 umol, 1.24 pL) and stirred for 16 h at room temperature. The solvent
was evaporated under reduced pressure and residue was dissolved in a minimum of acetonitrile
and precipitated with methanol as described above to get PMMA-Cy5(SS) (6.1 mg, yield 74%).
'H NMR (400 MHz, CDCIs3) 8, ppm: 7.99 (br s, 0.02H), 7.10 (br s, 0.01 H), 6.14 (br s, 0.03 H),
3.60 (brs, 3 H), 3.49 (s, 0.09 H), 3.12 (br s, 0.03 H), 3.02 (br s, 0.03 H), 2.79 (br s, 0.06H), 2.07
-1.81 (m, 2 H), 1.42 (br s, 0.30 H), 1.25 - 1.20 (m, 0.38 H), 1.02 (br s, 1 H), 0.84 (br s, 2 H).
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HPLS/MS of Sulfo-Cy5(SS)-DBCO.

£ 3n19 product 001 esp
§
; %j\% f :
: L
E o o o]
| HN_
08
07
N3
06
05
04
03 "E' g
o
02 % ?. \ )
0 1 \ -J /"
8 2 & 5588
— e AR
! 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 Chemical Shift (ppm)
'H NMR spectrum of PMMA-N3 (1.6% of copolymer).
£3ns2esp
& ] N,
E /{/ ‘n m > -3
3 o T
s 0" o [So |
E \ HN\(J\
o
08 \f/
07 ~~
-
06 T
05
04 >
03 ST
=
02 2 Y ~
01 J L 5'/q 8 §§§ !
i L \ _ijM J
8 3 25 8¢t 8
Rl POl e ol o Wt
90 85 80 75 70 = 65 60 85 = 80 45 40 35 30 25 | 20 15 10 Chemical Shitt (opm)

'H NMR spectrum of PMMA-Asp(OtBu)-N3 (1.6% of copolymer).

il ®
ﬁﬁxf J

H
08 o

N32 bocdepr.001.esp

Normalized Intensity
361

07
H
06
05
04
03

02

0.1

85 80 75 70 65 6.0 55 50 45



'H NMR spectrum of PMMA-AspN3 (1.6% of copolymer).

Normalized Intensity

=4
@

e ® e =5 © © o
Sk W R @SN
Lw bbbl bbbl Lbonlin bl

o

oyk N
o ™o ’\o [} 0 0
| HN, - NH -
\(L(o 0 ﬁo
N ~

360

Part 4. Materials and methods

- @M oMo 0

.u-[i[ll]

T
30 25 20 15

H NMR spectrum of PMMA-Asp(OtBu)3-N3 (1.6% of copolymer).

>
z
£ m -
2 b
5 ? o}‘oo e OH 7
il HN. NH
E
E NH NH
= o o o
08 OH OH
07
06
05
04
°
- @ ©
03 2
o [}
02 v ml\
w® (
: "
01 “‘ Efj’n 3 E’ |
] AN\ i
0 L ANE LA U
o & o -
= 8 g 8§ 88
| e
T T T T T T T T T T T T T T T T T T T T T T T 1
95 9.0 85 a0 75 70 65 6.0 55 50 45 40 35 30 25 20 15 Chemical Shift (ppm)

'H NMR spectrum of PMMA-Asp3-N3 (1.6% of copolymer).

115



Part 4. Materials and methods

E
cE
olen
'g_ HN NH §
06 —: o
05 3 >r°
04 %
03%
, 3
02 _§ 5 % 7
E T e
01 3 38 -
E { M =) 3 j.'\
B | i
0 . — - __j:‘b AJ(JTJL./‘( < \'/ k_ —
5 s 32 438 =
o S LSS
! ‘ 9‘5 ' 9!0 ' 8‘5 ' E‘.O ' ?‘5 ' ?‘U ' 6.‘5 ' G‘D ' 5!5 ' S!D ‘ 4!5 ' A!CI 3“\ 3ICI 2‘5 ' ZIG 1‘5 ‘Cher‘mcaIIShlﬂl[ppm‘)
H NMR spectrum of PMMA-Asp(OtBu)-N3 (5% of copolymer).
23
'_é' Ny
23 n [m 2
4 970 o g ?
E HN
E- NH
0.9 4 o
02 OH
0.7 §
0.8 4
0.5 4
04
] L3
0.3 4 2o
=B
0.2 § 3" I
u1: %E?— 2 8] ’
| | M Al
2 t= a2 g
O BT TR S Tl T |
s o0 85 80 2] 70 L} 80 55 5.0 45 40 35 o 28 20 15 Cherrical Shift (ppm)

H NMR spectrum of PMMA-AspN3 (5% of copolymer).

116



Part 4. Materials and methods

NS
n m
0 0 [% 0
) HN .
NH ._
o
>r°

|

Nomalized Intengity
1

o

q
i S e -

[

T[T T T T T T T T O [ T [ [ T T T
8.5 =l 85 80 75 70 6.5 8.0 55 5.0 4.5 40 35 30 25 20 1.5 Chemical Shift (ppm)

H NMR spectrum of PEMA-Asp(OtBu)-N3 (5% of copolymer).

2z
2]
g
2
2
=] N3y
4 n Lm
5 N
E [e) o | o]
=R ‘) ML g
NH § o
10 o
1 OH < (
k=] o0
« | @
o
05 \ - [ 3]
| g7 T
| 2 } |
] o= > _
Jll N: J"I‘! h I.‘ ’IU}!
{ Vi /
0 L _.Jl J A A\
o T N~ ~ 2 ©
8 I®s 5 8 8
o~ [= = (=1 i
5 O s T e
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
95 a0 85 8.0 75 7.0 65 6.0 55 5.0 45 40 35 30 25 20 15 Chemical Shift (ppm)

H NMR spectrum of PEMA-AspN3 (5% of copolymer).

117



Part 4. Materials and methods

3
8
g g B
~ L
I I
2 2
\

o

wb o & =
< 2 P 2 4 9 ¢
< L # 2 £ 8§ B
" g 3 = 93 38
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 a5 3.0 25 2.0 1.5 1.0 a.s 0.0
ppM

'H NMR spectrum of PMMA-(SS)-NHBoc.

]
a
8
3 % 8 2 5 2 5z @
~ ~o~ -] v 2 ™o i
| [ | | | 11 |
H
z H e g
3 8 g
I
—
3 2 T
2 = S
.
8.5 8.0 7.5 7.0 6.5 6.0 i o ey
— — ppm —
1
Il JI.I 1 L‘
—_ = —_— = el s T = I
S b= = 2 3 23 2 = AmS =
E = SS 28 2 23 5
8.0 75 7.0 5.5 5.0 5.5 5.0 as 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

'H NMR spectrum of PMMA-Cy5(SS).

118



Résume de la these en francais

RESUME DE LA THESE EN FRANCAIS

1. Introduction

Le principal défi en matiere de détection par fluorescence de petites concentrations de
biomolécules consiste a avoir suffisamment de signal, ce qui s’avére généralement difficile avec
des sondes moléculaires classiques.®® Nous présentons ici une technique d'amplification
permettant de convertir un unique phénomene de reconnaissance moléculaire en une réponse
de centaines de molécules.®” Un tel procédé est particulierement important pour les acides
nucléiques, pour lesquels une multiplication moléculaire, telle que la PCR et sa variante RT-
PCR, est actuellement nécessaire pour détecter les trés faibles concentrations d'ADN et d’ARN.
Ces méthodes présentent des inconvénients compte tenu de leur reproductibilité et elles
nécessitent des mélanges complexes de réactifs, un équipement sophistiqué et du personnel
qualifié.*®

Dans ce but, notre groupe a développé des nanoparticules (NPs) polyméres ultra-brillantes
dopées en fluorophores, qui se caractérisent par une petite taille contrélée et une luminosité
exceptionnelle car elles encapsulent >1000 fluorophores par particule.3* Nous avons constaté
gue ces nanoparticules fonctionnent comme des nano-antennes captant la lumiere, capables
d’amplifier >1000 fois par rapport a la fluorescence d’un fluorophore unique, ce qui nous a permis
de détecter pour la premiere fois une molécule unique dans des conditions d'excitation
comparable a la lumiere ambiante.®® Pour convertir de telles nanoparticules en nano-sondes
pour biomolécules, leur surface doit pouvoir étre fonctionnalisée afin de fixer une molécule
capteur dont les cibles les plus importantes en recherche biologique et en diagnostic médical
sont les acides nucléiques.'>

Les objectifs de ma these sont de développer des stratégies de fonctionnalisation de telles
particules polyméres de nano-antennes avec des oligonucléotides et de convertir ainsi ces

nanoparticules en nano-sondes ultrasensibles, pouvant répondre a une hybridation unique avec
une molécule d'acide nucléique cible par un changement de leur couleur d'émission.

Pour atteindre ces objectifs, le plan de travail de la thése comprends trois étapes principales:
i) concevoir et synthétiser de petites nanoparticules a forte teneur en fluorophores, pourvues en
groupes réactifs a leur surface pour des modifications ultérieures; ii) développer des nano-
sondes pour les acides nucléiques, basées sur une approche “nanoflare” modifiée. Dans ce
cas, les nanoparticules seront des donneurs de FRET et devront étre modifiées avec des
oligonucléotides, tandis qu'un oligonucléotide sera marqué par un fluorophore accepteur de
FRET; iii) développer un systeme pour lequel les nanoparticules changeront de couleur
d’émission en réponse a un oligonucléotide cible et I'appliquer a la détection des acides
nucléiques cibles dans les lysats cellulaires.
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2. Résultats et discussions

La premiere tache de ma thése a consisté a développer des nanoparticules pourvues de
groupes fonctionnels a leur surface. Nous avons choisi comme base le polymére PMMA-MA,
car il donne de petites nanoparticules et a démontré une encapsulation efficace des
fluorophores, sans fuite.13? Pour y fixer des groupes fonctionnels, nous avons mis au point des
linkers trifonctionnels contenant (i) un carboxyle comme groupe chargé; (ii) un azide pour une
réaction ultérieure et (iii) un groupe amino pour la conjugaison avec le polymere (Fig. 1A).
Comme synthon, nous avons choisi l'acide aspartique bi-protégé, couramment utilisé pour la
synthese peptidique en phase solide: Fmoc-Asp(OtBu)-OH. La fonction carboxylique a été
modifiée avec la 3-chloropropylamine, puis I'atome chlore a été remplacé par un groupement
azide. Apres déprotection du Fmoc, nous avons obtenu le premier linker Asp(OtBu)-Ns. Puis,
nous l'avons couplé avec deux autres Fmoc-Asp(OtBu)-OH et nous avons obtenu le deuxieme
linker Asps(OtBu)-Ns. Chaque linker a été couplé & PMMA-MA via une liaison amide (Fig. 1B).
Enfin, le groupe tert-butyle a été éliminé, donnant in fine deux types de polyméres: PMMA-AspN3
et PMMA-AspsNs.

CI(CH;)3;NH,, HOBT, NH, Fmoc-Asp(OtBu)-OH, HOBT
HBTU DIPEA, DMF NaNj, Nal, DMF C ___ HBTU, DIPEA, DME
o o O' T
o7<

Fmoc-Asp(OtBu)-OH Fmoc-Asp(OtBu)-Cl Asp(OtBu) -N; Fmoc-Asp,(OtBu)-N;
Piperidine, -Fmoc
DMF, rt
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e 9 h - Fmoc-Asp(OtBu)-OH, HOBT, o o
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Fig.1. Schéma de synthese A) linkers a trois fonctions Asp(OtBu)-Ns et Asps(OtBu)-Ns et B)
polyméres fonctionnalisés PMMA-AspN3; et PMMA-AspsNs.
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Les nanoparticules ont été obtenues par nano-précipitation des polymeres correspondants
en solution dans l'acétonitrile avec un fluorophore (R18/F5-TPB) dans un tampon pH 7.4. La
taille, la forme et la polydispersité des NPs ont été étudiées par DLS et TEM. (Fig. 2A-B) Afin de
vérifier la présence de groupes azides a la surface, nous avons fait réagir les nanoparticules
avec le Sulfo-Cy5(DBCO), qui est un accepteur de FRET. Nous avons étudié la cinétique de la
réaction en suivant l'apparition du signal de FRET et nous avons montré que NP-AspNs
réagissait beaucoup plus rapidement et efficacement que NP-AspsNs. Pour prouver que le Sulfo-
Cy5(DBCO) est fixé a la surface par liaison chimique, nous avons purifié le mélange réactionnel.
Ceci a révelé que NP-AspNs était ~ 5 fois plus réactif avec le Sulfo-Cy5(DBCO) comparé a NP-
AspsNs (Fig. 2C-F), ce qui fait de NP-AspNs le candidat idéal pour la fonctionnalisation des
oligonucléotides. Sur la base de ces travaux, une publication est en préparation.
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Fig.2. A) Formulation de nanoparticules et réaction ultérieure avec le sulfo-Cy5 (DBCO), B) taille par
DLS, C) Cinétique de réaction de NP-PMMA-MA, NP-AspNs; et NP-AspsNs, suivie par émission de
I'accepteur a 655 nm et D) du donneur a 584 nm. E) Spectres d'absorption de NP-PMMA-MA, NP-AspNs
et NP-AspsNs aprés addition de 2 uM de Sulfo-Cy5 (DBCO) et F) aprées purification sur colonne
d'exclusion stérique PD-10.

Nous avons proposé une conception de nano-sondes (Fig. 3) pour laquelle une nanoparticule
de polymere est dopée en fluorophores (donneur FRET) et modifiée a sa surface avec un
oligonucléotide complémentaire d'un fragment d'acide nucléique codant pour la survivine, un
marqueur du cancer (SurC). SurC est hybridé avec une courte séquence cible-compétitive
portant I'accepteur FRET Cy5 (TCS-Cy5), afin que l'accepteur soit localisé prés de la surface
des nanoparticules, garantissant ainsi une bonne efficacité du FRET. Ensuite, I'acide nucléique
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cible déplace les accepteurs TCS-Cy5 et bloque le FRET, de sorte que la nano-sonde émette
dans le vert. La combinaison de ces deux séquences d’oligonucléotides a été proposée a
I'origine par Mirkin et ses collaborateurs dans Nanoflares, basés sur des NPs d’or.%®

Target TCS-CY5 @
ANNN O/ __--=7*Siiiioas
RET m /’," F
Py
W
D ST
. RIS L

Target-competitive

Capture sequence (SurC) Non-binding sequence (T20) sequence (TCS)

Fig.3. Conception de nano-antennes pour la détection amplifiée d'acides nucléiques.

Afin de synthétiser la nano-sonde, nous avons greffé des oligonucléotides sur le NP-Asp-N3
concentré via une réaction avec des oligonucléotides SurC-DBCO et T20-DBCO porteurs de
DBCO, suivis d'une hybridation avec un oligonucléotide plus court portant 'accepteur FRET
TCS-Cy5 (Fig. 4A). La séquence non codante T20 a été nécessaire pour assurer la stabilité et
la sensibilité de la nano-sonde dans un tampon PBS contenant 12 mM de Mg?* nécessaire pour
la stabilisation du duplex (Fig. 4B). Un greffage réussi des oligonucléotides a démontré la
présence du signal de Cy5 dans les spectres d'absorption aprés purification (~ 23 + 3 par NP)
et l'apparition de la bande de FRET dans les spectres d'émission (Fig. 4C). La puissance de
cette approche par amplification obtenue par nano-antennes a été démontrée par comparaison
avec une sonde FRET moléculaire (Cy3-SurC / TCS-Cy5), pour laquelle SurC, conjugué avec
le fluorophore Cy3, a été hybridé avec TCS-Cy5. Pour la méme concentration d'accepteur (1 nM
de TCS-Cy5), le signal de notre nano-sonde est plus de 100 fois supérieure a celui de la sonde
moléculaire (Fig. 4D). TCS-Cy5 a été hybridé avec des NPs modifiés par SurC a différents
rapports pour démontrer que I'hybridation de 3 a 5 TCS-Cy5 par particule produit une
modification clairement détectable de I'émission duale de la nano-sonde, indiquant que seul un
nombre limité des phénomeénes de reconnaissance moléculaire sont a méme de contrdler
I'émission des ~3200 fluorophores donneurs présents dans les nano-antennes (Fig. 4E). Cette
sensibilité des sondes basées sur les nano-antennes vis-a-vis d’'un faible taux d'hybridation,
associée a une forte amplification du signal, revét une importance fondamentale pour la
détection d’acides nucléiques cibles.
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Fig.4. A) Schéma de synthése de la nano-sonde, B) Taille par DLS de NP-AspNs; concentrée, NP-SurC
et NP-SurC-T20 (en dernier, stable apres 2 mois de stockage). C) Spectres d'absorption du témoin
(PMMA-MA) et de la nano-sonde aprés réaction avec SurC-DBCO et T20-DBCO, suivi d'une hybridation
avec TCS-Cy5, puis purification, D) Spectres d'émission de fluorescence de NP-SurC/T20, nano-sonde
a 1 nM de TCS-Cy5 et sonde moléculaire a 1 nM de TCS-Cy5 (conditions expérimentales et X100). E)
Spectres de fluorescence normalisés de NP-SurC-T20 avec un nombre différent de TCS-Cy5 hybridé
par particule.

En présence de I'acide nucléique cible (ADN ou ARN) codant pour la survivine, la nano-sonde
perd le signal FRET a 670 nm, contrairement a I'échantillon témoin sans la cible. Une incubation
supplémentaire de la nano-sonde avec un mésappariement de ’ADN cible démontre une bonne
spécificité de séquence (Fig. 5A). Nous avons estimé la limite de détection a 5 pM en solution
et demontré la stabilité de la nano-sonde dans différents milieux biologiques (Fig. 5B-C). Le test
final pour la nano-sonde a été de déterminer sa performance au niveau de la particule unique.
La microscopie a fluorescence de ces NPs immobilisées sur une surface de verre!®® a montré
’'homogénéité de leur intensité de fluorescence (Fig. 5D), environ 100 fois plus forte que celle
de QDG605. L'incubation avec différentes concentration cibles de survivine a montré que la nano-
sonde est fonctionnelle au niveau de la particule unique dans différents milieux biologiques avec
une limite de détection de 0.25 pM (Fig. 5E-F).

En conclusion de cette partie, nous avons développé une méthodologie de fonctionnalisation
chimique des nanoparticules polymeres dopées en fluorophores avec des acides nucléiques.
Les sondes obtenues ont montré des propriétés sans précédent, telles qu'une luminosité élevée,
une amplification de la détection d'acide nucléique pour laquelle un FRET provenant d'environ
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3000 donneurs a l'intérieur de NPs a été transféré avec succes a quelques accepteurs (environ
20) situés en surface. Ainsi, nous avons développé un systéme ultrabrillant pour la détection
amplifiée d’acides nucléiques basée sur le FRET. Ces résultats ont récemment été publiés

(Melnychuk et Klymchenko, J. Am. Chem. Soc., 2018, 140, 10856-65).
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ARN cibles et des ADN cibles contenant 1, 2 et 3 mésappariements; B) réponse FRET A/(D + A) de la
nano-sonde aprés incubation avec différentes quantités d'’ADN cible et C) avec 500 pM d'ADN cible dans
différents milieux biologiques, D) images du remplacement d'ADN cible & 10 pM au niveau de la particule
unique, E) réponse ratiométrique de la nano-sonde immobilisée a différentes concentrations d'ADN cible
pour trois temps d'incubation différents, F) réponses a I'ADN cible de la nano-sonde a 10 pM apres 20 h
d'incubations a 4 °C dans différents milieux biologiques.

Malgré I'excellente performance du test de détection d'acide nucléique obtenu a partir de ces
nano-antennes, notre objectif ultime a été de développer un systéme permettant a une
hybridation unique a la surface de la nanoparticule d'activer/désactiver le transfert d'énergie a
partir de milliers de fluorophores a l'intérieur des nano-antennes. Cependant, pour obtenir une
telle nano-sonde, nous avons di la reconcevoir, en particulier le couple particule donneuse et
fluorophore accepteur. En effet, le fluorophore accepteur Cy5 d’origine est apparu avoir une
médiocre photo-stabilité au niveau de la particule unique lorsque des milliers de fluorophores
transféraient leur énergie a 23 accepteurs. Afin de trouver un systeme photostable, ce qui est
une nécessité absolue pour une nano-sonde basée sur un accepteur unique, nous avons

effectué un criblage d'accepteurs potentiels pour notre approche (Fig. 6A). Nous avons contrdlé
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3 familles de fluorophores: cyanine, DY et ATTO présentant différentes polarités et longueurs
d'onde d'émission. Les nano-sondes avec 10 accepteurs différents ont été synthétisées et nous
avons découvert que seuls les accepteurs chargés positivement ou neutres conviennent aux
formulations des nano-sondes (Fig. 6B-C). Ensuite, nous avons comparé la photo-stabilité des
fluorophores des familles ATTO et cyanine au niveau de la particule unique et nous avons trouve
que ATTO647N et ATTO665 sont beaucoup plus photostables que les fluorophores Cy5 ou
Cy5.5 (Fig. 6D). Pour remplacer Cy5, nous avons donc choisi le fluorophore ATTO665 en raison
de sa photo-stabilité exceptionnelle et de sa meilleure résolution spectrale afin d’améliorer la
détection.
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Fig.6. Criblage d'accepteurs dans les NPs polyméres (PMMA-AspNs) chargées en fluorophores et
fonctionnalisées par un oligonucléotide. A) structures chimiques des accepteurs testés; B) spectres
d'absorption et C) spectres d'émission de fluorescence de nano-sondes avec ces accepteurs; D)
cinétique du rapport A/(A + D) lors de I'excitation de la nano-sonde au niveau de la particule unique a
550 nm avec 0.548 W/cm?,

Nos précédents résultats ont démontré qu’'une nano-antenne de 40 nm peut distinguer 3a 5
phénomenes d'hybridation a sa surface. Nous avons donc cherché a réduire la taille de la nano-
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antenne. Dans ce but, nous avons effectué la nano-précipitation du polymére PMMA-AspNs a
un pH plus élevé (pH 9) et avons ainsi formulé des nano-sondes de taille inférieure (32 nm), que
nous avons fonctionnalisées avec une quantité inférieure d’accepteur par particule (4). Les
résultats obtenus ont montré que l'efficacité du FRET était insuffisante, ainsi une réduction
supplémentaire de la taille était encore nécessaire. Nous avons donc synthétisé des polymeéres
PMMA-MA avec une concentration 5% molaire d'acide méthacryligue comparé aux 1.6% du
polymeére initial, que nous avons modifié avec un linker suivant le protocole précédent (PMMA-
AspNs). Nous avons constaté que les NPs obtenus (PMMA-AspNs) présentaient une taille
nettement plus petite et une excellente efficacité de FRET avec 1-2 accepteurs, mais que leur
photo-stabilité était faible. Nous avons alors synthétisé le polymere a base de polyméthacrylate
d’éthyle (PEMA) avec 5% molaire d'acide méthacrylique (PEMA-AspNs) (Fig. 7A). Les NPs
obtenues avec ce polymere présentaient une excellente homogénéité de taille & 18 nm (Fig. 7B)
et une photo-stabilité nettement améliorée au niveau de la particule unique par rapport aux NPs
obtenues a partir de PMMA-AspNs. Afin d'obtenir de meilleures brillance et amplification du
signal de l'accepteur, nous avons augmenté la charge des NPs PEMA-AspNs3 a 50% en poids
du fluorophore.

Les nano-sondes formulées avec PEMA-AspNs, portant des oligonucléotides et
statistiguement un unique accepteur ATTO665 (Fig. 7C-D), ont donné des résultats
remarquables: a la fois un rendement quantique de fluorescence élevé (46%) et une efficacité
de FRET élevée (51%) sur une distance au-dela du rayon de Forster (6.65 nm), ceci avec une
amplification de I'émission de I'accepteur (effet d'antenne) de 208 + 17. Pour vérifier la présence
d’'un accepteur unique sur la nano-antenne, nous avons immobilisé ces nanoparticules et
analysé leurs tracés par excitation a 550 nm. L'activation/désactivation en une étape du couple
accepteur/donneur dans la nanoparticule a mis en évidence sa modification avec un accepteur
unique dans au moins 50% des NPs (Fig. 7G). La présence d'un accepteur unique dans ces
nano-sondes a été confirmée par l'analyse des tracés d'émission de I'accepteur par son
excitation directe par laser a 640 nm (Fig. 7H). En outre, I'effet d'antenne au niveau de la
particule unique est de 257 + 30 (Fig. 7E-F). En utilisant ces NPs, nous avons pu détecter de
facon spectaculaire un seul oligonucléotide hybridé, marqué avec l'accepteur, dans des
conditions d'excitation comparable a la lumiére ambiante.
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Fig.7. A) Schéma de synthése de nano-sondes a base de PEMA; B) image TEM et statistique de
distribution en taille de nano-sonde PEMA; C) Spectres d'absorption et D) spectres de fluorescence
normalisés de nano-sonde PEMA avec différentes quantités de TCS-ATTO665 hybridé par particule; E)
Images en microscopie de fluorescence a champ large de la nano-sonde au niveau du donneur (FRET-
donneur), de l'accepteur amplifié par antenne (FRET-accepteur), de la fusion des canaux FRET-
accepteur et donneur (a la méme échelle d’intensité) et de I'accepteur (excitation directe a 640 nm). F)
Amplification de I'émission de FRET-accepteur (effet d'antenne) par la nano-sonde au niveau de la
particule unique, présenté sous forme d'histogramme de distribution. L’analyse a porté sur au moins 2500
NPs. G) Tracé représentatif de l'intensité d'une seule particule pour le donneur et I'accepteur excités a
550 nm et H) de 'accepteur excité a 640 nm.

Le systéeme obtenu apporte une nouvelle voie pour la détection numérisée des acides
nucléiques (Fig. 8A). Etant donné qu’'un unique phénoméne d'hybridation peut changer la
couleur d'une nanoparticule, cela signifie qu'une seule molécule d'acide nucléique correspond
a une seule nanoparticule. Nous avons procédé a I'imagerie de ces mémes nano-sondes
immobilisées dans des conditions de lumiere ambiante avant et apres incubation avec des ADN
et ARN cibles pendant une heure a température ambiante. Ainsi, en suivant I'nybridation d'une
seule particule, nous avons pratiguement pu calculer le nombre d'acides nucléiques cibles
attachés aux nanoparticules, d’'ou une limite de détection au niveau d’'une hybridation unique
(Fig. 8B).
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Fig.8. A) Concept de détection numérisée d'une cible & molécule unique ; B) Images de la nano-sonde
avant et aprés une heure d'incubation avec un tampon (témoin), 100 pM d’ADN et ARN cibles ; C) Images
fusionnées bhicolores (donneur + accepteur) représentatives d'une seule particule (au-dessus) et tracés
de l'intensité du donneur et de I'accepteur lors de l'imagerie de nano-sondes en présence de 10 nM de
TCS-ATTO665.

Le test final a consisté en l'imagerie directe du processus pour un unique phénomeéne
d'hybridation sous microscope. Au cours de l'imagerie, nous avons ajouté le TCS-ATTO665 et
par enregistrement du signal de I'accepteur, nous avons pu suivre I'’hybridation directe d'un seul
oligonucléotide. Le tracé d'intensité en une étape a prouveé la mise en évidence d'accepteurs
uniques, suivie du photoblanchissement de I'accepteur unigue a la surface de la nanoparticule
(Fig. 8C). Cette capacité exceptionnelle de la nano-antenne que nous avons développée a
transférer I'énergie d'un millier de donneurs a un seul accepteur a permis I'observation directe,
sans précédent, de I'nybridation d'un oligonucléotide unique au microscope dans des conditions
de lumiére ambiante. Globalement, grace a une conception rationnelle de la nano-sonde,
I'objectif principal de ma thése a été atteint: les NPs développés ont permis la détection de

molécules uniques d'acides nucléiques. Une publication sur ce travail est en préparation.
3. Conclusion générale

Au cours des trois années de mon travail de these, j'ai développé une approche pour
fonctionnaliser des nanoparticules de polyméres, dopées en fluorophores, avec des acides
nucléiques et ainsi créer des nano-sondes pour la détection amplifiee des acides nucléiques.
J'ai démontré leur capacité a détecter spécifiquement des séquences d’acides nucléiques cibles
en présence de protéines et de mélanges d'acides nucléigues non spécifiques en solution et sur
surface de verre, au niveau de la particule unique. Ainsi, pour parvenir a une sensibilité de telles
nano-sondes au niveau d'une hybridation unique, j’ai apporté un certain nombre d'améliorations
a leur conception. Tout d'abord, en testant 10 fluorophores différents, des accepteurs beaucoup
plus photostables ont été trouvés, basés sur la famille ATTO. Ensuite, j'ai congu des
nanoparticules fonctionnalisées de plus petite taille en utilisant un polymére plus hydrophobe
(PEMA), ce qui a permis d'obtenir une brillance et une photo-stabilité nettement améliorées. Les
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nano-sondes ainsi nouvellement congcues ont montré leur capacité a détecter un seul
phénomene d'hybridation en activant/désactivant le transfert d'énergie de milliers de
fluorophores a l'intérieur de la nano-antenne a un accepteur unique. Ce travail apporte une
nouvelle voie pour la détection numeérisée d’oligonucléotides cibles simplement en comptant les
nanoparticules vertes et rouges au niveau de la particule unique. Enfin, ces nouvelles nano-
sondes ont permis la premiére observation d'un phénomene unique d'hybridation en commutant
la couleur des nanoparticules au microscope dans des conditions d'excitation comparable a la
lumiére ambiante.

Sur la base des excellentes performances de ce systéeme, les étapes suivantes de ce projet
devraient étre la détection des ARN messagers et des micro-ARN dans les cellules et leurs
lysats, ainsi que la mise au point de kits de détection des différents acides nucléiques marqueurs
de cancers.
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~ Synthése de nanoparticules
organiques fluorescentes pour la
détection de biomolécules

Résumé

La détection a de tres faibles concentrations de biomolécules est un défi en raison de la luminosité
limitée des sondes moléculaires fluorescentes. Le but de mon projet de thése est de fonctionnaliser
des nanoparticules polymeres (NP) ultra-brillantes dopées de fluorophores avec des
oligonucléotides et d’obtenir des nano-sondes pour les acides nucléiques. Nous avons constaté que
les NP avec un groupement azide bien orienté peuvent étre facilement fonctionnalisées avec I'ADN
par le biais d'une réaction de type «click» sans cuivre. Les NP fonctionnalisées par 'ADN ont été
ensuite converties en biocapteurs grace au transfert d’énergie de résonance de type Forster (FRET),
fournissant une réponse ratiométrique de fluorescence amplifiée vers la cible ADN/ARN en solution
et au niveau particulaire. Enfin, nous avons mis au point des nano-sondes radicalement améliorées
permettant de détecter un seul événement d'hybridation en activant / désactivant le FRET de milliers
de colorants de la particule de nanoantenne jusqu’a un accepteur unique. Les nano-sondes
obtenues constituent une nouvelle plate-forme puissante pour la détection de biomarqueurs du
cancer.

Mots-clés : nanoparticules polymeéres fluorescentes, nanoparticules fonctionnalisées par I’ADN,
nano-antennes captant la lumiere, biocapteur, nano-sonde.

Résumé en anglais

The detection of ultralow concentrations of biomolecules is challenging because of limited brightness
of fluorescent molecular probes. The aim of my PhD project is to functionalize ultrabright dye-loaded
polymeric nanoparticles (NPs) with oligonucleotides and obtain nanoprobes for nucleic acids. We
found that NPs with efficiently exposed azide group can be readily functionalized with DNA through a
Cu-free “click” reaction. DNA-functionalized NPs were then converted into biosensors based on
energy transfer (FRET), providing amplified fluorescence ratiometric response to the target
DNA/RNA in solution and at the single-particle level. Finally, we made drastically improved
nanoprobes that enabled detecting a single hybridization event by switching on/off FRET from
thousands of dyes in the nanoantenna particle to a single acceptor. The obtained nanoprobes
constitute a new powerful platform for detection of cancer biomarkers.

Keywords: fluorescent polymeric nanoparticles, DNA-functionalized nanoparticles, light-harvesting
nanoantenna, biosensor, nanoprobe.




