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Abstract

Hyperthermia has great potential as a cancer therapy as it weakens or causes irreversible
damage to cancer cells. However, available heat sources are poor in discriminating between
healthy and cancerous tissue. In this thesis work, the application of plasmonic nanopar-
ticles as photo-induced strong, localized thermal transducers was investigated for cancer

therapy.

Gold nanoparticles exhibit surface plasmon resonance that greatly enhances their photoab-
sorption properties. When irradiated with resonant light, they efficiently absorb the light
and convert it into extremely local and well-controlled heating with temperature increases
that easily exceed 100 °C. Due to these unique optical properties and their biocompatibility,
gold nanoparticles are promising candidates for selective photothermal cancer therapy. Light
with wavelengths in the near-infrared (NIR) region has low absorption and high penetration
through biological material. Hence, the combination of these two non-destructive moieties
can inflict irreversible damage to the tumor tissue by strong localized hyperthermia, without
harming the surrounding healthy tissue. However in the literature, the optimal choice of

plasmonic nanoparticles for this therapy remains an open question.

Using positron emission tomography /computed tomography (PET/CT) imaging as a treat-
ment evaluation tool it was found that NIR irradiated resonant silica-gold nanoshells had a
higher therapeutic efficacy than non-resonant colloidal gold nanoparticles, when delivered di-
rectly into subcutaneous tumor xenografts in mice. To better understand the photo-physical
properties, the plasmonic heating of the resonant and non-resonant nanoparticles was also
compared using an in vitro temperature sensitive assay. This assay enabled measurements of
the heat generation of single NIR irradiated nanoparticles and confirmed that the resonant
silica-gold nanoshells were superior to the non-resonant nanoparticles. These findings were in
agreement with numerical photo-absorption calculations. The presented comparative study
is a novel strategy to quantify the photothermal effect at a single particle level as well as in
a therapeutic context. It is proposed that this strategy can be used to evaluate any type of

nanostructure as well as different tumor models.

The thesis work also contains a study of the epigenetic switch in the model system of Bac-
teriophage A. A novel assay for single particle analysis on naturally supercoiled DNA was
developed, and used to investigate the effect of supercoiling on a regulatory protein-mediated
DNA loop that is the basis of the epigenetic A switch. It was found that supercoiling greatly
enhanced DNA looping probability, thus rendering the transition between epigenetic states
an efficient and robust process. This part of the thesis project is described in three published

papers that are included in this dissertation.






Dansk resumé

Hypertermi har stort potentiale som kraeftbehandling, da det enten svaekker eller forarsager
uoprettelige skader pa kreeftceller. Desveerre er de tilgeengelige varmekilder darlige til at
skelne mellem sundt og kraeftsygt veev. I denne athandling blev anvendelsen af plasmoniske

nanopartikler som lokalt fotoinducerede termiske kilder undersggt til kreeftbehandling.

Guld nanopartikler udviser overflade-plasmon-resonans, der i hgj grad forbedrer deres fo-
toabsorptionsegenskaber. Ved bestraling med resonant lys, omdanner de effektivt det ab-
sorberede lys til ekstrem lokal og velkontrolleret opvarmning med temperaturstigninger, der
let overstiger 100 °C. Pa grund af disse unikke optiske egenskaber og deres biokompatibilitet
er guld nanopartikler derfor lovende kandidater til selektiv fototermisk kreeftterapi. Lys
med bglgeleengder i den neer-infrargde (NIR) region har lav absorption og hgj penetrering-
sevne gennem biologisk materiale. Kombinationen af disse to ikke-destruktive egenskaber
kan dermed pafgre tumorveev irreversibel skade ved hjeelp af steerk lokal hypertermi, uden
at det omkringliggende raske veev pavirkes. Det optimale valg af plasmoniske nanopartikler

til denne terapi er dog stadig et abent spgrgsmal i litteraturen.

Ved at bruge positronemissionstomografi/computertomografi-billeddannelse (PET/CT) til
at evaluere behandlingen, fandt vi at NIR bestralet resonante silica-guld nanoshells havde en
hgjere terapeutisk virkning end ikke-resonante kolloide guld nanopartikler, nar de leveredes
direkte ind i subkutane tumorxenoplantater i mus. For bedre at forsta de foto-fysiske egensk-
aber blev plasmonisk opvarmning af de resonante og ikke-resonante nanopartikler derudover
sammenlignet ved hjeelp af et in vitro temperaturfglsomt assay. Dette assay tillod malinger
af varmegenereringen af de enkelte NIR bestralede nanopartikler der bekraftede, at de reso-
nante silica-guld nanoshells var overlegne i forhold til de ikke-resonante guld nanopartikler.
Dette var i overenstemmelse med numeriske beregninger af deres foto-absorption. Disse
sammenligningstudier praesenterer en ny strategi, der kan bruges til at kvantificere den fo-
totermiske effekt af en enkelt partikel savel som i en terapeutisk sammenhaeng. Vi vurderer
at denne strategi kan anvendes til at bedgmme enhver type nanostruktur og forskellige tu-

mormodeller.

Afhandlingen indeholder ogsa en undersggelse af den sakaldte epigenetiske switch i modelsys-
temet Bakteriofag A. Vi har udviklet et nyt assay, der kan bruges til enkeltpartikelanalyser
pa naturligt supercoilet DNA.

Ved hjxlp af assayet undersggte vi virkningen af supercoiling pa et regulatorisk protein-
medieret DNA-loop der er grundlaget for den epigenetiske A-switch. Vi fandt frem til, at
supercoiling markant gger sandsyligheden for DNA looping, hvilket ggr overgangen mellem de
epigenetiske tilstande til en effektiv og robust proces. Denne del af PhD studiet er beskrevet

i tre publicerede artikler, der er inkluderet i denne athandling.
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Chapter 1

Introduction

This thesis work consists of two parts, where the first part addresses epigentics studied in
the model system of Bacteriophage A\, and the second part contains a study of plasmonic

nanoparticle for photothermal cancer therapy.

1.1 Epigentics studied in the model system of
Bacteriophage \

The first part of this thesis is a study on epigenetic regulation in Bacteriophage A, that is a
model on the basis of which epigenetic switch regulation is understood. Using a novel single
molecule assay we investigated the gene regulatory effect of a protein-mediated DNA loop
on a naturally supercoiled DNA plasmid. Bacteriophage A\ is a virus that infects bacterium
FEscherichia coli whereupon it enters either of two very distinct developmental pathways
inherent to the Bacteriophage A life cycle. The lytic state is a virulent state where the
Bacteriophage A hijacks the bacterium’s replication machinery and within an hour produces
~ 100 copies of itself and lyses the cell. The lysogenic state is a dormant state where
the Bacteriophage A incorporates its DNA into the bacterium’s and is passed on into the

daughter cells.

The lysogenic state of Bacteriophage ) is exceptionally stable, still, it is capable of responding
to DNA damage and rapidly enter the lytic state to escape the dying cell. The mediator of
the lysogenic state is the A repressor protein, CI. Dimers of CI interact with the A operators,
OR and OL, located ~ 2.3 kbp apart on the A DNA, and facilitate long-range cooperative

interactions that arrange the intervening DNA in a loop (see Fig. 1.1A).

We have invented an assay where positions adjacent to the A operators on a naturally super-

1



2 Chapter 1. - Introduction

coiled plasmid are marked with peptide nucleic acids (PNA) handles. These handles mediate
tethering of the plasmid between a surface and a submicron sized reporter bead (see Fig.
1.1B) [1,2].

Monitoring the movement of the reporter bead by tethered particle tracking allows for single
molecule investigations of the effect of supercoiling on the DNA plasmid dynamics, and the
efficiency of the Cl-mediated DNA loop that constitutes the epigenetic A switch. Compared
with relaxed DNA [1, 3], the presence of supercoils enhanced the juxtaposition probability,
thereby overall increased the CI mediated DNA looping probability (see Fig. 1.1C).

Using a thermodynamic model that describes the probability of DNA looping for a given
CI concentration, we found free energies for the looping transition on supercoiled DNA
that is in better agreement with in vivo observations than those obtained on linear relaxed
DNA [1,3]. The transition between the looped and unlooped states was found to be steeper
with the supercoiled DNA, thus rendering the process a more cooperative one confirmed
by an increased Hill coefficient (h = 2.5 for the supercoiled DNA compared to h = 1.2 on
linear relaxed DNA) [1]. Interestingly, the transition occurs exactly at the CI concentration
corresponding to the minimum number of CI molecules capable of maintaining the lysogenic
promotor-repressed state (see bottom configuration in Fig. 1.1A and grey boz in C) [4].
Our results showed that the A\ switch is finely tuned to have an optimal, fast and efficient

response to lytic induction and that supercoiling is essential.
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Figure 1.1: Epigenetic switch regulation by Bacteriophage A. (A) CI dimers (green dumbbells)
bind cooperatively at the \ operators, OR and OL, and facilitate DNA looping and regulation of
the lysogenic (pRM) and lytic (pR and pL) promoters (marked by bent arrows). Red cross indicates
that the promoter is repressed. (B) The PNA-based tethered particle motion assay. A supercoiled
DNA plasmid is tethered between a glass surface and a polystyrene bead via PNA handles. The
PNA handles are flanking the A operators, OR and OL, which limit the A DNA (marked with
red arrow). (C) Probability of CI-mediated looping as function of CI concentration for supercoiled
DNA (red circles) and for linear DNA (blue squared; published by Zurla et al. [3]). The curves show
corresponding thermodynamical models. Supercoiling enhances the binary response to changes in
CI concentration and lowers the CI concentration necessary for pRM repression. The dashed box
highlights the narrow sigmoidal transition interval for the supercoiled DNA.

These results are to our knowledge the first single molecule studies showing the regulatory
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importance of DNA supercoiling. As DNA in its natural state is supercoiled, we believe that
this novel assay can improve single molecule studies of the physical properties of supercoiled
DNA in itself, as well as other regulatory systems involving interactions between DNA and
DNA associating proteins. This part of the thesis project is described in detail in three
published papers that are included in this dissertation [1,2,4].

1.2 Plasmonic nanoparticles for photothermal cancer

therapy

While the major part of this work was performed at the Niels Bohr Institute and Cluster
for Molecular Imaging, during my time as a PhD student I also visited Naomi Halas’ lab at
Rice University in Houston, Texas, for three months. The Halas group has great expertise
in materials that possess surface plasmon properties, and were the inventors of the so-
called silica-gold nanoshells. These are the first and heaviest used plasmonic nanoparticles
in the field of photothermal cancer therapy, why we decided to also include them in this
thesis work. My time in the Halas group was therefore well spent, learning about how the
nanoshells are synthesized, their chemical and physical characteristics, as well as how they

can be conjugated with biomolecules for biological applications.

Cancer research and development of therapeutic strategies have become a multidisciplinary
challenge, joining forces across fields in modern science. The main part of this thesis disser-
tation is devoted to our results regarding the use of gold nanoparticles in cancer medicine.
Gold nanoparticles are promising candidates for photothermal cancer therapy due to their
unique optical properties. Light excitation of gold nanoparticles induces collective oscilla-
tions of the conduction band electrons, resulting in strong absorption of resonant light and
significant heating of the nanoparticle and its local surroundings. The phenomenon of col-
lective oscillations of the conduction electrons in metallic nanoparticles is known as surface
plasmon resonance, and particles that possess such optical properties are popularly called

plasmonic nanoparticles.

Gold in itself is inert, at least when the dimension of the material is larger than ~ 10 nm,
making gold nanoparticles biocompatible. In addition, gold nanoparticles are easily func-
tionalized via Au-thiol chemistry paving the way for designing multi-functional nanoparticles
that possess synergistic effects by combining their therapeutic, targeting and/or imaging ca-

pabilities.

The principle in photothermal cancer therapy is that plasmonic nanoparticles are adminis-
tered to the tumor site and irradiated with resonant light. The light is rapidly absorbed by

the plasmonic nanoparticles and converted into heat that dissipates into the local environ-
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ment. The temperatures generated are so extreme that the cancer cells immediately ablate
or obtain irreversible damage. For this treatment to be efficient and superior to conventional
strategies, three conditions are particularly important: 1) the wavelength of the light used
to irradiate the nanoparticles must have low absorption in biological material to penetrate
deep into the tissue and to provide minimal damage to healthy tissue, 2) the nanoparticles
must be biologically inert and small enough for systemic delivery, and 3) the nanoparticles
should be efficient in converting the irradiated light into heat, i.e., the particles should be
resonant with the wavelength of the irradiated light.

The research on plasmonic nanoparticle mediated photothermal therapy has so far mostly
focused on the synthesis of plasmonic nanoparticles that meets the above mentioned condi-
tions. The literature contains an extensive amount of different types of plasmonic nanopar-
ticles spanning geometries such as stars, cubes, and rods [5], to multi-layered compositions
such as the nanomatryoshkas [6], all aiming at being the best possible cancer cell killer. In
these papers, pre-clinical proof-of-concept is most commonly evaluated by measuring if the
tumor volume shrinks over the course of weeks using a simple mechanical caliper, which
clinically is an impractical and irrelevant evaluation method.

For clinical evaluation of the tumor volume after a treatment, computed tomography (CT)
has successfully been used as it provides detailed information about the anatomical devel-
opment of the tumor. However, the response time is, similar to caliper-based evaluation,
limited by an actual change in tumor volume that can take days before being detectable.
Positron emission tomography (PET) is a diagnostic imaging tool based on nuclear medicine,
that provides feedback of the functional state of the tumor as early as an hour after a
treatment. PET thereby greatly improves the timescale of tumor evaluation in contrast to

CT/caliper-based assessment, that can take up to weeks.

An outstanding question in the literature regards which nanoparticle is the optimal for
photothermal therapy. Importantly, the best light-to-heat converter on a single particle
level might not be the best in a therapeutic context. In this thesis I compare the ability of
different types of plasmonic nanoparticles to convert light into heat upon excitation, through
rigorous comparison studies both in vivo using human tumor xenografts in mice and in vitro
at a single particle level. The aim is to develop a protocol that can help finding the best

candidate for photothermal cancer therapy.

Using CT/PET imaging as a treatment evaluation tool we compared the photothermal
efficiency of silica-gold nanoshells, that are known to be near-infrared (NIR) resonant, with
solid gold nanoparticles of similar diameter ( = 150 nm) that are non-resonant at NIR
wavelengths and thus should generate less heat upon NIR irradiation. We used NIR light as
it represents a wavelength region with low absorption in tissue and deep penetration depth.

The size of the nanoparticles might have a large impact on the photothermal effect as tumor
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accumulation upon systemic administration increases for smaller nanoparticles (< 100 nm).
Therefore we included a class of smaller solid gold nanoparticles (diameter = 80 nm) that
are also not NIR resonant but might possess the same photothermal capabilities as the larger

silica-gold nanoshells simply because they accumulate better at the tumor site.

We also conducted in vitro investigations focusing on the temperature increase of the individ-
ual nanoparticles as the in vivo studies ”only” give information about the heating capabilities
of a cluster of nanoparticles. In vitro we used an assay based on a temperature sensitive

biological matrix to assess the surface temperature of a single irradiated nanoparticle.

The presented comparative study is a novel strategy to quantify the photothermal effect at
a single particle level as well as in a therapeutic context and can be used to evaluate any

type of nanostructure and different tumor models.






Chapter 2

Light and plasmonic nanoparticles

Gold in bulk form has always been highly valuable and a source of fascination for mankind.
Its popularity is evident in its abundant use for jewelry, coinage, ancient treasures, and
electrical devices for over thousands of years. Gold’s low reactivity prevents it from oxidation
and corrosion which is why it retains its beautiful appearance and luster for a very long time.
However, on the nanoscale gold exhibits very different properties than in bulk giving gold
colloids the most beautiful colors when interacting with light. Whether or not the physical
properties were actually understood, craftsmen back in ancient time used metallic colloidal
nanoparticles to stain glasses. One example is the Lycurgus cup from the 4th century that
changes color dependent on which side the light is coming from. Later on the techniques
were refined and the beautiful windows seen in middle Age churches all over Europe are

great examples of how skilled the craftsmen were.

The first documented physical description of the unique, colorful properties of metallic
nanoparticles was introduced by Faraday in 1857 [7]. A little more than 50 years later
these properties were explained theoretically by Mie, who formulated the scattering and ab-
sorption properties of irradiated spherical nanoparticles by solving Maxwell’s equations [8].
It should be mentioned, that despite the great theoretical work, the optical properties of

metallic nanoparticles are not yet fully understood.

Utilizing the unique optical properties, modern nanomedincine has vastly expanded the scope
of biomedical applications of metallic nanoparticles. Amongst others, their strong scattering
properties are used for light imaging-based diagnostics and their strong absorption properties

make them efficient light-to-heat converters for photothermal therapy.

7
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2.1 The biological transparency window

Light is electromagnetic radiation that carries energy in packages of photons. The energy of
a photon, £ = hc/ A, is a function of the wavelength A, where h is Plancks constant and ¢ the
speed of light. The inverse relation between energy and wavelengths means that ultraviolet
light (A = 200 - 400 nm) carries a lot of energy compared to NIR light (A = 700 - 1100 nm).
The width of biomedical applications that can take advantage of the unique interactions
between light and plasmonic nanoparticles is fully dependent on the choice of the wavelength.
Figure 2.1 shows the absorption spectrum as a function of wavelength of some of the most
abundant molecules in tissue. Deoxyhemoglobin (Hb) and oxyhemoglobin (HbOs), and the
natural skin pigment melanin absorb strongly in the ultraviolet and visible (UV-VIS) region

whereas water (HyO) starts absorbing significantly beyond 2000 nm.

Figure 2.1: The biological transparency window. The graph shows absorption of biological ma-
terials as a function of wavelength. The components of biological tissue that are known to have
highest absorption and abundance are shown. The region where the absorption spectra dip (marked
by a green box) is known as the biological transparency window. Reproduced from Ref. [9].

As is seen in the absorption spectra (Fig. 2.1), there is a dip from around 700 - 1100 nm.
This is the region known as the biological transparency window and represents wavelengths
where light can penetrate as deep as up to several centimeters through the tissue [10].
Besides deep penetration, low tissue absorption also means that photo-induced damage is
minimal. Unspecific tissue absorption can have severe consequences as in the case of radiation
therapy where photo toxicity in healthy tissue is an inherent problem (radiation therapy uses
wavelengths in the picometer range). Taking together the penetration depth and low photo
toxicity, the NIR region has become the preferred wavelength range of light for plasmonic

nanoparticle applications.
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2.2 Surface plasmons

The emergence of surface plasmons in metallic nanoparticles

Metallic nanoparticles exhibit unique optical properties that are absent in bulk materials.
These unique optical properties arise as a consequence of the collective oscillations of the free
electrons in the conduction band; a phenomenon know as plasmons [11]. When the length
scale of the free electrons, i.e., the mean free path, is of the same order as the dimension of

the material structure, surface effects dominate resulting in surface plasmons [12].

Electric field
-
T
\ Electron
cloud
Metallic
nanosphere

Figure 2.2: Light resonant with the surface plasmon resonance leads to collective oscillations of
the free electrons in the conduction band.

When a wavefront of an electric field interacts with a plasmonic nanoparticle the free electron
cloud is polarized to one side of the particle (see Fig. 2.2). The polarizability of the particle’s
surface causes uncompensated charges on the opposite side of the particle resulting in a
restoring force, that sets up standing oscillations of the surface plasmons. If the frequency
of the incident light is resonant with the particle’s surface plasmons, this will cause standing
resonance conditions resulting in a strong enhancement of the optical properties. Changing
the boundary of a nanoparticle that possesses surface plasmons, such as its geometry or
size, will alter the electron density on the surface, and thereby induce a shift in the surface

plasmon resonance.

In the simplest form, the optical response of plasmonic nanoparticles to an electric field
is characterized by a harmonic oscillator. In this formulation the interactions between the
surface plasmons in the nanoparticle and an incoming electric field can be described by a

linear local approximation given by [11]:
D(r,w) = e(w)E(r,) | 2.1)

where D(r,w) is the electric displacement at position r and at the frequency of the incoming
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field, w. E(r,w) is the electric field and e(w) is the dielectric function. By solving Maxwell’s
equations, using appropriate boundary conditions and the dielectric function, the linear

optical response of the nanoparticle can be derived.

Surface plasmon resonance

In practice, it is not as simple as that. However, for particle sizes comparable to the elec-
tron mean free path, it is sufficient to solve the Maxwell equations using a combination
of the dipole approximation, formulated by Rayleigh, and the Drude model [13]. Within
the Rayleigh approximation, the extinction cross-section gives the amount of scattering and
absorption of a particle embedded in a dielectric medium with permittivity €,, at a wave-
length A. The extinction cross-section is written as the sum of the scattering and absorption

cross-sections:
/{54
Oe:ﬂt = Oscat + Oabs = 6—7.‘_|Oé|2 + klm(oz) s (22)

where k is the wavenumber, k = 27m,/€,,/\. « is the polarizability of the particle and
describes how much charge separation can be obtained within the particle when exposed to
an external electric field. The polarizability of a nanoparticle, with a radius of @ and volume
of V = 4ma?/3, is extracted from the Clausius-Mossotti relation:

€(w) — €n

a=3y— m
e(w) + pem

(2.3)
Here, ¢ is a shape dependent parameter. The dielectric function, ¢(w), contains the electronic
structure of the particle. For metallic nanoparticles the dielectric function is complex, €(w)

= €1(w) +iex(w) [14], and can be expressed by the Drude approximation [11]:

w2

e(w) = € — ——2— . 2.4
() ’ w(w + ip) (24)
€;p 1s the electronic interband transitions contribution, and w, is the plasmon frequency of
bulk gold. =, = l/vr is the damping of the conduction electrons in bulk gold, where [, is

the electron mean free path and vy the Fermi velocity.

Surface plasmon resonance is obtained when the absorption and scattering cross-sections are
at their maximum. From eq. 2.2 we can extract that resonance conditions are met when
a is at its maximum, i.e., €(Wmax) = —@€m (see eq. 2.3 ) [15]. Inserting this into eq. 2.4

and using v, < wp, gives the plasmon frequency resonance and the corresponding resonance
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wavelength [15,16]:

Wp

Wmax = ——/——— /\maac
V €ib + PEm

Ap = 2mc/w, is the plasmon wavelength in bulk gold. The shape dependent parameter for

= MpVEib + V€, - (2.5)

spheres is ¢ = 2. For thin metallic shells (total radius of a) with a dielectric core (radius of
a.) ¢ takes the form [11]:

3

o= (1t ee/2em) (2.6)

fs is the volume fraction of the shell given by f, = 1 — (a./a)?, and €. the dielectric permit-
tivity of the core. As eq. 2.6 is dependent on the fraction between the core and the shell
radius, it directly explains why the plasmon resonance (eq. 2.5) for nanoshells can be tuned
(unlike for spheres where ¢ = 2). The tunability of the resonance will be discussed further

in the next section.

The resonance equations are valid only for the dipole resonances. For multipole resonances

(n > 1), equation 2.5 is corrected to:
Wy

" Vew tem((nt )/n)

Multipoles are primarily of consideration when the particle size becomes bigger. For example,

Wn

(2.7)

for spherical gold nanoparticles the quadropole peaks emerge when the diameter exceeds &~
100 nm [11].

It should be mentioned that the derivations above in principle only apply to particles that
are smaller than the mean free path of plasmon electrons in gold (I, ~ 40 - 50 nm). For
larger particles the dielectric function becomes size dependent, ¢(w, a), and should correctly
be expressed by the size-corrected Drude model to account for enhanced electron-scattering
events [11,12].

Designing the surface plasmon resonance

The optical properties near the surface plasmon resonance are significantly enhanced com-
pared to off-resonance. This is because the scattering and absorption cross-sections of the
plasmonic nanoparticles are enhanced by orders of magnitude. As just discussed, the scatter-
ing and absorption cross-sections are functions of the polarizability, that depends on factors
including size, shape and material composition of the plasmonic nanoparticles. Hence, by
changing any of these parameters, the surface plasmon resonance described by eq. 2.5 can

be shifted, enabling us to design ”"the optimal” NIR resonant plasmonic nanoparticle for
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biomedical applications.
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Figure 2.3: Extinction spectra of different types of gold nanoparticles. (A) Spectra of different
sizes of colloidal gold nanoparticles calculated using Mie’s equations. The surface plasmon resonance
is only slightly red-shifted but broadened substantially due to increased scattering contributions.
The dashed line indicates the laser wavelength of 1064 nm that we use in our in wvitro studies.
Reproduced from our review in Ref. [14]. (B) Spectra of gold nanorods. The longitudinal plasmon
resonance red-shifts with increasing aspect ratio (AR). Reproduced from Ref. [17]. (C) Absorption
spectra of silica-gold nanoshells. The plasmon resonance red-shifts when the gold shell is made
thinner indicated by an arrow. Reproduced from Ref. [18].

Colloidal gold nanoparticles are simple spherical structures with a solid gold core. They have
a surface plasmon resonance in the visible region, shown for various sizes of colloidal gold
nanoparticles in Figure 2.3A. When increasing the diameter of the colloidal gold nanoparti-
cles, the resonance peak is red-shifted accordingly and broadened, due to phase retardation
and size-dependent increased scattering effects [19]. Phase retardation comes from the in-
creasing amplitude of the free electron oscillations as the particle size increases. Larger
amplitudes extend the period of the plasmon oscillations which means that the plasmon fre-
quency becomes red-shifted. The magnitude of the red-shifts for colloidal gold nanoparticles
is minimal, meaning that even for the largest colloidal gold nanoparticles a resonance in the
NIR region is unachievable [14,20].

What does change when increasing the particle size, is the relative contribution from scat-

tering and absorption to the extinction cross-section. The scattering cross-section scales
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quadratically with the polarizability (see eq. 2.2), which is proportional to the volume (see
eq. 2.3). This means that smaller nanoparticles mainly absorb whereas for larger nanopar-
ticles the scattering contribution dominates. The turnover point at which the contributions

of absorption and scattering are equal is 80 nm for colloidal gold nanoparticles [11].

The resonance is also highly dependent on the shape of the gold nanoparticle via the shape
parameter ¢ in eq. 2.5. A good example of the shape-dependence is given in the case of gold
nanorods where the optical properties can be changed dramatically simply by elongating
the rod. Gold nanorods exhibit two well-separated plasmon peaks; one corresponding to the
short axis and one corresponding to the long axis (see Fig. 2.3B). The short resonance peak
is due to the dipole plasmon resonance similar to the resonance of colloidal nanoparticles
(around 528 nm) [20]. The longer resonance peak emerges from the plasmon oscillations
along the longitudinal axis of the rod and can be shifted by changing the aspect ratio of the
gold nanorod. Due to this tunability, NIR-resonance can be achieved simply by changing
the length of the rod while keeping the width fixed.

Plasmonic nanoparticles that are composite structures, such as silica-gold nanoshells, also
exhibit a high degree of plasmon resonance tunability (see Fig. 2.3C). The shape dependent
parameter for thin metallic shells (¢ in eq. 2.6) is inversely proportional to the volume
fraction, f, = 1 — (a./a)?, for thin metallic shells with core radius a. and a total radius a.
As the shell becomes thinner, ¢ becomes larger leading to an increase of A4, (see eq. 2.5).
In total, this means that the plasmon resonance can be tuned by changing the ratio of the
core to the shell radius; red-shifting when decreasing the shell thickness and blue-shifting

when increasing the shell thickness.

Effect of plasmon hybridization

When nanoparticles are injected into living subjects and accumulate in the tumor tissue,
they are most often not present as single nanoparticles but as clusters of nanoparticles. The
plasmon resonance of a nanoparticle is sensitive to the vicinity of another nanoparticle and

alters significantly when the plasmonic nanoparticles are close enough to interact.

If we consider two identical spherical particles approaching each other, their individual sur-
face plasmons can couple and start oscillating in phase. When the interparticle separation
is short enough, multipole resonances emerge that are well-separated from the dipole reso-
nance of the individual single particles [21]. Hence, the short-wavelength plasmon resonance
corresponds to that of a single particle and the long-wavelength plasmon resonance to that

of the electrodynamic coupling between the two spheres.

The effect of plasmon hybridization is well-explained by considering metallic spheres arranged

in a chain. The long-wavelength resonance is dependent on the number of particles in the
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chain, similarly to the length dependence for nanorods. In addition, it is also highly senstive
to the strength of the plasmon coupling which is a function of the interparticle distance.
As the length and plasmon coupling increases, the long-wavelength resonance red-shifts.
However, the coupling effect saturates as the number of particles in the chain increases
because the effective electrodynamic interactions are finite. For metallic spheres with a

diameter of 40 nm this saturation happens at around 10 particles [22].

Mechanism of heat generation

In photothermal cancer therapy, the absorption of a strong light source by plasmonic nanopar-
ticles and the corresponding abrupt temperature increase on the nanoparticles’ surfaces is ex-
ploited to kill cancer cells in the vicinity. The underlying process of this extreme temperature

increase can be explained by non-linear optical effects (shown in Figure 2.4) [19,21].

Figure 2.4: Schematic illustration of the light-to-heat conversion upon photon absorption of a
plasmonic nanoparticle. This whole process takes on the order of a couple of hundreds of picosec-
onds. Reproduced from Ref. [19].

When resonant light is absorbed by the nanoparticle, the plasmons are rapidly excited into
a non-equilibrium thermal state creating hot electrons [23]. Because hot electrons have an
energy level above the thermal state, they rapidly redistribute their energy amongst lower-
level electrons via electron-electron scattering and relax into a thermal distribution. This
process effectively increases the surface temperature of the nanoparticle on a time scale of
picoseconds. The hot surface cools to equilibrium by heat exchange with the lattice phonons
through electron-phonon scattering. Finally, the lattice cools via heat exchange with the
local environment through phonon-phonon coupling on a timescale that depends on the
heat capacity of the environment, and the material and size of the particle (& hundreds of

nanoseconds for a 80 nm gold nanoparticle embedded in water [24]).

The temperature increase of irradiated plasmonic nanoparticles is very high, but the cor-
responding heating profile is narrow compared to the dimensions of a cell. Bendix et al.

found that even though gold nanoparticles in the size range of 200 nm reached temperature
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elevations of 250 K when irradiated with a 1064 nm continuous wave laser, the size of the
temperature profile was only on the order of ~ 10 um (power = 100 mW) [25]. In addition,
it was found that the temperature elevation was already at 50% only 200 nm away from the
surface of the nanoparticle and at 10 K at a distance of &~ 2 ym. This means that regardless
of how much the temperature of the nanoparticle increases, the effect is so local that only

cell within a couple of microns from the nanoparticles are affected.

2.3 Synthesis and optical properties of different

plasmonic nanoparticles

Colloidal gold nanoparticles

Colloidal gold nanoparticles are typically produced by either the citrate reduction method
or a seeding technique [26,27]. Following the citrate reduction method, also known as the
Turkevitch method (1951), tetrachloroauric acid (HAuCly) is stirred while adding citrate.
Citrate is working both as a reducing and as a capping agent. This method only applies
for fabrication of smaller sizes of gold nanoparticles (10-20 nm) as the monodispersity and
shape are compromised by risk of aggregation when the particles are grown larger (producing

elongated nanoparticles).

To synthesize larger colloidal nanoparticles, the seeding technique can be used instead. First
the seeds are produced by generating very small gold nanoparticles. These work as nucleation
sites and facilitate the reduction of the remaining gold ions from a growth solution consisting
again of gold salt and a reducing agent. For both methods, the growth continues until all of

the reducing agents or gold ions are depleted.

Figure 2.5 shows the quality and optical properties of the colloidal gold nanoparticles used
in this study. We have taken transmission electron microscopy (TEM) images of the 80 nm
and 150 nm nanoparticles, shown in Figure 2.5A-B, respectively. This was done to validate
that they are fairly uniform in size and shape. The suppliers reported a diameter for the 80
nm of 81.7 nm +14% (Nanocomposix, CA USA) and a diameter for the 150 nm of 150 nm
+4% (Nanopartz, CO USA), both measured by TEM.

I have also calculated the extinction spectra for these two particle sizes using Mie equations,
shown in Figure 2.5C. The calculated spectrum for the 80 nm nanoparticles has a plasmon
resonance of &~ 548 nm. This is in good agreement with the plasmon resonance that the
suppliers have measured to be 550 nm, using a UV /VIS spectrometer. The nanoparticles with
a diameter of 150 nm have a calculated plasmon resonance of ~ 650 nm, that compared to

that the suppliers measured of 615 nm, also is in good agreement. In the calculated spectrum
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Figure 2.5: Characteristics of the colloidal gold nanoparticles used in this study. TEM images
of (A) 80 nm and (B) 150 nm colloidal gold nanoparticles. Scale bar is 100 nm. (C) Extinction
cross-sections calculated using Mie’s theory; it can be seen that the plasmonic resonance is at 548

nm and 650 nm for the 80 and 150 nm colloidal gold nanoparticles, respectively. The spectra have
been normalized.

for the 150 nm nanoparticles, the quadropole peak described by eq. 2.7, emerges around
530 nm and spectral broadening that stems from increased scattering effects is observed.
In contrast, the calculated spectrum for the 80 nm nanoparticles exhibits only a narrow

resonance peak (the dipole peak).

The nanoparticles used in this study are conjugated with a polymer, poly(ethylene glycol)
(PEG), to protect them from aggregation in physiological conditions and prevent them from
in vivo degradation. The polymer conjugation does not affect the plasmon resonance (if it
does it is only a shift on the order of 5 - 10 nm), however, it serves to stabilize the particles
and to minimize aggregation. The quality of the polymer conjugation can be assessed by
the particle’s zeta potential that is a measure of the surface charge of the particle. A
good polymer conjugation is screening the particle’s surface charges, thereby making it more
neutral. These nanoparticles have zeta potentials around -20 mV which is within a reasonable

range for biological systems.

Silica-gold nanoshells

In 1998 Naomi Halas and her group at Rice University, Texas, developed silica-gold (core/shell)
nanoshells to overcome the resonance limitations of colloidal gold nanoparticles [18]. They

showed that the plasmonic resonance for these particles could be tuned across the NIR range
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by changing the core/shell ratio. At my stay in the Halas group, I first learned how to syn-
thesize these particles. Briefly, the nanoshells consist of a dielectric core (silica) grown as
monodispersed spheres by the Stéber method [28]. The spheres are functionalized by coating
them with aminopropyltriethoxysilane (APTES). After their amination, gold seeds (1-2 nm)
are added which attach to the amine groups. A complete gold shell is formed by reduction
of HAuCly using the gold seed-decorated silica sphere as nucleation site. Using this method,
both the size of the core and the shell can be controlled (however, the size range is limited
to between 80 and 400 nm [16]). Smaller cores give plasmon resonances in the visible region,
but by increasing the size of the core, and decreasing the thickness of the shell, the plasmon

resonance can be shifted to wavelengths deep into the infrared [29].
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Figure 2.6: Characteristics of the silica-gold nanoshells used in this study. (A) Graphic showing
the silica core with the thin gold shell. (B) TEM image of 150 nm silica-gold nanoshells. Scale bar
is 100 nm. (C) Extinction cross-sections of 150 nm silica-gold nanoshells calculated using Mie’s
theory (Online Mie Theory Simulator, NanoComposix). From the spectrum it can be seen that the
plasmonic resonance for the nanoshells is at 760 nm. The spectrum has been normalized.

Figure 2.6A shows a graphic of a silica-gold nanoshell. In this study we use nanoshells
obtained commercially as we do not have the wet-lab facilities necessary for their fabrica-
tion. The nanoshells we use have a core consisting of a 120 nm silica sphere, upon which a
thin gold shell (15 nm) has been grown, giving a total diameter of the complex of 150 nm
(Nanocomposix, CA USA). We have taken TEM images of the nanoshells that are shown
in Fig. 2.6B. Most particles appear uniform in size and mostly the shells are complete (no
larger "holes” in the shells). The suppliers reported a diameter of 151.3 nm +5.1%, where
the core was 119.7 + 8.9 nm assessed by TEM images (Nanocomposix, CA, USA).

Using the Online Mie Theory Simulator (NanoComposix, CA, US), I have calculated the

extinction spectrum of silica-gold nanoshells with a core diameter of 120 nm and a gold shell
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of 15 nm, shown in Figure 2.6C . In the calculated spectrum, the plasmon spectral band is
broad with a resonance at ~ 760 nm and the quadropole peak is emerging around 600 nm.
The experimental spectrum that is measured by the suppliers using a UV-VIS spectrometer,
have a plasmon resonance of 802 nm. The measured resonance deviates somewhat from the
calculated one, but is within the biological transparency window.

Like the colloidal gold nanoparticles, the nanoshells are conjugated with PEG. The zeta
potential is -27.3 mV indicating an acceptable conjugation for biological applications. The
silica-gold nanoshells are very strong scatterers. In fact, the ratio between scattering and
absorption efficiencies is seven. It would be advantageous to use silica-gold nanoshells with
a higher absorption contribution for photothermal therapy, however these are, for the time

being, the only commercially available silica-gold nanoshells.

2.4 Summary

Due to the NIR optical properties of the silica-gold nanoshells we anticipate them to be the
best NIR photothermal transducers out of the nanoparticles included in this study. After
this chapter it should be clear to the reader, that both of the 80 nm and the 150 nm colloidal
gold nanoparticles have resonances in the visible region and their geometry supports only
little tunability.

To conduct a rigorous comparison study we chose to use colloidal gold nanoparticles with
an identical diameter (150 nm) as the NIR resonant silica-gold nanoshells. This was to
investigate the optical advantages of NIR resonance for plasmonic nanoparticle mediated
photothermal cancer therapy. The 80 nm colloidal gold nanoparticles are interesting for
reasons that are connected to the biology of tumors. Tumor uptake upon systemic admin-
istration has been shown to be higher for particle sizes below 100 nm [30,31]. Using these
80 nm gold nanoparticles, we investigate if a higher accumulation in the tumor compared
to 150 nm silica-gold nanoshells could compensate for the lack of NIR resonance properties.
Furthermore, studies have shown that nanoparticles accumulate in clusters in the tumor
microenvironment. We investigate if the collective behavior of the 80 nm gold nanoparticles
potentially can enhance the NIR optical properties, due to plasmon hybridization, such that

they become relevant for photothermal therapy.



Chapter 3

Nanoparticle assisted cancer therapy

and diagnosis

The expanding field of nanomedicine goes hand in hand with the advancement of synthe-
sis techniques, allowing for design and control of nanoparticles that possess the desired
properties for the aimed biomedical application. In this chapter an introduction to a tumor
delivery route of nanomedicine based on intravenous injection is given, that shows great clin-
ical potential. Gold nanoparticles are particularly interesting owing to their biocompatibility
and straight-forward surface modification, making the nanoparticles promising candidates
as drug and gene delivery vehicles, targeted heat transducers, or imaging based diagnostic
agents [32].

Some of these strategies using gold nanoparticles directly or as carrier platforms are discussed
to highlight the diversity of gold nanoparticle applications in nanomedicine. It naturally fol-
lows to discuss possible pitfalls that would prevent the approval of gold nanoparticles for
clinical use. One major concern is that it still remains unclear whether the gold nanoparti-
cles are cleared from the body on longer time scales, or if there could be any long-term toxic

effects.

3.1 Progress in cancer research

Cancer is a disease where the cells have mutated such that they have abnormal growth
and potentially can spread and invade other parts of the body (metastasis). Some common
characteristics of cancers are that they have mutations in their anti-growth and self-destruct
(apoptosis) signal pathways. They have uncontrollable and limitless replication potential,

and they possess the ability to induce self-sustainment (oxygen and nutrient supply) by the

19
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formation of new blood vessels.

In the western world, cancer is one of the most common causes of death only exceeded by
heart diseases. In the US, cancer is responsible for almost one of every four deaths, and The
American Cancer Society predicts that there will be about 1.7 million new cancer cases in
2015 alone [33].

As a consequence of the extensive research in cancer and development of new therapeutic/-
diagnostic strategies, the 5-year survival rate has increased from 49% in the years 1975-1977
to 68% in the years 2004-2010 [33]. These numbers are evidence of great advancement in
cancer research, but there is still a pressing need for improving screening for early detec-
tion, diagnosis, and treatment of cancer. New strategies should be aimed at improving
clinical outcome and decreasing side effects. Standard strategies include surgical removal,
chemotherapy, and radiation therapy. Even though these strategies have shown remarkable
enhancement of survival rates, they all still suffer from limitations; surgery from the limited
accessibility of tumors, chemotherapy is associated with severe side effects and illness for
the patient, and radiation therapy is extremely invasive to healthy tissue in the path of the

radiation.

NIR laser-mediated photothermal therapy using plasmonic nanoparticles has emerged as a
potential treatment strategy within the last decade. This technique offers a high selectivity

and Kkills cancer cells by localized hyperthermia, overall decreasing side effects.

3.2 Delivery of nanoparticles to the tumor

Once a tumor reaches a certain volume, there is an increased demand for nutrient and oxygen
supply. This triggers angiogenesis, the formation of new blood vessels, a process that plays
a key role in the delivery of nanoparticles to tumors (see Fig. 3.1). The ability to trigger

angiogenesis is vital for tumor progression and metastasis.

Enhanced permability and rentention effect

The formation of new vasculature allows the tumor to grow and metastasize but it also
gives the tumor a "kink in its amour”. The enhanced permeability and retention (EPR)
effect arises as a consequence of excessive growth rate where the newly formed blood vessels
are leaky and abnormal in form (see Fig. 3.2). Small holes in the vasculature enable
extravasation of small particles from the blood to the tumor tissue [31]. Effectively, the
tumor and its leaky vasculature functions as a sieve for nanoparticles circulating with the
blood flow.



3.2. - Delivery of nanoparticles to the tumor 21

Small tumor
Growing tumor
Metastatic
. . spread
Angiogenic P
factors

Figure 3.1: Tumor angiogenesis. As the growing tumor reaches a certain size it requires nutrients
and oxygen supply. By releasing angiogenic growth factors the tumor can promote sprouting from
existing blood vessels, building a scaffold of new vessels that support the tumor and allow metastatic
spread. Downloaded from http://medicalart-work.co.uk.

Figure 3.2: Illustration of the enhanced permeability and retention (EPR) effect. Normal tissue
has well-structured blood vessels with the endothelial cells tightly connected. The normal vascula-
ture provides a prohibitive barrier between the tissue and the blood. In the tumor tissue, the blood
vessels are malformed leading to changes in the blood flow. There are large junctions between
the endothelial cells allowing nanoparticles to diffuse into the tumor. A lack of lymphatic vessels
prevents drainage of internalized nanoparticles. Reproduced from Ref. [19]
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Even if the particles are small enough to diffuse throughout the tissue, effective uniform de-
livery of nanoparticles to the tumor microenvironment is complicated. Rapidly proliferating
tumor cells and poor lymphatic drainage create interstitial hypertension and hypo-perfused
regions mostly in the center of the tumor, eventually leading to hypoxic and necrotic regions
when the tumor gets large enough. These conditions usually lead to a non-uniform distri-
bution of the nanoparticles in the tumor, and especially for large tumors the nanoparticles

are mostly found in the periphery or around the vasculature [34].

Biodistribution

When assessing the delivery of nanoparticles to the tumor after systemic administration it
is common to perform a biodistribution study. The goal is to optimize the characteristics
of the nanoparticles (i.e., the size, surface modifications, and charge) so that upon systemic
administration, nanoparticle accumulation is enhanced in the tumor while avoided in healthy
tissue. In normal vasculature the endothelial cell layer lining the blood vessels act as a
barrier between the blood and the tissue (see Fig. 3.2). This prevents undesired penetration

of potentially malicious molecules in the blood from entering healthy tissue.

In a typical biodistribution study in mice, the nanoparticles are injected via a tail vein and
allowed to distribute throughout the body. After a certain time period (typically ~ 24 hours)
the animals are euthanized and their organs harvested. The gold content in the tissue is often
measured with inductively-coupled plasma mass spectrometry (ICP-MS). ICP-MS has very
low detection limits for gold (18 parts per trillion), permitting very rigorous quantification
in biological specimens.

In the literature, it is consistently proven via ICP-MS studies that the liver and spleen have
the highest uptake of gold nanoparticles in the size range from ~ 20 - 150 nm [30, 35, 36].
Considering the biological function of the liver and spleen this is no surprise as they basically
"rinse” the blood from antigens and foreign intruders by mechanical filtration. Subsequent
to the liver and spleen, the tumor shows a much higher gold content than any other organ.
Finally tissues such as brain, muscle, heart and lung show essentially no uptake of gold. As
systemic administration is a clinically favorable method, the low uptake in vital organs and

high tumor accumulation is promising for the therapeutic use of gold nanoparticles.

Optimizing tumor accumulation

The tumor accumulation and the tissue depth that the nanoparticles can achieve by diffusion
depends primarily on three parameters; size, shape, and charge. The permeability of the
tumor vasculature is inverse to the particle size, as it essentially is the pore size in the

endothelial layer that constitutes the limitations [37]. Plasmonic nanoparticles in the size
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range of 20 - 100 nm can easily diffuse through the vascular pores. Particles as large as 200
nm can also slip through the pores although with a much smaller probability [38]. Intuitively,
inside the tumor smaller particles should give a more uniform distribution as they diffuse
better. However, in tumors with high interstitial pressure, large particles are retained better,

though closer to the vasculature [31,39].

In general, tumor accumulation increases with prolonged circulation time in the blood. The
key to prolonging the circulation time is to protect the nanoparticle from degradation and
clearance by the reticuloendothelial system (RES) in the liver and spleen. The RES system
is a part of the immune system, responsible for trapping and removing foreign particles. The
RES system consists of macrophages that are cells responding to serum proteins adsorbing
to the nanoparticles, known as opzonization, and are capable of removing the particles from
the blood. Serum protein adsorption will begin immediately after the nanoparticles are
injected into the blood but can be circumvented or delayed by ”stealthening” the particles.
PEG is a polymer known for its ability to stabilize nanoparticles in wvivo [30,31]. PEG
neutralizes the charged surface of gold nanoparticles and prevents aggregation of the particles
in physiological conditions. In addition, PEG reduces opsonization by sterically hindering
serum protein adsorption, hence masking the particles from the RES system. Because of its
ability to prolong circulation times, PEG is widely used in the pharmaceutical industry to

protect small molecules and drugs.

The surface chemistry of gold shows strong binding affinity for thiols, disulfides, and amines
allowing easy functionalization with targeting or therapeutic biomolecules, such as peptides,
DNA, and proteins [35]. The most common conjugation scheme is through thiolation (Au-S
bond), where the molecule that needs to be attached either naturally holds a thiol group or
has a synthetic thiol group incorporated. Thiolated PEG molecules are easily conjugated to
the gold nanoparticles, a process known as PEGylation. In the next section I will go through
some conjugation schemes, in addition to PEGylation, that enable synergestic therapeutic

strategies.

3.3 Gold nanoparticles as a multi-strategy

platform

As illustrated in Figure 3.3 gold nanoparticles have unique physical and chemical properties
that make them applicable both in therapeutics and diagnostics relations (or the combina-
tion of the two known as ”theranostics”). The great potential in using gold nanoparticles
as carrier platforms for therapeutic molecules is due to their easy surface modification, as

well as their high tumor accumulation and intracellular uptake. In addition, release of ther-
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apeutics from plasmonic nanoparticle carriers can be achieved using an external source such
as NIR light, with high spatiotemporal control within the tumor or even inside cancerous
cells. For some therapeutics, such as chemotherapeutics, combining the drug with a plas-
monic nanoparticle carrier could promote the applicability of a drug that would otherwise
be discarded due to a too high toxicity or a too low tumor delivery, which is the case for

many water insoluble drugs and nucleic acids.

Figure 3.3: Illustration of different types of conjugation schemes and applications. Reprinted
from Ref. [19]

Passive and active targeting

Before going into the different applications shown in Figure 3.3, I will first elaborate a little
further on the subject of tumor delivery and methods used to increase the tumor accumu-
lation. As stated before it is essential to optimize the accumulation in the tumor site to
lower the long-term side effects and to increase the photothermal efficiency. Passive target-
ing simply means to inject the passivated (PEGylated, etc.) nanoparticles intravenously and
allow them to accumulate at the tumor site via the EPR effect. Because of the PEGylation,
the recognition of the RES system in blood, liver, and spleen is decreased, which ultimately

increases the blood circulation time and thereby the accumulation in tumor tissue.
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Passive targeting through the EPR effect has become the standard delivery method in
nanomedicine for cancer therapy. Moreover, to get higher specificity it is common to at-
tempt to actively target the nanoparticles against cancer specific proteins. Especially for
cancer, immunotargeting has been widely used because many cancer cells show a differ-
ent surface receptor profile compared to healthy cells [37,40-43]. Nanoparticles conjugated
with antibodies, peptides or aptamers that recognize receptors overexpressed in cancer cells,
on the tumor vasculature, or other components of the tumor microenvironment have been

widely exploited for selective targeting.

One way of benefiting from active targeting is through endocytosis-related receptors that
promotes cellular uptake [37,43]. Endocytosis is a mechanism a cell uses for uptake of
nutrients and other large molecules, such as signaling proteins and receptors. The cell
engulfs the molecules when in contact with the cell membrane, by budding and forming a
large vesicle that is internalized. The uptake rate varies from cell type to cell type, but there
is a general trend that smaller nanoparticles (20-50 nm) are taken up faster than larger

nanoparticles (up to ~ 100 nm) [44,45].

El-Sayed et al. used anti-EGFR antibody conjugated gold nanoparticles to show specific
uptake in oral cancer cell cultures expressing EGFR receptors that enhanced the photother-
mal laser ablation in comparison to non-cancerous cells [40,42]. Loo et al. used anti-HER2
antibody conjugated nanoshells for scattering based imaging and photothermal ablation of
HER2-expressing breast cancer cell cultures [41]. In these studies it was also shown that can-
cerous cell lines incubated with non-conjugated nanoparticles, suffered a much lower degree

of photo-induced damage, demonstrating the great advantage in active targeting.

Imaging agent

Plasmonic nanoparticles are great contrast agents for scattering-based imaging and show
promising potential for diagnostic applications, such as optical coherence tomography, x-ray
based computed tomography, and two-photon-induced photoluminescence [46-48]. Because
of their enhanced scattering properties at their resonance wavelengths, plasmonic nanopar-
ticles have a superior optical signal that exceeds that of conventional dyes by orders of
magnitude. Unlike conventional contrast agents based on fluorescent dyes or endogenous

chromophores, plasmonic nanoparticles also do not photobleach.

The diagnostic capabilities can in the same plasmonic nanoparticle be combined with a
therapeutic approach, a concept known as theranostics. The multifunctionality of thera-
nostic nanoparticles was demonstrated by Bardhan et al. using a nanoshell-based complex
doped with iron oxide and NIR fluorophores. The novel theranostic nanoparticles enabled

deep tissue imaging with magnetic resonance imaging (MRI) and NIR fluorescence imaging
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meanwhile performing photothermal therapy [43,49]. Following active targeting, achieved
by antibody conjugation, the nanoparticle complexes could be tracked with high resolution

before, during, and after photothermal treatment.

More relevant for our comparative studies is that the gold nanoparticles can be conjugated
with PET isotopes [5] and aimed at stratified therapy. This is a personalized medical ap-
proach trying to predict which treatment the patient’s cancer responds best to by identifying
its genetic properties, e.g., its receptor profile that can be targeted. All in all, multifunc-
tional plasmonic nanoparticles can provide important information that in clinic can ease

translation and allow immediate response to the diagnosis.

Gene therapy

Successfully delivered oligonucleotide therapeutics such as singlestranded DNA, antisense
DNA, short interfering RNA, and micro RNA (miRNA) have the ability to silence or destruct
their targeted pathogenic genes and consequently down-regulate their encoded proteins. Un-
fortunately, the applicability of gene therapy using oligonucleotides has been limited by their
low stability in vivo due to enzymatic digestion and low cellular uptake. To obtain a gene
regulatory effect of oligonucleotides, they must be safely routed to their target site, pass the

cell membrane barrier, and reach their intracellular target while still being functional.

As mentioned earlier, gold nanoparticles are exactly in the size range suitable for cellular
uptake via endocytosis and therefore show great potential as a carrier platform of oligonu-
cleotide therapeutics to the interior of cells [50,51]. Oligonucleotides are easily modified with

thiols and conjugated to gold nanoparticles, which protect them from degradation.

Endocytosed gold nanoparticles are trafficked in endocytic vesicles to different compart-
ments inside the cell. The lysosomes are considered to be the terminal compartment of
the endocytotic pathway and have a highly aggressive environment responsible for degrad-
ing the content delivered by the endosomes. Figure 3.4 shows a study we conducted on
neuroendocrine cancer cells confirming that over time, endocytosed 60 nm colloidal gold

nanoparticles co-localized with the lysosomes [52].

Because of the dismal future if delivered to the lysosomes, gold nanoparticles carrying a
therapeutic payload must escape the endosomes to prevent enzymatic degradation of the
payload. Furthermore, the functionality of most therapeutic molecules requires release from
the surface of the gold nanoparticles. Irradiating the nanoparticles with resonant laser light
triggers photothermal release of the therapeutic oligonucleotides and endosomal rupture let-
ting the oligonucleotides into the cytosol where they have their therapeutic effect [53].

The opportunity of combining photothermal cancer therapy with a therapeutic release is
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Figure 3.4: Endocytosis of gold nanoparticles. Confocal images of H727 neuroendocrine cancer
cells incubated with 60 nm colloidal gold nanoparticles (marked by arrows). If the signal from
the lysosomes (marked in red) overlap with the gold nanoparticles, it indicates that they are co-
localized. Over time more and more nanoparticles are transported to the lysosomes. The data is
published in Ref. [52].

very attractive, therefore we are conducting a project aiming at performing remote light
triggered miRNA release from gold nanoparticles. Under my co-supervision, Ann-Katrine
V. West developed an assay consisting of doublestranded miRNA; one strand was attached
to the gold surface by thiol modification, and the complimentary strand was modified with
a fluorescent Cy-5 molecule (see Fig. 3.5A). The loading of the miRNA onto gold nanopar-
ticles was measured by the intensity of Cy-5 using confocal microscopy. We found that the
miRNA was loading onto the nanoparticles in a size dependent manner: 60 nm colloidal gold
nanoparticles had the highest loading rate per surface area compared to that of 80, 100 and
200 nm colloidal gold nanoparticles (see Fig. 3.5B). These findings suggest that because of
the high surface curvature of the smaller nanoparticles, miRNA can be loaded at a higher
density while stabilized by PEGylation [54].

We anticipate that upon irradiation of the miRNA conjugated gold nanoparticles, the double-
stranded miRNA will undergo de-hybridization that releases the Cy-5 modified strand.
Hence, we can assess the release properties by observing the Cy-5 signal before and after

laser irradiation (work in progress).

Drug delivery

Most drugs are small molecules that are systemically distributed in the body, and potentially
can lead to side effects. In addition, many drugs have poor solubility and hence low perfor-
mance by systemic delivery. Utilizing gold nanoparticles as delivery vesicles, the drug efficacy
can be increased as the effective dose at the target site is significantly enhanced. Drugs con-
jugated to a gold nanoparticle do not dissociate upon systemic administration meanwhile
target-specific release of the drug can be remotely controlled by an external light source:
This means that exposure to healthy tissue of drugs that are highly toxic can be decreased.

Doxorubicin and Rituximab are amongst the commercially available chemotherapeutic drugs
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Figure 3.5: Gold nanoparticles as carrier vesicles for miRNA. (A) The doublestranded (ds)
miRNA-Cy-5 molecules were loaded onto the gold nanoparticles by Au-thiol conjugation. The
complex was stabilized with PEG. (B) The miRNA loading onto the gold nanoparticles was assessed
by the intensity of Cy-5. The intensity distributions showed that miRNA loading increased with
higher surface curvature (i.e., particles with smaller diameters have a higher Cy-5 intensity per
surface area).

that have been shown to induce cancerous cell death upon nanoparticle assisted delivery and
light triggered release [55,56]. Drugs are conjugated to the surface of a gold nanoparticle
via, e.g., thiolated aptamers or oligonucleotides and stabilized by PEGylation.

3.4 Toxicity

The clinical transition of nanoparticle-mediated photothermal cancer therapy is crucially
dependent on the toxicology profile of the nanoparticles. As the most common route of
administration of nanoparticles is via intravenous injection the exposure and possible uptake
of the vital organs must be considered.

One of the major reasons for gold nanoparticles’ great success in biological applications is
that they in general are believed to be non-toxic in contrast to, e.g., silver nanoparticles.
However, there is a consensus that the toxicity of gold nanoparticles is both size and coating
dependent, which is why these parameters should be taken into account. Gold nanoparticles
are believed to be biologically inert until they get below a certain size (< 2 nm) where they
become catalytically active and hence toxic (can induce oxidative stress and mitochondrial
damage) [57].

Gold nanorods stabilized using CTAB as the capping agent have been found to be toxic,
unless CTAB desorption is prevented or replaced by exposure to serum proteins [36, 57].
Also leftover chemicals and poor purification can induce toxicity. Goodman et al. showed
that hollow gold nanoshells, synthesized by galvanic replacement of Ag with Au3*, displayed

fragmentation and remnants of the sacrificial Ag core in vivo, which led to accumulation of
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toxic silver nanoparticles in various organs [58].

To date, most toxicology studies of gold nanoparticles have been performed in vitro us-
ing experimental evaluation in cell cultures based on cell viability assays, reactive oxygen
species analysis, gene expression, and cell morphology studies [35]. These in vitro studies
are both faster and cheaper, but inadequate for a whole body assessment of the fate of
the nanoparticles. Before the treatment can be allowed in clinic, whole body response to
the metallic nanoparticles and the pharmacokinetic parameters (absorption, distribution,
metabolism, and elimination) must be assessed. Chronic inflammation and immunological
responses are of great concern as these can be lethal. In animal studies, the toxicology pro-
file has been studied by tracking body weight, food consumption, hematological parameters,

organ weights, and mortality rates [57].

Despite the requirement for long circulation times of the nanoparticles to enhance tumor
delivery, after the treatment, clearance of the nanoparticles from the whole body is desirable.
Clearance by the kidney (renal excretion) is only efficient in the size range < 6-8 nm as
it requires the nanoparticles to cross filtration barriers that exclude larger particles from
passing through [57]. Biodistribution studies show that the main retention of nanoparticles
is in the liver and spleen where they remain even after six months [36]. As of now, no acute
toxic effects have been observed after gold nanoparticle administration to animals. However,
the long-term effects (> 6 months) of gold nanoparticle retention in liver and spleen and
whether they eventually clear from the body remain unclear. As for any other drug, the long-
term retention of nanoparticles must be elucidated before they can be clinically approved

regardless of the apparent biocompatibility.

Nanoshells have been used in clinical trials for therapy in head and neck cancers. 11 patients
were enrolled and followed for six months after PEGylated nanoshell were administered and
irradiated with a 808 nm laser at different doses. The study was completed August 2014
(FDA trial: NCT00848042). Furthermore, a study on primary or metastatic lung tumors
was initiated October 2012 where patients (estimated enrollment of 25 patients) will be
given systemic intravenous infusion of nanoshells and escalating doses of irradiation. The
study follows patients for 6 months and is set to end in 2016 (FDA trial: NCT01679470).
Other types of plasmonic gold nanoshells (silica-gold shells with iron oxide) have been used
in clinical trials of photothermal treatment of Atherosclerosis following the patients up to
12 months (FDA trial: NCT01436123,NCT01270139). Gad et al. [59] published a study
on silica-gold nanoshell toxicity in different animal models that were followed for about 400
days without observing any systemic toxicity.

In addition, there has been no indication of fragmentation of silica-gold nanoshells for the
range of laser-energies used in photothermal therapy so the safety profile is expected to rely

on the gold surface characteristics and morphology alone. Considering that gold nanopar-
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ticles have been used for rheumatoid arthritis since the 1920s, they are believed to be safe.
However, there is still a lack of studies on excretion of the nanoparticles, that remains the

major barrier for FDA clinical approval.

3.5 Summary

In this chapter, some of the biomedical applications of gold nanoparticles have been intro-
duced. Notably this introduction only covers a small fraction of the versatility found in the
literature. These capabilities were highlighted as they are easily combined and together they
can provide synergistic effects for cancer treatment. Cancer can be a complex and rapidly
adapting disease, why development of multi-functional strategies might be necessary for im-
proving cancer diagnosis and therapy. Gold nanoparticles are, despite of what people might
think, not very expensive, and the fabrication is straightforward, keeping the cost of clinical
implementation down. The first FDA clinical trials exploiting plasmonic nanoparticles for
photothermal therapy have already been conducted showing promising results (see FDA tri-
als described in the section on toxicity). Gold is generally considered to be biologically inert,
but the clinical safety is still an open question. Hence, thorough pharmacokinetic assessment

is the bottleneck for clinical approval of gold nanoparticles in cancer therapy.



Chapter 4

In vitro comparative study of the
photothermal efficiency of colloidal
gold nanoparticles and silica-gold

nanoshells

Plasmonic nanoparticles experience severe heating upon irradiation, in particular when the
irradiation wavelength is close to their plasmon resonance wavelength. For photothermal
cancer therapy hyperthermia is a necessity, however in other biological applications where
plasmonic nanoparticles are used for optical manipulation inside or outside organisms such
as living cells, the temperature increase is a concern (see our reviews on optical trapping of
nanoparticles [14, 52]).

For these reasons a huge effort has been made to develop methods for quantifying how much
an individual nanoparticle actually heats upon irradiation. Optical tweezers provide a unique
nano-tool capable of trapping nanoparticles at a laser intensity focus.

In this chapter we combine optical trapping of plasmonic nanoparticles with a temperature-
sensitive biological assay developed in our group (Optical Tweezers Group, NBI, DK) to
give us a direct measurement of the increased surface temperature of irradiated plasmonic
nanoparticles. The strength of in vitro experiments is that mostly all parameters can be
controlled thereby isolating the characteristics of the single particle under investigation,

including its absorption properties.

This chapter will start with an introduction to the physics behind an optical trap and the
experimental setup we use to assess the photothermal properties of each of the nanoparti-

cles. As the plasmonic nanoparticles are compared one-to-one, their theoretical absorption
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properties are presented to get a hint of how they are anticipated to perform with respect
to each other. After this the biological assay and the experimentally measured temperature
profiles are introduced. From the experiment the surface temperatures is calculated and dis-
cussed in relation to the theoretically expected absorption properties. Finally the particles’
trapping position is measured as it has been shown, that dependent on size and material,
particles can exhibit different aberrated axial trapping potentials that will influence on the

exact position of the particle within the laser focus.

4.1 Optical trapping

Optical trapping is a way to optically confine and manipulate micron-and nano-sized parti-
cles. Arthur Ashkin demonstrated in 1970 trapping of microscopic particles with a focused
continuous wave (CW) laser beam [60]. Since his groundbreaking work the field of optical
manipulation and its applications has increased tremendously. One field that in particu-
lar has benefited from the invention of optical tweezers is single-molecule biophysics. The
strength of optical tweezers in biophysics is that the technique is capable of measuring well-
calibrated forces and distances that coincide with the range where many biological processes
and biomolecules function (typically in the pico-Newton and nanometer range [61]). Further-
more, since optical trapping is a single-molecule technique it can reveal dynamic properties
of a system that are hidden in ensemble studies.

In biological force spectroscopy measurements optically trapped particles have been used as
force transducing handles. Thus, providing insight into the cellular machinery, such as the
mechanical and dynamical properties of single molecular motors as well as micro-rheological

properties of living cells (see our review on optical manipulation inside living cells [52]).

Optical tweezers are formed by tightly focusing a laser beam to a diffraction limited spot
(spot size &~ \/2)(see Fig. 4.1).

The optical forces acting on a nanoparticle can be described by Maxwell’s equations and
depend on the size and dielectric function of the nanoparticle as well as the electric field.
Therefore, to solve Maxwell’s equations these parameters must be taken into account which
is evoked using the Rayleigh or the Mie approximations for nanoparticles [62]. The Rayleigh
regime applies for particles much smaller than the wavelength of light where we consider the
particle as an oscillating dipole in a time varying electric field [63]. The Mie regime accounts

for larger particles where multipole effects are no longer negligible.

For a so-called Rayleigh particle the incoming electric field induces a uniform dipole polar-
ization, p, of the particle given by p = aE, where « is the polarizability of the particle given

by eq. 2.3, and E is the electromagnetic field. The total optical force acting on the dipole
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Figure 4.1: A laser beam can be focused via appropriate optical lenses. The intensity gradient
generates an optical force pointing towards the highest intensity region. When the radiation pres-
sure exceeds that of the gradient force (e.g., for large and highly reflective particles) the particles
will be pushed out of the focus in the direction of the light.

can be calculated by combining the expression for the dipole polarization and the Lorentz
optical force [62]. We write the total optical force as the sum of two parts: the gradient force
Fyrqq and the radiation force F,4. The gradient force causes the particles to be attracted to

the high intensity region of the field (see Fig. 4.1) and is given by:
1 2
Fyus = ol V(E?) (@1)

where the brackets denote time averaging. From this expression it is seen that the gradient
force is proportional in size to the intensity of the field and points in the direction of the

intensity gradient (i.e., towards the focal point).

The radiation force relates to the momentum transfer or loss from the electric field to the
particle that causes scattering or absorption of the photons. The radiation force can be
written as a function of the scattering and absorption cross-sections and the time averaged
Poynting vector, (P), describing the intensity of the light:

Mm

Frad - 7<P>Cscat + nTm<P>Cabs . (42)

Here, n,, is the index of refraction of the surrounding medium and c is the speed of light.
In chapter 2 we saw that the scattering cross-section for very small nanoparticles scales
quadratically with «, which is proportional to the volume. In contrast, the gradient force
only scales linearly with a. This means that when the particle becomes larger, the radiation
pressure arising from the scattering force overcomes the gradient force and pushes the particle

out of the trapping focus in the direction of the light (see Fig. 4.1).
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The stability of the optical trap is also dependent on the particles” material and shape and
reduces for particles with lower relative refractive index (i.e., the refractive index of the
particle with respect to that of the surrounding medium). The refractive index is a function
of the dielectric permittivity of the particle, ”122 = €(w). For dielectric particles, where
the relative refractive index is low, nano-sized particles are almost impossible to trap [63].
In comparison, metallic nanoparticles have a high refractive index, enabling trapping of
particles with diameters down to ~ 20 nm [64]. For more details and comparison between
dielectric and metallic nanoparticles, see our review on Optical Trapping of Nanoparticles
and Quantum Dots [14].

Most commonly optical traps are generated with laser beams having a Gaussian intensity
profile. The first order expansion of the beam profile results in a harmonic potential, U.
Hence, for small particle displacements, (x —x), the optical trap exerts a restoring harmonic
force on the trapped nanoparticle given by U’ = Fyp = kirap(® — 20), where kyqp is the
trap stiffness characterizing the strength of the trapping potential [14]. The actual force
in an experiment can be obtained by performing calibrations of the particles’ Brownian
fluctuations within the trapping potential [14,52].

A so-called power spectrum force calibration, is performed by considering the power spectral
densities of the particle’s Brownian fluctuations in the harmonic trapping potential. The
motion of the particle is well-described by the power spectrum of the Langevin equation,

that has a Lorentzian form [65]:

kgT
M-

Here, kgT is the thermal energy, v is the Stokes drag coefficient, and is f the frequency. f.

(4.3)

is the corner frequency that is related to the trap stiffness as, f. = kiqp/27y. An example
of a power spectrum force calibration is shown in Figure 4.2A, where I acquired the time
series of silica-gold nanoshells’ positions in an optical trap and plotted their power spectral
densities [14]. The inset in Figure 4.2A shows that the position histogram has a Gaussian
shape confirming that the nanoshells in fact were trapped in a harmonic potential. By fitting
the data with eq. 4.3, T could extract the corner frequency and infer the trap stiffness [66],

which is plotted as a function of laser power in Figure 4.2B.

4.2 Optical setup

The optical setup used in this part of the project is based on a NIR optical tweezers imple-
mented in a confocal microscope (see Fig. 4.3). The optical tweezers are formed by tightly
focusing a 1064 nm Nd:YVO, continuous wave (CW) laser (5 W) to a diffraction limited
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Figure 4.2: Power spectrum force calibration of optically trapped silica-gold nanoshells. (A)
Power spectra of the trapped silica-gold nanoshells fitted with the Lorentzian function, eq. 4.3.
The laser power at the sample was P = 508 mW (green triangles) or P = 123 mW (blue circles).
The corner frequency, f., from which the trap stiffness can be inferred is marked by arrows. Inset
shows the Gaussian position distribution of a silica-gold nanoshell trapped at P = 123 mW. (B)
Trap stiffness as a function of laser power for silica-gold nanoshells (n = 12), the full line denotes
a linear fit to data. The data is published in Ref. [14].

spot through a high nummerical aperture (NA=1.2) 63x apochromatic water immersion obe-
jetive (Leica, No. 11506279). The collimated laser beam goes into a beam expander and
an optical telescope to slightly overfill the infinitely corrected objective. A beam steering
telescope further ensures that the trapping position can be translated in the sample plane in
the axial direction. A quadrant photo diode (QPD) collects the interference pattern of the
optical signal of the trapped particle at the back focal plane and converts it into voltage.
The output yields the position of the trapped particle in a time series with nanometer res-
olution. By performing Brownian motion calibration and calculating the power spectrum it
is possible to obtain the spring constant, kgping, for the harmonic potential which confines

the nanoparticle (see Fig. 4.2).

The confocal scanning microscope used is a Leica SP5 with an Argon laser (458, 477, 488,
496, 514 nm), and a HeNe 494- and 633 nm laser. By implementing point illumination and
inserting a pinhole in front of the detector, the out-of-focus illuminated part of the sample is
eliminated and only light from within the focal plane is detected. Illumination and detection
separation allows for imaging of multiple fluorescent markers simultaneously and is achieved
by Acousto Optical Beam Splitters (AOBS) and rotating photomultiplier tubes (PMT).
Conveniently, a confocal microscope operated in reflection mode allows for visualization of
trapped metallic nanoparticles. The signal strongly depends on the particles’ ability to reflect
light and the illumination intensity. As the scattering cross-section of metallic nanoparticles

is wavelength dependent, some wavelengths result in a better visualization than others.

This optical setup, combining a confocal system with optical tweezers, enables simultane-
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Figure 4.3: Illustration of the optical setup. A 1064 nm Nd:YVOQO, laser is implemented into a
confocal microscope for simultaneous fluorescent /reflection based imaging and force measurements
of optically trapped nanoparticles. Particle position detection with nanometer resolution is achieved
with an interferometric position detection scheme based on a quadrant photo diode. Reproduced
from Ref. [67].
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ous imaging of fluorescently labelled biomolecules and the reflection of trapped metallic

nanoparticles.

4.3 Calculated absorption cross-sections

For clinical application it is important to select the nanoparticle that is the best light-to-
heat converter. The absorption cross-section is a very important parameter as it provides a
theoretical framework of the optical properties on the basis of which the different types of

plasmonic nanoparticles can be compared directly.

The calculated absorption cross-section can be determined by building a mathematical model
describing the electric field of the plasmonic nanoparticle and solving it. For plasmonic
nanoparticles with simple geometries, e.g., colloidal gold nanoparticles, the plasmonic model
is readily solved using numerical methods such as the discrete dipole approximation, and
the boundary element method [11]. However for composite structures such as silica-gold
nanoshells or complex geometries such as triangles, the Finite Element Method (FEM) has
been used successfully [68,69]. Pengfei Tian contributed to this project with simulations
(FEM Multiphysics, COMSOL) of the absorption cross-sections for all three nanoparticles

that are shown in Figure 4.4 as a function of wavelength.
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Figure 4.4: FEM simulations of the absorption cross-sections for all three plasmonic nanoparticles.
At all NIR wavelengths the silica-gold nanoshells have a significantly higher absorption cross-section
compared to that of 80 and 150 nm gold nanoparticles. Inset: The absorption cross-sections are
plotted on a semilog scale to better resolve the simulated values around 1064 nm (the wavelength of
our in vitro implemented laser). The simulations were performed by Pengfei Tian for this project.
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Without doubt, the silica-gold nanoshells have superior absorption properties throughout
the entire NIR region. Jain et al. [20] showed, using Mie theory and discrete dipole approxi-
mation, that smaller gold nanoparticles (20 - 80 nm) primarily are absorbers with negligible
scattering properties. Consistent with these findings we can see that the absorption spec-
trum of the 80 nm gold nanoparticles in Fig. 4.4 resembles the extinction spectrum in Fig.
2.5C. In spite of the dominating absorption contribution for small gold nanoparticles, the
cross-section scales linearly with particle volume which is why 150 nm gold nanoparticles
have a substantially larger absorption compared to that of 80 nm gold nanoparticles (see
Fig. 4.4).

If the FEM calculations shown in Fig. 4.4 are compared directly at A = 810 nm (the
wavelength of the in vivo laser), we find an absorption cross-section of 316 nm? for the 80
nm colloidal gold nanoparticles, 3357 nm? for the 150 nm colloidal gold nanoparticles, and
19219 nm? for the 150 nm silica-gold nanoshells. At this wavelength the absorption for the
silica-gold nanoshells is almost six times higher than that of the 150 nm gold nanoparticles

with equal diameter underpinning the significance of plasmon resonance.

In the in vitro comparative study, a 1064 nm laser was used to optically trap and irradiate
the plasmonic nanoparticles. In this end of the NIR region the silica-gold nanoshells are still
superior in terms of optical properties (see inset in Fig. 4.4). The absorption cross-section
derived from the FEM calculations at A = 1064 nm is 132 nm? for the 80 nm colloidal gold
nanoparticles, 1326 nm? for the 150 nm colloidal gold nanoparticles, and 4066 nm? for the

nanoshells.

Hence, a priori we expect the silica-gold nanoshells to exhibit substantially higher temper-
ature increases in the NIR region compared to both 80 and 150 nm gold nanoparticles,

followed by the 150 nm gold nanoparticles and lastly the 80 nm gold nanoparticles.

4.4 Photothermal heat generation by resonant and

non-resonant nanoparticles

In the literature, several different assays have been proposed to assess the heating capability
of irradiated nanoparticles (these different techniques are discussed in our review on optical
trapping of nanoparticles and quantum dots [14]). One approach is based on the change of
the nanoparticle’s Brownian fluctuations upon heating due to a decrease in the surrounding
medium’s viscosity [70]. As both the particle and the medium gain energy upon heating,
it is necessary to correct the Brownian fluctuations for the temperature-dependence in the
viscosity to extract the actual surface temperature of the nanoparticles.

Other approaches are based on embedding the nanoparticles in a phase sensitive matrix,
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such as ice, to measure the heating of the irradiated nanoparticles [24,71]. As ice might be a
very difficult matrix to work with, more recent studies have utilized phospholipid membranes
with a well-defined phase transition where the temperature assessments are based on, e.g.,
the heat-induced velocity of melted lipid regions and phase preferential fluorescent lipid
molecules [72,73].

In our group, Bendix et al. developed a 2D assay based on a surface lipid bilayer, where phase
sensitive fluorescent dyes were incorporated and used to measure the heating footprint of
irradiated gold nanoparticles stuck on the bilayer [25]. The temperature profiles of different
sizes of irradiated gold nanoparticles were measured revealing a temperature increase of

several hundreds degrees that was proportional to the particle volume.

Kyrsting et al. refined this assay to study the heating capability of 3D optically trapped
nanoparticles by exchanging the lipid bilayer with lipid vesicles [74]. The temperature profile
was acquired by measuring the distance between the trapped nanoparticle and the lipid vesi-
cle at the point where the vesicle became leaky (e.g., to large fluorescent molecules trapped
in the lumen of the vesicle). They found the same proportionality between temperature
increase and volume as Bendix et al. [25], but only for particles smaller than ~ 100 nm.
For larger nanoparticles the thermal response was reversed. Interestingly, it was found that
for these larger nanoparticles there existed trapping minima axially displaced in front of
the laser focus, leading to an overall lower irradiation intensity compared to the smaller

nanoparticles trapped close to the focus, thus explaining the lower heating [75].

3D lipid vesicle assay utilized as a temperature sensor

In this study we used an assay similar to Kyrsting et al. [74] based on Giant Unilamellar
Vesicles (GUV) combined with membrane incorporating fluorescent molecules that enable
detection of the local temperature [76]. The GUV consists of a bilayer of DC;5PC phospho-
lipids that at atmospheric pressure, dependent on the temperature, can exist in two states;
at temperatures lower than the melting temperature (7},,), the membrane exists in an or-
dered gel phase resembling a frozen membrane, whereas at temperatures higher than 7,,, the

membrane transitions into a disorganized fluid state.

GUVs consisting of DC,5PC phospholipids are ideal for sensing a local temperature change as
they have their phase transition, i.e., the temperature at which the membrane goes from the
gel phase to the fluid phase, above room temperature (7}, = 33 °C, according to Avanti Polar
Lipids). Consequently, in absence of a heat source such as an irradiated nanoparticle, GUVs
kept at room temperature only occur in their frozen gel phase. When a trapped nanoparticle
approaches the GUV, it undergoes local phase transition exactly at the point where the

temperature profile of the particle is equal to the phase transition of the GUV (i.e., T = T,,;
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see Fig. 4.5). Because the temperature profile is dependent on the absorption properties,
different types of nanoparticles will be able to induce local phase transition of the GUV at
different distances. Since, the temperature is known to decay with the inverse distance to
the nanoparticle [77] we can infer the temperature of the nanoparticle by quantifying the

distance to the melting point on the GUV.

The experimental protocol

In practice, using confocal microscopy, we cannot determine the phase state of the GUV so
instead we used a fluorescent marker (di-4-ANEPPDHQ) that preferentially partitions into
melted regions (see Fig. 4.5) [76].

fi di-4-ANEPPDHQ
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Figure 4.5: 3D heating assay used to compare the light-to-heat conversion of different sizes
and compositions of plasmonic nanoparticles. The 3D assay consists of an immobilized giant
unilamellar vesicle (GUV) with a well-characterized melting transition and a phase-sensitive dye
(di-4-ANEPPDHQ). The temperature (7) of the trapped gold nanoparticle can be calculated by
measuring the distance between the gold nanoparticle and the membrane at the point where the
membrane starts melting (7" = T,,,). This is directly observed by a strong local partitioning of the
phase sensitive dye into the melted region.

The GUVs were prepared by electroformation of 2 pmoles of saturated lipids (1,2-dipenta-
decanyol-sn-glycero-3-phosphicholine, Avanti Polar lipids), mixed with 1 mol% of di-4-ANEP-
PDHQ (Invitrogen) and chloroform. On clean indium tin oxide (ITO) slides a thin film of
the lipid-dye mixture was carefully placed and left in vacuum for 90 minutes. A rubber ring
enclosing the lipid film and 300 mM sucrose was ”sandwiched” between two ITO slides in

the electroformation chamber that was run for 130 minutes.
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On a clean microscope coverslide (no. 1.5, Menzel-Glaser) 1 mg/ml of Bovine Serum Al-
bumin (BSA) in DI water was incubated for 10 minutes in a sample container to passivate
the surface. Excess BSA was removed by washing at least 5 times with 150 mM Phosphate
Buffered Saline (PBS) buffer. A small volume of the freshly prepared GUVs was added to the
sample chamber containing 300 ul of PBS buffer. The plasmonic nanoparticles were diluted
to an appropriate concentration, sonicated and vortexed to ensure their monodispersity, and
added to the sample chamber.

The confocal microscope and a stage heater were turned on at least two hours prior to the
experiment to allow equilibration of thermally induced drift and laser stability. The prepared
sample was placed on the microscope stage for at least 15 minutes to allow the GUVs to sink

to the bottom of the sample and to ensure it was equilibrated with its surroundings.

The background temperature is experimentally important both to secure that the GUVs are
in the gel phase, but also with regards to the experimental error related to the day-to-day
variation in ambient temperature. The further the temperature of the membrane is from its
phase transition the more heat is needed to raise the local temperature of the membrane
above the phase transition. Consequently, the background temperature has a huge impact on
how close the trapped nanoparticle needs to go to the membrane to induce phase transition.
To eliminate, or at least minimize, this primary source of experimental error, the room
temperature was kept around 21 °C and the stage heater was set to 47 °C . The sample
temperature was closer to 28 °C since there is a heat loss over the heat leading tubes from

the water bath to the stage heater and because the objective is a huge heat sink.

The microscope was equipped with a piezoelectric stage (Physik Instrumente, Germany) so
that a surface immobilzed GUV could be moved laterally in small increments towards the
trapped nanoparticle until it locally melted (as in Fig. 4.5). Because of the large scattering
cross-section of plasmonic nanoparticles the position of the trapped nanoparticle could be
visualized, within the diffraction limit of ~ A\/2, using the confocal microscope in reflection
mode (excited by A = 594 nm). The fluorescent molecule, di-4-ANEPPDHQ), was excited by
A = 488 nm and emission collected with a bandwidth from 605 - 750 nm. Image acquisition
was performed with 1.2 frames per second. Each position was imaged for 10 seconds before
moving the sample with the piezo stage. The laser power was through all experiments fixed
to 433 mW at the sample.

Melting distance

An example of an experiment conducted with a silica-gold nanoshell is seen in Figure 4.6A.
Before the trapped nanoparticle is close enough to the membrane to induce local melting

the GUV appears very dim (Fig. 4.6A, see region I). Suddenly there is an abrupt and
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strong increase of the fluorescence from di-4-ANEPPDHQ), indicating that the temperature
has reached the phase transition causing the fluorescent lipid molecules to partition into the
melted region (Fig. 4.6A, see region II). This distance between the trapped nanoparticle
and the GUV corresponds to the distance at which the temperature profile has decayed to
T =1T,, = 33 °C and is defined as the melting distance. Bringing the trapped nanoparticle
even closer to the GUV has only little effect on the intensity of di-4-ANEPPDHQ (Fig. 4.6A,

see region III).
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Figure 4.6: The experimental temperature profile of an optically trapped silica-gold nanoshell
using a GUV as temperature sensor. (A) The frozen GUV (red curve) is moved closer to the trapped
nanoparticle (white dot) in discrete steps (from I to III) until it undergoes local phase transition.
(B) The melting curve relates the distance between the GUV and the trapped nanoparticle to the
average intensity (normalized) of the membrane partitioning dye, di-4-ANEPPDHQ. Each point
in the curve is the average intensity of at least two consecutive images. The images in (A) are
representatives of a region in the melting curve (the regions are marked by numbers and divided
by dashed lines). Image (I) is taken before the membrane starts melting which is why the intensity
of di-4-ANEPPDHQ is only about 50 %. Image (II) is taken just at the phase transition seen by
the abrupt increase in the intensity of di-4-ANEPPDHQ. Image (III) is taken after the initiation of
the local phase transition. The intensity of di-4-ANEPPDHQ only increases about 5 % compared
to that at the phase transition in (II).

The melting distance was quantified by image analysis as the distance where the intensity
of di-4-ANEPPDHQ became substantially higher than the background intensity (see Fig.
4.6B). Each consecutive image was analyzed using Matlab producing a melting curve, that
related the distance to an intensity. In detail, first the image was rotated such that the

shortest distance between the nanoparticle and the GUV was horizontally aligned. The cen-
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troid position of the nanoparticle was found by fitting a 2D Gaussian curve to the diffraction
limited point spread function of the nanoparticle. The position of the locally melted region
on the GUV was defined as the point on the curved membrane where the intensity was high-
est and likewise closest to the nanoparticle. By vertically collapsing the pixel values from
the GUV image and plotting the 1D intensity distribution, the peak could be estimated and

related to a pixel coordinate.

In the data sets, each distance versus intensity data point is the average of at least two
images. Averaging the distance and the intensity is a precaution taken to ensure correct
distance acquisition, as: 1) membrane fluctuations can occur close to the phase transition
as it becomes softer. 2) We sometimes observed a lag in the response time of fluorescent
partitioning after moving the GUV closer to the trapped particle. It should be noted, that
the nanoparticle also fluctuates about 100 nm laterally within the trap. However, these
fluctuations occur on a millisecond timescale whereas acquisition of one image takes ~ 1

second.

Figure 4.6B shows the melting curve that corresponds to the images in Figure 4.6A. In the
step going from ~ 3 pum to ~ 2 pm (i.e., from region I to IT), the intensity increases to almost
double the value. Hence, in this experiment the melting distance was measured to be D,, =
2419 nm.

For each of the plasmonic nanoparticles the melting distance, D,,, was measured and the
result is shown in Figure 4.7. The average melting distance (£ std) is 933 £ 295 nm
for the 80 nm colloidal gold nanoparticles, 1539 £ 405 nm for the 150 nm colloidal gold
nanoparticles, and 2141 + 885 nm for the silica-gold nanoshells. In this in vitro experiment
we used a trapping laser with a wavelength of 1064 nm. This is close to the surface plasmon
resonance of the nanoshells that indeed have the largest melting profile compared to that of

the non-NIR resonant 80 and 150 nm colloidal gold nanoparticles.
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Figure 4.7: The melting distance for all three types of plasmonic nanoparticles. The 80 nm col-
loidal gold nanoparticles have the smallest melting distance (n =9), followed by the 150 nm colloidal
gold nanoparticles (n =18). Silica-gold nanoshells have the largest melting distance (n =14) that
is in agreement with the photoabsorption-dependence on the temperature profile. Error bars rep-
resent STD. The large standard deviation could be explained by the natural spread in the particle
size populations coming from the synthesis, and/or experimental error from day-to-day variation
in the background temperature.

Surface temperature increase

From the melting distance we can infer the temperature at the surface of the irradiated
nanoparticle. The Goldenberg relation can be used to calculate the temperature increase
of a point-like or nanoscopic particle embedded in an infinite medium as a function of the

distance from the particle center [77]:

Aa®

AT(D) = KD

(4.4)
where a is the radius of the particle, K, is the thermal conductivity of the medium, and D is

the distance from the particle center. A is the heating rate per unit volume given by:
A=1Cu/V . (4.5)

Here, I is the power density of the laser (I = 433 mW), Cys is the absorption cross-section
of the particle given by eq. 2.2, and V is the volume of the particle. As the distance D is
the only variable in this experiment (both intensity and particle radius are fixed), eq. 4.4
can be rewritten as:

AT (D) = —, where C = ICys/4nK, . (4.6)

ol Q



4.4. - Photothermal heat generation by resonant and non-resonant nanoparticles 45

C' is a constant containing all the physical parameters in the experiment. By calculating the
experimental value for C' for each of the nanoparticles we can back-calculate the temperature
increase at any distance from the particle center, including at the surface of the nanoparticles,

using the inverse relation from eq. 4.6.

The experimental value for C' is calculated using AT(D,,) = C/D,,, were the melting dis-
tance D,, is obtained in Fig. 4.7. The temperature increase at the phase transition, AT(D,,),
is a bit more difficult to determine exactly as it relies on the correct determination of the
background temperature, T, in the sample chamber (influenced by the heat flux from the

equipment, day-to-day variation in the room temperature, etc.).

In practice, we estimated T using an electric temperature probe placed in the sample cham-
ber under the same conditions as for the experiments (incl. the same room temperature).
To get a good estimate, it was measured every half hours over 90 minutes, but it was found
to saturate already after 30 minutes. The background temperature was therefore found to
be Ty = (28.2 429 + 28.8) °C/ 3 = 28.7 °C.

Using this Ty and 7, = 33 °C we get a temperature increase at the phase transition of
AT(D,,) = T,,—To = 4.3 °C . The calculated values of the constant C' for the three different
nanoparticles are given in table 4.1. To calculate the experimental temperature increase at
the particle’s surface, AT'(a), it is sufficient to insert C' and the particle radius a into eq.

4.6; the values for each nanoparticle are given in table 4.1.

80 nm AuNP | 150 nm AuNP | 150 nm SiOy/Au NS
C 4.2 pmK 6.9 pmK 9.5 pmK
AT(a) 105 K 92 K 127 K

Table 4.1: The experimentally estimated surface temperature increase of different types of plas-
monic nanoparticles as a function of their radius, a. The nanoparticles were irradiated with a 1064
nm CW laser using a power of P = 433 mW in the sample.

At a laser power of 433 mW the surface of the particles reaches a temperature of about
hundred Kelvin above the ambient temperature. The silica-gold nanoshells have the largest
temperature profile as well as surface temperature increase, leaving them the best experi-
mental light-to-heat converters at a wavelength of 1064 nm. This is in agreement with the
strongly enhanced absorption and scattering properties that silica-gold nanoshells exhibit at
NIR wavelengths due to resonance conditions.

It is surprising though, that the surface temperature increase of the silica-gold nanoshells
does not differ more from that of the colloidal gold nanoparticles, considering that the ab-
sorption cross-section is > four times higher (see Fig. 4.4). However, there is also a fairly
large standard deviation on the melting distance for the nanoshells (see. Fig 4.7), which

could indicate that either the nanoshells in the sample had fragmented or had incomplete
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shells. The large deviation could also be due to fluctuations in the background temperature
when performing the experiment, which would have a huge impact on the melting distance

of the particle and is difficult to control or measure during the experiment.

We would expect the 150 nm gold nanoparticles to reach higher surface temperatures than
the 80 nm gold nanoparticles owing to their higher absorption properties and larger melting
distance. In contrary, we find the reverse relation; the 80 nm gold nanoparticles actually
reach a slightly higher surface temperature.

From this result we can see how the volume of the nanoparticle affects the size of the tem-
perature profile. Intuitively, we expect that a particle with a larger temperature profile also
exhibits a higher temperature on the surface than a particle with a smaller temperature pro-
file. However, this is clearly not the case. The temperature profile from large nanoparticles

simply decays slower than the temperature profile from small nanoparticles.

Consistent with this contradicting result, Kyrsting et al. [74] found, using the same 3D
temperature sensitive assay, that larger gold nanoparticles (> 100 nm) obtain a much smaller
surface temperature increase when irradiated compared to that of smaller nanoparticles. In
contrast, Bendix et al. [25] found, using a 2D temperature sensitive assay where the irradiated
gold nanoparticles were confined on a lipid bilayer, that the surface temperature increase is
proportional to particle size. The difference in the results was assigned to the difference in
trapping volume between the two assays. The classical view is that larger gold nanoparticles
experience substantial radiation pressure due to increased scattering properties, that can
destabilize the 3D trapped nanoparticle and ”push” it out of the focus, in the direction
of the propagating laser light. Effectively at the particle’s position, the local laser power is

reduced compared to at the focus leading to a decreased photo absorption and heating.

This classical view of particle positions within optical traps applies to an optical focus which
only contains one energy minimum. However, as will be explained in the next section, optical
traps do indeed exhibit a complex potential energy landscape which can be sensed by the

nanoparticles.

Trapping volume of nanoparticles

Interestingly, Kyrsting et al. [75] found by examining the 3D trapping volume of gold
nanoparticles, that there existed local trapping minima for larger gold nanoparticles (>
100 nm) in front of the laser focus. Hence, the reduced heating capabilities as a function
of particle size reported in Ref. [74] was due to the fact that the particles were located in
these additional trapping minima. To examine if we observe the same effect, that could
explain the heating capability discrepancy between the 80 and 150 nm gold nanoparticles,

we investigated the trapping position for each of the three plasmonic nanoparticles using the
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same experimental approach as Kyrsting et al. [75].

The trapping position of a nanoparticle can be found by moving the trapping focus through
the confocal focus and assessing where the two foci coincide. When the two foci coincide,
the imaged intensity of the nanoparticle will be maximal. Using a steerable telescope lens,
the position of the trapping focus can be controlled in the axial direction and translated
in discrete steps. For each position of the trapping focus, the reflection of the trapped
nanoparticle is imaged using the confocal microscope. Figure 4.8A shows an example of
a data set where a trapped 150 nm gold nanoparticle is displaced axially in discrete steps
through the confocal focus. It is clearly seen, that in the beginning the trapped nanoparticle
is out of the confocal focus since it has a very low intensity. Towards the center of the series
the intensity of the trapped nanoparticle becomes much brighter indicating that the trapping
position coincides with the confocal focus. When the trapped nanoparticle is moved further

into the sample the intensity drops again as it moves out of the confocal focus.
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Figure 4.8: The relative trapping position of the three different types of nanoparticles. (A)
Example of a trapped 150 nm gold nanoparticle moved through the confocal focus by displacing
the trapping focus via a telescope. Analyzing the intensity of the nanoparticle at each of the
trapping heights produces the axial intensity distributions shown for 80 nm gold nanoparticles in
(B), 150 nm gold nanoparticles in (C), and 150 nm silica-gold nanoshells in (D). The 80 nm gold
nanoparticles and the silica-gold nanoshells trap in the same axial position, whereas the 150 nm

gold nanoparticles trap in an axial position about 100 nm in front of the other two (average axial
position is marked by a dashed line). n = 11 for (B), n = 12 for (C), and n = 10 for (D).

The experimental protocol

To prepare for the experiment all three types of nanoparticles were briefly sonicated and

vortexed to obtain a homogeneous monodisperse sample. The nanoparticles were diluted in
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PBS buffer to ensure single particle trapping (in a highly diluted sample the probability of
trapping two particles simultaneously is considerably lower) and added to a flow chamber
by capillary forces. Briefly, the flow chamber was made of a clean coverglas slide (no. 1.5,
Menzel-Gléser) where two strips of parafilm were used as spacers and a smaller coverglas
slide on the top was used as a lid. After adding the sample to the chamber, it was sealed
with vacuum grease to prevent evaporation and placed on the microscope stage.

The laser power used in all experiments was fixed to 433 mW and the nanoparticles were
imaged in reflection mode with the confocal microscope using an excitation wavelength of A
= 594 nm.

For particles smaller than the optical resolution limit, it is not straightforward to conclude
the number of particles that are imaged. Consequently, there could be two particles in the
trap instead of just one. To confirm that there was only one particle in the trap, the power
spectrum of the trapped particle’s position was measured simultaneously (data not shown).
From the power spectrum we obtained the spring constant, that changes if multiple particles
are in the trap. Thus, we could validate appropriate single particle trapping simply by
checking the power spectrum for each measurement.

The intensity in each consecutive image was found by a Matlab based image analysis. The
point spread function of the imaged particle was fitted by a 2D Gaussian function and the
intensity defined as the Gaussian amplitude. The telescope lens was displaced in units of
the dial (increments of 0.2) so it was necessary to find the conversion factor to produce
the axial intensity distribution in terms of nanometers. The conversion factor of the 63x
water immersion objective used in this experiment has previously been measured by Anders

Kyrsting and found to be 396 nm per unit [75].

Measured trapping positions

The axial intensity distributions for each of the nanoparticles are shown in Figure 4.8. It
should be noted that the axial distance is relative as we did not map out where the ”true”
trapping focus is with respect to the confocal focus as was done in the work by Kyrsting
et al. [75]. In practice this means that we cannot conclude how close the trapping position
of a particle is to the laser focus, but we can compare where the nanoparticles are trapping
relative to each other. By doing so, we find that the average axial position corresponding to
the maximum of the intensity distribution is 475 + 36 nm for the 150 nm gold nanoparticles
compared to that of 356 & 119 nm and 356 4+ 238 nm for the 80 nm gold nanoparticles
and the silica-gold nanoshells, respectively (see Fig. 4.8(B-D)). Hence, the 150 nm gold
nanoparticles trap more than 100 nm in front of the other two nanoparticles.

The reason for this local trapping position of the 150 nm gold nanoparticles outside the
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main focus is not entirely understood but is most likely related to local intensity maixma

that were also observed in the study by Kyrsting et al. [75].

From this result it follows that the 80 nm gold nanoparticles experience the same laser inten-
sity as the silica-gold nanoshells, whereas the 150 nm gold nanoparticles either experience a
lower, or higher, laser intensity. A lower laser irradiance due to axial trapping displacement
can explain why the surface temperature of the 150 nm gold nanoparticles is lower than
that of the 80 nm gold nanoparticles even though the opposite was expected based on their

individual absorption cross-sections.

4.5 Summary

The in vitro comparative study focuses on the optical response of a single irradiated plas-
monic nanoparticle. Using an experimental setup that combines a 3D temperature sensitive
lipid assay with a confocal system implemented with a NIR optical trap, we showed that the
silica-gold nanoshells are the best light-to-heat converters supported by theoretical photo-

absorption calculations.

The performance relation between the 80 and 150 nm gold nanoparticles is a little harder
to interpret due to the inconsistency between the calculated absorption properties and the
experimentally measured heating capabilities. According to the absorption properties of the
gold nanoparticles (see Fig. 4.4), the 150 nm gold nanoparticles should perform better than
the 80 nm gold nanoparticles, which is in agreement with the results by Bendix et al. [25].
However, in the presented experiments the results are reversed. To address this, as well as
the surprisingly little deviation in surface temperatures between the silica-gold nanoshells
and the colloidal gold nanoparticles, additional experiments should be performed. The 2D
lipid assay developed by Bendix et al. [25] is a great candidate as it is independent of the

trapping position of the nanoparticles and thereby eliminates that experimental error.






Chapter 5

In vivo comparative study of the
photothermal effect of colloidal gold
nanoparticles and silica-gold

nanoshells

Traditionally, clinical evaluation of cancer therapy has relied on changes in the tumor burden
as a readout for the therapeutic effect [78,79]. As the survival time to a great extent is
related to the tumor growth this is a valid assessment tool, however, it is solely based on
anatomical changes (shrinkage or progression) that can be fairly slow processes. Imaging
techniques that can reveal immediate biological changes in the tumor are very attractive,
as they can improve the ability to predict and modify the forward going therapy at an
early stage. In recent years, positron emission tomography (PET) using the radioisotope
labelled glucose analogue, 2-deoxy-2-[F-18]fluoro-D-glucose (**FDG), has been acknowledged
as one of the most important assessment tools in early cancer diagnosis and therapy response

evaluation.

To date, there has been significant focus on developing plasmonic nanoparticles that possess
effective NIR photothermal properties, as well as meet the size range optimal for passive
EPR-based tumor delivery. As more and more NIR plasmonic nanoparticles are presented,
there is an increasing need for further optimization of the strategy, in particular related to
clinical translation. PET imaging has already been validated as a reliable treatment evalu-
ation tool both with radiation therapy and chemotherapy [80-82]. We therefore anticipate
that it will also be applicable for evaluation of nanoparticle mediated photothermal therapy,

and that it can be used to develop personalized treatment protocols.

o1
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In this part og the comparative study we use PET/computed tomography (CT) imaging
to benchmark the photothermal capabilities of NIR resonant nanoparticles to that of non-
resonant nanoparticles in tumor bearing mice. This study is conducted in collaboration with
Cluster for Molecular Imaging, KU, that has animal and PET/CT facilities, as well as access
to the cyclotron at Rigshospitalet, KU. The chapter starts with a brief introduction to the
prior studies on nanoparticle mediated photothermal therapy, with particular emphasis on
silica-gold nanoshells that are the first and heaviest utilized plasmonic nanoparticles in the
field. Thereafter, PET in cancer imaging will be introduced followed by the experimental
procedure. At last the results will be given and the best photothermal transducer in this in

vivo study identified.

5.1 Photothermal cancer therapy using NIR-resonant

plasmonic nanoparticles

The first demonstration of photothermal therapy using NIR irradiated plasmonic nanoparti-
cles was published by Hirsch et al. in 2003 [83]. They investigated the temperature profile as
a function of tissue depth of the newly developed silica-gold nanoshells [18]. The nanoshells
were injected directly ~ 5 mm into subcutaneous tumors in mice and the thermal increase
upon NIR irradiation was followed in real time using magnetic resonance thermal imaging
(MRTT). They observed a maximal temperature increase of ~ 35 °C approximately 1 mm
beneath the skin surface for the longest applied exposure time (6 minutes). The deepest
temperature induced tumor damages could be detected 4-6 mm beneath the skin surface.
This length-scale was attributed to be restricted by the depth-dependent reduction of the

laser intensity, due to tissue scattering and photoabsotion of upper lying nanoshells.

The studies that followed that of Hirsch et al., focused on examining the efficacy of nanoshell-
mediated photothermal therapy by animal survival times. A survival time study is commonly
based on how long an animal lives without breaching some predefined human endpoints to
avoid the animals suffer pain or distress. This also includes a predetermined tumor volume,
at which the animal is euthanized. In this way, if the photothermal ablation is efficient
enough to make the tumor growth abate, treated mice will have a longer survival time than

untreated mice.

Studies have been conducted on mice, bearing different subcutaneous tumor models (colon,
prostate, glioma, and breast amongst others), that received nanoshells by intravenous injec-
tion (systemic administration), and were assessed by caliper measurements of the tumor vol-
ume [43,84-86]. The general trend for these studies was that mice receiving both nanoshells

and NIR laser treatment survived for at least 90 days (at which point the study was ter-
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minated). In contrast, mice that did not receive nanoshells were euthanized within 14 days
post-treatment, the longest survival time being 24 days [86]. It is worth noting that the
effective evaluation time in these studies, i.e., from the treatment until a discrepancy in the

response could be detected, was on the order of two weeks.

As discussed in chapter 3, the degree of tumor accumulation of nanoparticles is believed to
have a huge impact on the efficacy of the photothermal therapy. Therefore, Stern et al. [85]
investigated the optimal dose of systemic administered nanoshells in a subcutaneous prostate
tumor model. For the highest implemented dose, complete tumor regression was observed
21 days post-treatment in 14 out of the 15 treated mice. In comparison, only partial necrosis
was observed in the mice in the low dose group [85]. In addition, mice that received the
highest dose developed scabs, indicating a rather extreme temperature increase.

Day et al. [86] improved the evaluation protocol by combining the caliper based survival time
studies with tumor luminescence imaging that provides a surrogate for cancer cell viability.
This was achieved by innoculating the mice with firefly luciferase expressing cancer cells
and monitoring the cellular development on a daily basis post-treatment. Ayala-Orozco et
al. [34] used the exact same firefly luciferase expressing cell line and showed that tumor
relapse occurs, in particular in larger tumors, because the cancer cells at the periphery of
the tumor remain viable after treatment. Bioluminescence is a great tool to obtain detailed
information about tumor regression or relapse in in vivo studies, but cannot be used as a

clinical assessment tool as natural cancer cells are not luminescent.

In the recent years, theranostic (therapy and diagnostic) nanocomplexes have been developed
with the aim of combining NIR laser therapy with imaging modalities. Bardhan et al. [43,49]
presented nanoshells, that were modified to include MRI contrast and NIR fluorescent dyes.
Via these imaging modalities, they showed that tumor accumulation of anti-body conjuagted
nanoshells was much higher in tumors expressing the targeted receptors in comparison to
tumors that did not. In addition, tracking the nanoshells in real-time allowed for temporal

optimization of the NIR laser therapy [43].

In the wake of the theranostic nanoparticles developed by Bardhan et al. [49], a new class
of NIR plasmonic nanoparticles called nanomatryoshkas was developed in the group of Prof.
Halas. Nanomatryoshkas consist of a silica layered gold core upon which a thin gold shell
is grown (i.e., gold/silica/gold). They are superior to silica-gold nanoshells in that they
have a higher absorption to scattering ratio, and that their diameter can be made sub-100
nanometer while maintaining NIR resonance [69]. Ayala-Orozco et al. [6,34] conducted a pho-
tothermal comparative study of silica-gold nanoshells and nanomatryoshkas, and found that
nanomatryoshka-treated mice had substantially higher survival rates, relative to nanoshell-
treated mice [6]. In particular in larger tumor volumes, where nanoparticle accumulation is

more complicated due to the poor perfusion and high interstitial fluid pressure, the nanoma-
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tryoshkas greatly outperformed the larger nanoshells by a 4-5 times higher tumor accumu-
lation [34].

Since the first demonstration of nanoparticle-mediated photothermal therapy, gold nanorods
have probably been the most challenging candidates to the nanoshells. Nanorods can be
produced with smaller dimensions than nanoshells and exhibit higher absorption cross-
sections [20]. However, their photo-absorption properties are highly sensitive to their orien-
tation with regards to the polarization of the incoming light and they easily fragment upon
high irradiation intensities [73]. Furthermore, safety concerns are associated with the use of
gold nanorods in vivo due to the toxic surfactants involved in their synthesis and this is an
issue that needs to be solved before further clinical implementation.

In addition to Halas group that developed the nanomatryoshkas and the nanoshells, many
other groups have aimed at developing plasmonic nanoparticles with NIR resonance, mean-
while improving the dimensions to sub-100 nanometer for efficient EPR-mediated tumor
uptake. There is ample room for improvement as clinical implementation of nanoshells is
challenged by their dimensions, and nanomatryoshkas so far have been by the difficulty in
large-scale production.

For an broader introduction to the different types of plasmonic nanoparticles used for pho-

tothermal cancer therapy the review by Dreaden et al. [57] is highly recommended.

5.2 PET-based cancer imaging

PET is a nuclear imaging technique that uses the unique decay characteristics of positron
emitting radioisotopes. It is a highly sensitive and nearly non-invasive technique, that allows
for three-dimensional imaging of physiological processes in living animals. The concept of
PET is built on injecting radioisotope labelled molecules (or tracers) intravenously and
tracking where they locate.

When the radioisotope decays it emits a positron that travels for a short distance in the tissue
until it loses energy (path length of ~ 107! - 1072 cm) and collides with an electron [87].
Upon annihilation of the positron and the electron, two gamma rays with energies of 511
keV are created and emitted in opposite directions (see Fig. 5.1A). The gamma rays are
registered by the PET scanner that consists of a ring of multiple detectors. The detectors are
made of solid scintillator crystals that create a burst of light when a gamma ray is deposited
inside of it, with an energy proportional to that of the gamma ray. The light burst is
collected in a photomultiplier tube and translated into an electric signal. Since the detectors
are coupled, selected detection for gamma rays that arrive in pairs and in approximately
opposite directions can be introduced. This means that gamma rays that are probably not

stemming from the same annihilation process are excluded from the data set. In a typical
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PET scan, 10° - 10° events are detected.
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Figure 5.1: (A) The radioisotope tracer '8FDG, that is a glucose analogue, decays by emitting
a positron. After a short distance the positron looses energy and annihilates with a electron by
which a pair of gamma rays are emitted in opposite directions. The gamma rays are collected by
a scanner and the image providing the whole-body distribution of the tracer is reconstructed. (B)
Reconstructed image showing transverse (upper) and coronal (lower) accumulation of *FDG in a
mouse. The arrows mark the tumor site where there is a high uptake of ¥ FDG.

The electric output signal is reconstructed as a 3D image by a line of response analysis,
that identifies the location of the annihilation process based on a straight line connecting
the positions where the pair of gamma rays is detected (see Fig. 5.1B) [87]. The signal
intensity in the image volume is proportional to the concentration of the radioisotope, and
therefore the spatial distribution of the tracer in the whole body is obtained. There are small
experimental errors related with the PET technique as it is the location of the annihilation
process that can be reconstructed and not the point of positron emission. In addition, the
gamma rays are not exactly emitted with an angle of 180°, but with a distribution of angles
around 180°.

The temporal resolution in PET scanners is given by the so-called dead time, that is the
detectors ability to temporarily distinguish arriving gamma rays (~ 2 - 6 ns) [87]. The
spatial resolution in whole-body human PET scanners is on the order of (6 - 8)* mm? and
the sensitivity of 107! - 107'2 moles/litre [88]. In small animal PET scanners the spatial
resolution is ~ 1 mm3

tracer [89).

. It should be noted that in general, the resolution depends on the
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BFDG

The glucose analogue, ®FDGQ, is the most applied PET tracer in cancer diagnostic due
to the increased glucose metabolism found in cancer cells. After being taken up by the
cells, ®*FDG is phosphorylated to FDG-6-PQ,, that cannot be metabolized further in the
glycolytic pathway. Therefore "®FDG remains intact inside the cell until it decays (712 ~
110 min [87]). Glucose and '®FDG are completely cleared from the blood after about an
hour which enable accurate PET detection of the whole-body ¥*FDG distribution before the
tracer decays (see Fig. 5.1B). In non-viable cancer cells the glucose uptake is diminished
which results in a reduction of the ¥ FDG signal within the tumor volume.

Essentially this means that the treatment response can be assessed by a ®FDG PET scan
as early as an hour after the therapeutic intervention. The recurrence or regression of the
cancer cells can be evaluated by subsequent *FDG PET scans in a time frame that is only
restricted by the biological processes and outperforms anatomical based evaluation methods
(e.g., assessment by mechanical calipers, CT, or MRI).

Anatomical information for cancer diagnosis and evaluation is highly relevant, and therefore
PET and CT imaging are often integrated. CT is a technique based on the tissues’ ability
to block X-rays and provides high resolution 3D anatomical information, that also improves

accuracy of image interpretation.

5.3 In vivo heating capabilities of resonant and

non-resonant nanoparticles

In this part of the comparative study we aim at strictly comparing the NIR photothermal
capabilities of resonant nanoshells to those of non-resonant colloidal gold nanoparticles in
tumor bearing mice. To acquire as unbiased data as possible, all other experimental param-
eters than the optical properties are kept constant throughout a comparison study, by using
the same laser power and exposure time, and same number of nanoparticles delivered to the
tumor. Tumor delivery via tail vein injection and passive accumulation largely depends on
the particle size (i.e., the EPR-effect, see chapter 3), so to circumvent this factor we instead

deliver the nanoparticles by intratumoral injection.

Experimental protocol

The time line for the in vivo photothermal therapy study is shown in Figure 5.2. In the

following sections each step will be outlined in details.
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Figure 5.2: Time line for the in vivo photothermal therapy study.

Briefly, the tumor bearing mice were divided into four groups constituting the three different
types of plasmonic nanoparticles and a control group. The mice were PET/CT scanned one
day prior to the nanoparticle-laser treatment for a baseline level of 8 FDG uptake. After the
treatment, the mice were PET/CT scanned again using *FDG at an early (~ 1 hour) and

a late (2 days) time point for assessment of the treatment response.

Animals

The mice used for this study were female NMRI nude mice (5 weeks old) obtained from
Taconic Europe (Lille Skensved, Denmark)(see Fig. 5.3). Due to a genetic mutation they lack
the thymus; the organ associated with the adaptive immune system and T cell maturation.
T cells recognize foreign intruders (such as cancer cells) and with a small population of T
cells the mice are effectively immune deficient and hence it is easy to establish a human

tumor xenograft in them.

Neuroendocrine cancer cells

The cell line we used was a human neuroendocrine lung carcinoid (H727) from the European
Collection of Cell Cultures (ECCAC, Salibury, UK). The cells were cultured in standard cell
culture medium (RPMI medium 1640+ GlutaM AX) supplemented with 10% fetal calf serum
and 1% penicillin-streptomycin (Invitrogen Co., CA, USA) at 37 °C and in 5 % COs.

Neuroendocrine tumors belong to a heterogenous group of neoplasms that arise from cells
of the diffuse hormonal (endocrine) and nervous system [90]. Carcinoid is a slow-growing
tumor that is most commonly found in the intestines. However, as in the case of the H727

cell line, carcinoid tumors also occur in the lungs.
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Figure 5.3: Picture of a female NMRI nude mouse.

Establishing tumor xenografts

All animal care and experiments have been approved by the Danish Animal Welfare Council,
Ministry of Justice. Upon arrival the mice were allowed to acclimatize for one week before
~ 108 H727 cells were inoculated into the left flank of the 6 weeks old female NMRI nude
mice. Up to the age of 6 weeks, mice gain about 5 grams per week and afterwards the growth
rate slows down. The mice were held in an animal facility, maintaining the availability of
water, chow and the general standard of living for the mice. The tumors were allowed to
grow for a few weeks until they reached a volume of 593 + 221 mm? (never bigger than
1000 mm?®). The tumor dimensions were measured with a mechanical caliper and the tumor
volume calculated as: volume = (length - width?).

The mice were divided into four subgroups receiving 80 nm gold nanoparticles, 150 nm gold
nanoparticles, silica-gold nanoshells, or saline (control group). The groups were matched

such that the total tumor volume in all groups was comparable.

PET /CT baseline scan

The day before the photothermal therapy, each mouse underwent a baseline 8 FDG PET/CT

scan to be used as a reference point for the PET tracer signal post-treatment.

The mice were administered approximately 10 MBq *FDG via the tail vein while being
anesthetized by breathing sevoflurane (see Fig. 5.4A). ¥ FDG was obtained from the daily
production at Rigshospitalet, KU.

One hour after *®FDG injection, the mice were static PET scanned for 10 minutes using a
dedicated small animal PET scanner (see Fig. 5.4B) (microPET Focus 120, Siemens Medical
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Solutions, Malvern, PA, USA). The energy window of the PET detectors were set to 350 -
650 keV and the time resolution to 6 ns.

The PET scan was subsequently followed by a CT scan (360°; 220 projections) using a Mi-
croCAT II tomograph (Siemens Medical Solutions). The x-ray tube has a 0.5 mm aluminum
filter and was set at 60 mV in tube voltage and 430 pA in tube current with an exposure

time of 680 ms per projection.

During all scans the mice were placed on a scan bed and were anesthetized by breathing
sevoflurane. Their body temperature was kept stable using a heating pad (see Fig. 5.4C).
The mice were injected with ¥FDG with a time gab of approx. 12 - 15 minutes such that it

matched the scan period of each mouse (incl. an extra few minutes for preparation).

A

Figure 5.4: PET protocol. (A) ®FDG was injected into the blood via a tail vein. (B) and (C)
An hour after ®FDG injection, the PET scan was performed. The mouse was placed on a bed
with a heating pad and anesthesia incorporated, that fits into the small animal PET scanner.

Nanoparticle injection

On the next day, the mice were weighted and their tumor volume was measured (with a
mechanical caliper). The nanoparticles were sonicated for 5 min. and vortexed to ensure
they were homogeneous and monodisperse. They were diluted to a final concentration of

5x10' nanoparticles/ml in buffered saline water (saline) and sonicated for 30 s.
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The mice were anesthetized by breathing sevoflurane and injected intratumorally with 50
pl of nanoparticles using a programmable syringe pump (Harvard Apparatus) with a flow
rate of 5 ul/min. (1 ml syringe, 25G needle) (see Fig. 5.5). The control group received
50 pl of saline instead of nanoparticles. The needle was inserted approx. 3 mm into the
tumor. After injection the needle was left in the tumor for about 10 minutes to equalize the
interstitial pressure and prevent back flow of blood and nanoparticles when the needle was

pulled out.

Figure 5.5: Intratumoral injection of nanoparticles. The mouse was anesthetized while a syringe
was inserted into the tumor. The Harvard pump injected the particle with a infusion rate slow
enough to prevent pressure induced damage.

In the majority of in vivo studies using photothermal therapy, the treatment was initiated
when the tumor volumes were around ~ 200 mm?® [6] (in comparison to ~ 600 mm? in this
study). The motivation for using relatively smaller tumor volumes is that the studies are
terminated if the tumors breach the predetermined volume (=~ 1500 mm?) [6] and therefore

the initial tumor volume is a limiting factor for how long the study can be conducted.

In this study we are not investigating if the therapy can lead to tumor remission, but in-
stead we are comparing the photothermal effect of different types of plasmonic nanoparticles
directly. To do this, we inject the same number of nanoparticles into the tumor volume
which is much easier to do accurately in larger volumes. In addition, for PET/CT based
comparison it is sufficient to follow the tumor progression for two days post-treatment to

evaluate if there is a treatment response.
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Laser treatment

Immediately after the nanoparticle injection (or saline injection), the mice were irradiated
for 5 min. with a laser power of 300 or 500 mW. The optical setup used in the in vivo study
is based on an 807 nm diode laser (Highlight FAP DUO 30/810, Coherent) that produces a
maximum output of 30 W. The diode laser is coupled via a fiber to a fixed focus collimator
(F220SMA-780, Thorlabs) and is set to have a beam diameter of 1 cm. The mice were
placed on a height-adjustable table in a way that the tumor coincided with the laser spot,
and on a heating pad in order to avoid temperature fluctuations (see Fig. 5.6). The mice
were anesthetized by breathing sevoflurane and observed during the entire exposure time to

ensure they did not suffer if burn blisters appeared.

If the mice developed burn blisters after the laser treatment they were euthanized at this

point. Otherwise they were kept alive, under observation for the next two days.

Figure 5.6: Picture of the optical setup. In front of the laser port (marked by the red arrow),
there was a height adjustable table where the mouse was lying during the laser treatment. The
mouse was placed with its nose in the black nosecone (marked by the yellow arrow) that provided
anesthesia during the entire exposure period. The mouse was lying on a heating pad (marked by
the blue arrow).
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Post-treatment PET/CT scan

30 - 60 minutes after the laser treatment the mice were again anesthetized and injected with
approximately 10 MBq of "¥FDG via a tail vein. One hour later they were PET/CT scanned

to assess the immediate effect of the treatment.

Two days after the treatment, the mice were weighted and their tumor volume measured
(with a mechanical caliper). Thereafter they were 'SFDG PET/CT scanned following the

same protocol as in the previous scans.

PET/CT scanning on two days post-treatment is serving as a control of the signal measured
immediately after the treatment. If a blood vessel ruptures, either caused by the injection
or the laser treatment, proper perfusion of the tumor can be prevented which will cause a
decrease in the ®*FDG signal that is unrelated to the photothermal treatment. The ¥FDG
uptake two days after may not be as pronounced as immediately after the treatment, but if
it remains we can conclude that it is in fact a result of the photothermal treatment (tumor

angiogenesis is faster than this timescale).

After the PET/CT scan on day 2, the mice were euthanized and the tumors resected for
visual inspections. Leakage of the nanoparticles appeared as large dark spots in the periphery
of the tumor or on the outer dermal surface. Hence, by looking at the tumor tissue and the
skin surrounding it we could validate if the nanoparticle injection was deposited correctly

and did not leak out of the tumor after the needle was pulled out.

PET /CT evaluation of photothermal therapy

Images of *FDG PET scans (Fig. 5.7) are displayed as projection images showing the coronal
planes and the uptake is given as the injected dose (MBq) per body weight (%ID/g) (Inveon
software). PET scans are taken the day before the treatment (baseline scan), immediately
after (day 0), and two days post-treatment (day 2). The baseline scans show that the tumors
have a high FDG uptake (the tumors are the ball-like structure at the upper-left corner
on the mouse). The location in the tumor where the nanoparticles have been injected, and

subsequently irradiated with the NIR laser, is marked by white arrows.

By simple visual inspection of the images it is clearly seen that the mouse that received silica-
gold nanoshells, shows a tumor subvolume with limited "*FDG uptake, both immediately
and two days after the treatment (marked by red arrows in Fig. 5.7). However, the effect
is less pronounced two days after. This signal loss occurring post-treatment is a strong
indication that the cancer cells in this region have reduced metabolism (or are ablated) as

a consequence of the treatment. Another factor that can be deduced from these images,
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Figure 5.7: PET evaluation of the treatment response. The images show the coronal planes
of the 8 FDG body distributions of mice from each nanoparticle group. The first column shows
the baseline PET scan, the second the PET scan just after the laser treatment, and the last
show the PET scan two days post-treatment. White arrows mark where the nanoparticles were
intratumorally injected and subsequently irradiated with the NIR laser. In the images of mice
receiving 80 and 150 nm gold nanoparticles, there are no clear indications of a treatment response,
however in the silica-gold nanoshell group there is a region with high loss of activity, that remains
after 2 days (marked by red arrows). Notably, from the images it seems that the saline group is
the only one where the metabolic activity increases.
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is that the fraction of the tumor volume that is affected is very small, meaning that the

nanoparticles only induce cell ablation in their local environment.

Mean and maximum *FDG uptake

The treatment effect can be analyzed semiquantitatively by considering the %ID /g within a
volume of interest (VOI). The VOIs are generated by free-hand drawing so that the tumor
volume is covered. From the VOI, the average ®FDG signal intensity within the tumor can
be obtained as well as the maximum signal intensity. These measures are indications of the
metabolic activity and are commonly used for clinical evaluation. The mean and maximum
BFDG uptake in the tumor for the three subgroups (silica-gold nanoshells (n = 4), 80 nm
gold nanoparticles (n = 3), and 150 nm gold nanoparticles (n = 3)) are shown in Figure 5.8

for a laser power of P = 300 mW.

The mean ®FDG uptake (see Fig. 5.8A) does not change significantly over the time course
of the study, neither does the maximum *FDG uptake (see Fig. 5.8B). This result can be
explained by either of two scenarios: The cells are unaffected by the treatment or the treated
volume is too small to affect the mean activity. As it was clear from visual inspection of the
PET scans in Fig. 5.7 that there is in fact a signal loss, however highly localized, we assume
that the fraction of the tumor volume that can be affected using this setup is too small to
influence the mean value. That the maximum activity is unchanged, is not a big surprise
as a change would require that the nanoparticles were deposited exactly on the spot where
the highest pixel value of FDG uptake is obtained. By means of intratumoral delivery the
chance of this is very low.

Importantly, in the data set shown in Fig. 5.8 the uptake levels are very similar meaning

that the groups can easily be compared in terms of treatment response.



5.3. - In vivo heating capabilities of resonant and non-resonant nanoparticles 65

Bl sio,AuNs 150 nm AuNP [T 80 nm AuNP

A

5 6-

4_

g 1
4_

g = i
5 g
S 29 £
8 % 2-
S =

1_

0- 0- _

Baseline day O day 2 Baseline day O day 2

Figure 5.8: Analysis of the ®*FDG uptake in the tumors. (A) Mean '8FDG uptake over the time
course of the study for each of the three subgroups: silica-gold nanoshells (n = 4), 80 nm gold
nanoparticles (n = 3), and 150 nm gold nanoparticles (n = 3). (B) The maximum *FDG uptake
for the same data as shown in (A). We do not observe any development in the mean or in the
maximum uptake over time indicating that either the therapeutic response is absent or restricted to
a very local region within the tumor volume. As we have seen indications of a treatment response,
at least in the silica-gold nanoshell receiving group, we assume that the latter explanation is the
reason. Error bars represent SEM.

Thresholded volume based on reduced *FDG uptake

Since the therapy is so local, the fraction of the tumor volume that has lost activity because
of the treatment might carry more information about the treatment response than the mean
metabolic activity. The affected volume can be quantified by generating an additional VOI.
The VOI is set by the assumption that tissue that has been irreversibly damaged by the
therapy has a lower '8FDG uptake due to loss of metabolism. The threshold value is set
to 30% of the maximum 'FDG uptake and hence returns the volume where cells have a

metabolic activity reduced to 0 - 30 % of the maximum (see Fig. 5.9A).

From this analysis we clearly see a treatment response in the group that receives silica-gold
nanoshells as the thresholded volume increases substantially from the baseline PET scan to
after the treatment. The other two groups, receiving the 80 and 150 nm gold nanoparticles,
show no sign of treatment response. As this thresholded volume could be influenced by
necrosis, in particular in larger tumor volumes, the volume fraction (thresholded volume per
total volume) is also calculated to exclude such effects (see Fig. 5.9B). The largest volume
with reduced activity is observed in the silica-gold nanoshell group with a volume fraction
of ~ 17 %. Based on this small overall percentage, we can conclude that the treatment is
indeed confined to the local environment surrounding the nanoparticles and that it makes

sense that we cannot see a change in the mean FDG tumor uptake (see Fig. 5.8).
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Figure 5.9: Analysis of the tumor volume affected by the treatment. (A) The volume of the
tumor showing 0 - 30 % metabolic activity of the maximum. The silica-gold nanoshell group has a
substantial increase in the thresholded volume post-treatment indicating therapeutic induced cell
ablation. The other two groups, receiving the 80 and 150 nm gold nanoparticles, show no sign of
therapeutic response. (B) The volume fraction of the tumor showing 0 - 30 % metabolic activity
of the maximum, follows the same tendency as in (A). The percentage of the total volume having
a therapeutic response is < 20 %, indicating that the treatment is highly localized. Error bars
represent SEM.

High laser group

As the 80 and 150 nm gold nanoparticles showed no effect in the study, we were motivated
to conduct a new experiment where the laser power was increased from P = 300 mW to P
= 500 mW. In this study we included the control group with mice receiving saline and laser
irradiation, as we expect that if there is no therapeutic effect at the high laser power, there
should neither be any effect at lower laser powers.

We did not observe any scabs in the initial study, but we did see mild flushing on the skin
covering the treated area in the group receiving silica-gold nanoshells. As the mice must not
suffer pain or distress we have to euthanize them if they develop burn blister. Therefore,
the silica-gold nanoshells were left out of this study. Hence, we had three groups with mice
receiving 80 nm gold nanoparticles (n = 3), 150 nm gold nanoparticles (n = 2), or saline
(control group; n = 3). Unfortunately one of the mice was omitted from the 150 nm gold

nanoparticle group due to technical difficulties with the PET scanner.

Mean and maximum "*FDG uptake

The mean and maximum *FDG uptake in the tumors are shown in Figure 5.10. As in
the first photothermal study (see Fig. 5.8), the mean and the maximum "*FDG uptake

in all groups are not significantly different, even after the laser treatment. Interestingly
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there is a small increase in the saline receiving group (the observation is not statistical

significant).
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Figure 5.10: Analysis of the '8FDG uptake in the tumors. (A) Mean 8FDG uptake over the
time course of the study for each of the three subgroups: 150 nm gold nanoparticles (n = 2), 80
nm gold nanoparticles (n = 3), saline (control group; n = 3). (B) Maximum 'FDG uptake for
the same data as shown in (A). We do not observe any development in the mean or the maximum
uptake over time indicating that either the therapeutic response is absent or restricted to a very
local region within the tumor volume. Error bars represent SEM.

Thresholded volume based on reduced *FDG uptake

The lack of metabolic change in the groups receiving both nanoparticles and laser treatment
could be due to either no effect of the therapy, or because the treated volume is too small
to enable a detectable change in the mean '8FDG uptake. Hence, we threshold the ¥*FDG
uptake, in a similar fashion as done in the low laser power study, and obtain both the
thresholded volume and the volume fraction, that has a metabolic activity reduced to 0 - 30

% of the maximum. The results are shown in Figure 5.11.

One mouse in the 150 nm gold nanoparticle group has an increased threshold volume after
the treatment that remains for the next two days. However, as this data set only contains
two data points, where one of them is non-responsive, it is difficult to make any conclusion.
The group receiving 80 nm gold nanoparticles has no significant increase in the thresholded

volume.

The saline receiving group serves as a control to confirm that the NIR laser alone does not
induce tissue damage. In addition, we also did a control study to confirm that the intratu-
morally injected nanoparticles also do not possess any toxic effects within the time course
of this study. This control study was conducted according to the experimental protocol but

without irradiating the nanoparticle-laden tumors. We did not observe any tissue damage
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Figure 5.11: Analysis of the tumor volume affected by the treatment. (A) The volume of the
tumor showing 0 - 30 % metabolic activity of the maximum. (B) The volume fraction of the
tumor showing 0 - 30 % metabolic activity of the maximum, shows the same tendency as in (A).
In the group receiving 150 nm gold nanoparticles there is one mouse that show a response to the
treatment with a thresholded volume fraction of ~ 15 % of the total volume. The group receiving
80 nm nanoparticles, has no therapeutic response. The lack of response in the saline group serves
as a positive control for the therapy. Error bars represent SEM.

(the data is not analyzed quantitatively; only visually inspected by reconstructed PET im-
ages and the resected tumor tissue). In conclusion, the therapeutic intervention requires the

presence of both nanoparticles and laser irradiation.

Statistics

At the different time points in the data containing the thresholded volumes (Fig. 5.8)
groups were compared using one-way ANOVA with Tukeys post hoc test. Using this test
the mean is compared with every other mean under the assumption that the data is normally
distributed.

All multiple comparison tests for the 80 and 150 nm gold nanoparticle groups showed no
statistical significance (all p-values were > 0.9). However, when comparing the silica-gold
nanoshells group on day 0 and day 2 to the other groups (including the saline group), the
p-values were < 0.18. If comparing the silica-gold nanoshell group at day 2 with the 150 nm
gold nanoparticles and the saline groups, the data in fact represented a statistical significance,
ie. p < 0.05.

Clearly the statistics are fairly poor. It reflects that the number of subjects in these compared
experiments is very low and we expect that the statistics become better if we include more

animals in each group.
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High nanoparticle dose

The treatment efficacy is also dependent on the dose of delivered nanoparticles [85]. Hence,
we conducted a single experiment where the concentration of 80 nm gold nanoparticles was
increased by a factor four (i.e., 50 ul of 2x10'! nanoparticles/ml are injected intratumorally;
P = 100 mW). The whole-body "®FDG uptake is shown Figure 5.12.

Baseline

Figure 5.12: PET evaluation of the treatment response. The images show the coronal planes of
the "®FDG body distributions of a mouse receiving a higher dose of 80 nm gold nanoparticles and
a laser power of P = 100 mW. White arrows mark where the nanoparticles were intratumorally
injected and subsequently irradiated with the NIR laser. By increasing the dose of nanoparticles a
treatment response can be achieved, that remains after 2 days (marked by red arrows).

By visual inspection of the PET scans, it is clear that there is a region in the tumor where
the FDG uptake is reduced after the treatment (marked by red arrows in Fig. 5.12; effect
is not quantified). It should be mentioned that these images are scaled differently than those
shown in Fig. 5.7 and therefore cannot be compared directly. However, the point was to
prove that a photothermal response can be achieved with the 80 nm gold nanoparticles as

well, by tuning the experimental parameters, e.g., the delivered nanoparticle dose.

5.4 Discussion

In this in vivo study we used PET/CT imaging to benchmark the photothermal capabilities
of NIR resonant silica-gold nanoshells to those of non-resonant gold nanopaticles in tumor
bearing mice. To control the number of nanoparticles in the tumor directly, we used in-
tratumoral injection for delivery of the nanoparticles as opposed to systemic administration
where nanoparticle tumor accumulation is size dependent.

We found that intratumorally delivered silica-gold nanoshells have a strong, but very local-
ized, treatment response upon NIR irradiation. In this study we could detect any significant
therapeutic difference between the 80 and 150 nm gold nanoparticles. However, by in-
creasing the concentration of the nanoparticles or the laser power, our results indicate that

photothermal ablation is also achievable with non-resonant nanoparticles. The treatment
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response observed in the silica-gold nanoshell receiving group, was found to be effective only
in the local environment of the nanoparticles. In addition, we found that neither NIR laser
irradiation alone nor the intratumoral presence of nanoparticles in itself, pose any harm to
the tissue. These are promising results for the applicability of this photothermal strategy as
it is aimed at being specific to only cancerous tissue and at having minimized invasiveness

compared to traditional cancer therapies (e.g., radiation and chemotherapy).

Interestingly, there is a small tendency in the saline receiving group that the ¥FDG uptake
increases through the time course of the study (see Fig. 5.10; this is not statistically proven).
In contrast, all the nanoparticle and laser receiving groups have unchanged *FDG uptake
levels (see Fig 5.8 and Fig. 5.10). Cells that receive damage by, e.g., mild hyperthermia, tend
to go into a state where division is arrested while the cells attempt to repair the damages.
We propose, that even though we cannot detect any therapeutic effect in the groups receiving
80 or 150 nm gold nanoparticles, the cancer cells might still be in a stressed state induced
by, e.g., mild hyperthermia. Using *FDG we only obtain information about the metabolic
state, that is maintained as long as the cells are still alive. Therefore, cell proliferation
would be a good complimentary measure of the physiological state of the cells. The PET
tracer, 3’-deoxy-3 -[18-F]fluorothymedine (*¥FLT), is a thymidine analogue, that is needed
for DNA replication. Hence, we propose that ' FLT should be investigated in combination
with FDG to obtain more detailed information of the functional state of the tumor upon

photothermal therapy [80].

Due to the relative low numbers of mice investigated in each group, the results in this compar-
ative study are accompanied with fairly large uncertainties. We believe that the treatment
response is highly dependent on how well the intratumoral injection was executed: If the
nanoparticles were injected too deeply into the tissue, the effective radiation power could be
substantially reduced because of tissue attenuation. Furthermore, if the nanoparticles leaked
out when the needle was withdrawn, the effective nanoparticle dose in the tumor volume

would be reduced.

It is clear that we need to include more subjects in each group to make any valid quantita-
tive conclusions. However, we have proven that PET/CT imaging can be used to evaluate
treatment responses as early as an hour after the therapeutic intervention. In addition,
we have shown that in an in vivo context, where the number of particles are kept con-
stant by delivering them via intratumoral injection, the silica-gold nanoshells are the best
NIR light-to-heat converters. Our results show qualitative indications that the 80 nm gold
nanoparticles, in high doses, can induce cell ablation (see Fig. 5.12). In a study where the
particles are delivered by intravenous injection, we expect the 80 nm gold nanoparticles to
have a higher passive tumor accumulation than the larger nanoparticles examined in this

study, that accordingly would enhance their effective photothermal capabilities.
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Conclusion

6.1 Conclusion on plasmonic nanoparticles for

photothermal cancer therapy

This part of the thesis work contains a comparative study of the capabilities of NIR resonant
silica-gold nanoshells as photothermal transducers to those of non-resonant colloidal gold
nanoparticles with two different sizes. We use these particular nanoparticles as they are
commercially available and because they represent three distinct classes: The 150 nm silica-
gold nanoshells have optimal NIR optical properties, the 80 nm gold nanoparticles have
an optimal size for tumor accumulation by systemic administration, and the 150 nm gold
nanoparticles represent the a group that neither have NIR resonance nor are optimal in size.
The aim of this project was to develop a strategy that can help answering the question in the
literature regarding which nanoparticle is the optimal for photothermal cancer therapy. Our
long-term goal is to develop a clinical protocol for photothermal cancer therapy, that based
on PET/CT evaluation can be used to tailor the best treatment strategy for the individual

patient, and that can be used regardless of which plasmonic nanoparticle is utilized.

The heating capability of each of the plasmonic nanoparticles was assessed in vitro using a
3D assay based on a lipid membrane vesicle. The vesicles had a well-characterized phase
transition incorporated with phase sensitive fluorescent dyes [74,76]. The assay directly
returned the distance at which the heating of a trapped nanoparticle induced local melting
of the membrane that via the Goldenberg relation [77], was used to calculate the temperature
increase at the surface of the nanoparticle. We found that the surface temperature increase
of the silica-gold nanoshells was highest as anticipated. Surprisingly, we found that the 80
nm gold nanoparticles obtained a slightly higher surface temperature than the 150 nm gold

71
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nanoparticles, contradicting the linear relationship between the absorption cross-section and
the volume of the particle.

It has previously been shown that larger 3D optically trapped nanoparticles (> 100 nm)
exhibit reduced heating compared to smaller nanoparticles as they stably trap in front of
the laser focus, effectively reducing the radiance power [74,75]. By mapping the trapping
position of each of the nanoparticles we found that the 150 nm gold nanoparticles indeed did
trap about 100 nm in front of the other two nanoparticles. This can explain the discrepancy
between the measured heat generations and the calculated absorption cross-sections of the
80 and 150 nm gold nanoparticles.

In the light of these results, the next step could be to examine the heat generation properties
of the three nanoparticles in the 2D lipid assay developed by Bendix et al. [25], where the

particles are immobilized, and see if the heating tendencies prevail in this assay.

According to the theoretical FEM-based calculations provided by Pengfei Tian, the absorp-
tion cross-section of the silica-gold nanoshells was orders of magnitude larger throughout
the entire NIR region compared to the other two nanoparticles. Therefore, they should be
the obvious choice as the best photothermal transducers of the three we have examined
(which is also confirmed in our in vitro experiments). However, as stated in the beginning,
the best light-to-heat converter on a single particle level might not be the best in a thera-
peutic context. Factors such as the nanoparticle accumulation and plasmon hybridization,
that in particular become significant in the tumor microenvironment, are unaccounted for in
the theoretical calculations and single particle experiments. We therefore also investigated
the photothermal capabilities of the three nanoparticles in tumor human xenografts in mice

using intratumoral delivery of the nanoparticles and PET/CT treatment evaluation.

Mice were divided into four groups with comparable total tumor volume and received either
silica-gold nanoshells, 80 nm gold nanoparticles, 150 nm gold nanoparticles, or saline (con-
trol). A constant number of nanoparticles was injected intratumorally and irradiated with
NIR light. PET imaging, using a glucose analogue as tracer ('8FDG), was used to evaluate

the treatment response, immediately after the therapy, and two days post-treatment.

The treatment evaluation showed that the silica-gold nanoshell receiving group, achieved the
biggest treatment response as expected. In addition, we found that the treatment was only
effective in the local environment of the nanoparticles, which is in agreement with the sizes
of the melting profiles that were found in the in wvitro studies. These results highlight the
high spatial control and minimized invasiveness of the therapy.

In the experiments using a low nanoparticle dose and a low laser power, we could not detect
any quantitative treatment response in the 80 and 150 nm gold nanoparticle groups. Based
on this study, we must conclude that the effect of plasmon hybridization, if it is present,

is not enough to enhance the colloidal gold nanoparticles’ NIR optical properties so they
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become comparable with the resonant silica-gold nanoshells. However, for higher nanopar-
ticle doses we saw that photothermal ablation can also be achieved with these non-resonant
nanoparticles. These findings are highly relevant as the tumor accumulation upon systemic
administration most likely favors smaller nanoparticles (i.e., sub-100 nm dimension), that

potentially can counterbalance the lack of optical resonance in clinical implementation.

As the FDG uptake level remained unchanged during the study course for all the groups
except for the control that received laser treatment alone, we suggest that the non-resonant

nanoparticles potentially can generate sufficient heating to induce tumor growth arrest.

In conclusion, we have developed a strategy that can be used to quantify the photothermal
effect at a single particle level as well as in a therapeutic context. We propose that the
strategy can be used to evaluate any type of nanostructure and different tumor models,
and that it applies to systemic administered nanoparticles as well. Based on the broad
applicability, we anticipate that this strategy has great potential for clinical evaluation of
plasmonic nanoparticle-mediated photothermal cancer therapy, and that it can be used as a

tool to develop a personalized therapy.

The long-term effect of gold nanoparticles in the body remains an open question and is the
bottleneck for clinical approval of nanoparticle-mediated photothermal therapy. However,
innovative strategies can in some cases be the only option for a patient with poor prognosis

therefore the risk/benefit ratio should be considered for such therapies.

6.2 Outlook

In this study we aimed at strictly comparing the optical properties of the different types of
promising plasmonic nanoparticles and at finding out if PET/CT imaging could be used as
a reliable method for treatment evaluation. Therefore, all other experimental parameters
were kept constant. For future studies, we aim at transitioning to systemic administration
of the nanoparticles by intravenous injection and passive tumor accumulation, that is a
more clinically relevant delivery method. For proper assessment of the nanoparticles’ ability
to actually accumulate in the tumor (the EPR effect is particle size dependent) we are
currently conducting biodistribution studies on all three nanoparticles using ICP-MS. We
are anticipating that the number of tumor-delivered nanoparticles will vary between the
groups, the 80 nm nanoparticles having the highest uptake.

The first and most essential study, after obtaining the biodistributions, will be to examine
the effect of laser power and exposure time over longer study periods. We have already seen
indications in this study that these parameters can tune the treatment response (see Fig.
5.11 and 5.12).
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A lot of previous studies report development of scabs in the high-responsive groups after laser
treatment [86]. In contrast, mice that only responded partially showed reappearance of tumor
cells after ~ 20 days [6,86]. In radiotherapy, multiple smaller doses can be more effective
than one big dose. Motivated by this we will examine the effect of multiple laser treatments
to nanoparticle-laden tumors with more conservative laser powers. We anticipate that this
strategy can increase the tumor regression and minimize invasiveness, e.g., occurrence of
scabs, that comprise a risk of infection and is unpleasant for the patient.

For better execution of multiple laser treatments, information about where the particles are
located inside the body or even in the tumor microenvironment at any time point after
initial administration is crucial. We aim at combining PET/CT-based evaluation with an
imaging modality such as MRI, that would enable us to follow the tumor accumulation of
nanoparticles in real-time as well assess if they remain in the tumor for subsequent laser
treatments [43].

For a more thorough evaluation, we are also planning on including *FLT for PET evaluation,

to include assessment of cell proliferation after the photothermal therapy.

The maximal penetration depth is both wavelength and tissue specific as scattering and ab-
sorption, perfusion, and pigmentation vary between tissues [91]. It would be highly relevant
to investigate the tissue photo-diffusion and heat dissipation as a function of wavelength in
biologically relevant phantoms [92]. We anticipate that the therapy, in particular in larger
tumors, would benefit of higher irradiation doses or exposure times. There could also be an
advantage in delivering the laser from several directions that would distribute the deposited
energy over a larger region (in contrast to a irradiating from only one direction where the
near region of the tumor might be overheating while the rear region is unaffected).

The size of the tumor potentially plays a large role in: 1) how well the particles are accumu-
lating in the tumor, and 2) how the particles distribute inside the tumor microenvironment.
The relation between the tumor volume and the efficiency of photothermal therapy can be
investigated both in tumor bearing mice and in phantoms where the nanoparticles are de-
posited differently (e.g., a large fraction of nanoparticles in the periphery versus a uniform
distribution).

In conjunction with optimizing laser delivery and investigating the role of the tumor size,
we are also aiming at implementing orthotopic tumor models as was done in a brain tumor
study in hound dogs [93]. Orthotopic models are tumors that are implanted into their normal
occurring place in the body and therefore mimic natural tumors better than subcutaneous
xenografts. They are considered to be more clinically relevant and a better predictive tool

of therapeutic interventions.

Finally, other plasmonic nanoparticles could be investigated for photothermal therapy using
the strategy developed in this project. We have shown that nanoshells are good photother-

mal transducers both at the single particle level (in vitro), and upon intratumoral injection
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in tumor bearing mice (in vivo). However, their applicability is somewhat limited by their
relatively large scattering to absortion efficiency [69] and their synthesis limitations to di-
ameters larger than 100 nm. The size and low absorption issues have been solved with the
nanomatryoshkas that are the next generation of multi-layered NIR plasmonic nanoparticles.
These are unfortunately still not commercially available and have until recently been difficult
to fabricate in large-scale [6]. Alternatively, Ma et al. [68] showed that titanium, that is also
biocompatible, and has a high photothermal conversion in the NIR region. Hence, it would

be interesting to include titanium nanoparticles in a future comparative study.

6.3 Conclusion on epigentics studied in the model

system of Bacteriophage \

Using a novel single molecule assay we investigated the regulatory effect of DNA supercoiling
on the Cl-mediated DNA loop that constitutes the epigenetic A switch [1,2,4]. We found
that the internal DNA dynamics were greatly enhanced in supercoiled plasmids compared
to relaxed plasmids. We examined the DNA looping probability as a function of CI concen-
tration on the supercoiled DNA and found that it was increased for lower concentrations of
CI in comparison to what was reported in a study on linear relaxed DNA [3]. The transition
between looped and unlooped states was found to be a cooperative process, confirmed by a
Hill Coefficient of 2.5. Using a thermodynamic model, free energies for the looping transition
on supercoiled DNA were extracted that were in better agreement with in vivo observations
than those obtained on linear relaxed DNA [1]. In conclusion, our single molecule analysis
showed that DNA supercoiling enhanced the switch-like nature of Bacteriophage A and that

the lysogenic state is robust to transcriptional noise.
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This protocol describes how to monitor individual naturally supercoiled circular DNA plasmids bound via peptide nucleic acid (PNA)
handles between a bead and a surface. The protocol was developed for single-molecule investigation of the dynamics of supercoiled
DNA, and it allows the investigation of both the dynamics of the molecule itself and of its interactions with a regulatory protein.
Two bis-PNA clamps designed to bind with extremely high affinity to predetermined homopurine sequence sites in supercoiled DNA
are prepared: one conjugated with digoxigenin for attachment to an anti-digoxigenin-coated glass cover slide, and one conjugated
with biotin for attachment to a submicron-sized streptavidin-coated polystyrene bead. Plasmids are constructed, purified and
incubated with the PNA handles. The dynamics of the construct is analyzed by tracking the tethered bead using video microscopy:
less supercoiling results in more movement, and more supercoiling results in less movement. In contrast to other single-molecule
methodologies, the current methodology allows for studying DNA in its naturally supercoiled state with constant linking number
and constant writhe. The protocol has potential for use in studying the influence of supercoils on the dynamics of DNA and its
associated proteins, e.g., topoisomerase. The procedure takes ~4 weeks.

INTRODUCTION

Single-molecule investigations have proven to be successful for
unraveling spatial and temporal information hidden in classi-
cal ensemble studies, for instance, the typical stepping size of
a single molecular motor and its instantaneous velocities!. By
using force-manipulation techniques?, the force required to
stall a molecular motor, as well as the mechanical properties of
a biopolymer undergoing rupture, stretching or twisting3, have
also been investigated.

Despite the fact that the natural state of DNA inside a living
cell is supercoiled, single-molecule investigations of DNA are
typically carried out on linear DNA; that is, on a DNA tether with
two ends that can be free or attached to a bead or a molecule,
or on linear DNA on which supercoils were externally imposed
using magnetic tweezers. This is true, e.g., for investigations of
DNA’s elasticity®> and interaction with DNA-associating pro-
teins®-11, as well as of the DNA looping caused by regulatory
proteins!2-15. Before regulatory proteins, such as A repressor
protein (CI), attach to their specific DNA sites, they search the
DNA to find the attachment sequence. The search mechanisms
of proteins along the DNA may differ between linear and super-
coiled DNA: on a supercoiled DNA the juxtaposition of any two
sites markedly further apart than the dsDNA persistence length
(which is defined as the length over which the polymer appears
straight with respect to thermal fluctuations) is more frequent
than on relaxed DNA!6:17. This is because the dsDNA appears
floppy and easily folds on length scales larger than the dsDNA
persistence length. At a juxtaposition site, a protein bound to the
DNA backbone can jump more quickly to the juxtaposed site
than if the protein had to stroll along the entire backbone!8. As
the natural state of DNA is the supercoiled state, this is the most
relevant state to study when probing the physical, chemical and
dynamical properties of DNA itself, as well as its interaction with
associated molecules.
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Development of the protocol

Nielsen and co-workers!%20 developed a method to attach super-
coiled circular DNA to a streptavidin-coated polystyrene bead
via a biotin-PNA conjugate. Recently, we exploited this method
to analyze supercoiled circular DNA by tethered particle motion
(TPM; see an overview of the main steps involved in Fig. 1). In
our approach, the DNA is tethered with two PNA handles: one site
of the plasmid was bound via the biotin-PNA to a streptavidin-
coated polystyrene bead, and another site of the plasmid was
bound via digoxigenin-PNA to an anti-digoxigenin-coated
surface!® (Fig. 2). The PNA handles bound specifically at their
designated targets on the circular DNA, as determined by both
electrophoretic mobility shift and single-molecule analysis. By
using this construct and recording the thermal fluctuations of a
reporter bead, we compared naturally supercoiled circular DNA
with circular relaxed DNA (DNA with the identical sequence,
which had been ‘relaxed’ by treatment with a nicking enzyme).
The internal dynamics of the two forms of DNA plasmids were
determined by calculating the autocorrelation between the posi-
tions visited by the reporter bead in the TPM time series. The
supercoiled DNA showed a faster juxtaposition rate (the fre-
quency with which two sites on the DNA are in vicinity of each
other) than the relaxed DNA. We interpret the faster juxtaposition
rate as the supercoiled form having a smaller number of accessible
states; hence, two separated sites along the DNA contour are more
often juxtaposed.

By using this assay, we determined the probability of A repressor
CI-mediated looping in the model system of bacteriophage A, in
which CI binds cooperatively to the A operators and clamps them
together. The plasmid contained the entire A immunity region
(~2.3 kbp) flanked by the A operators (Fig. 3). The PNA target
sites were placed as closely as possible to the two A operators to
enhance the ability to observe CI clamping. We found that the
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Figure 1 | Flowchart of the entire procedure providing an overview of the
main steps involved in developing the assay and performing tethered particle
motion experiments.

efficiency of the so-called A switch substantially increases and
the Hill coefficient rises on supercoiled DNA as compared with
linear DNA or relaxed plasmids!¢. These findings infer that the
transition between the CI-mediated looped and unlooped states
occurs exactly at the CI concentration corresponding to the mini-
mum number of CI molecules capable of maintaining repres-
sion of cI transcription?!. Hence, as CI concentration declines
during induction, the supercoiled state prevents autoregulation
of cI from interfering with induction?!.

Future applications

This method is immediately applicable to examine the interactions
between DNA in its natural supercoiled state and proteins that
associate with DNA. So far, essentially all single-molecule DNA-
protein studies have characterized protein interactions with linear
DNA molecules or with linear DNA molecules that were mechani-
cally twisted to impose supercoils!2-1.22.23 Similar studies
could be conducted using naturally supercoiled DNA. There is
reason to believe that the topology and tertiary structure of the
DNA in itself has a role in regulating protein interactions. Hence,
the behavior observed with supercoiled DNA may differ from the
behavior observed with linear DNA. One interesting possibility
could be to address the effective nonspecific DNA binding by
site-specific DNA-binding molecules. To this end, DNA lacking
the binding site could be introduced into the prepared sample
chambers together with the binding protein; the nonspecific DNA
could be random linear fragments or purified supercoiled DNA,
and the results could be compared with an experiment in which
the nonspecific DNA was omitted. Similarly, the effect of potential
cofactors such as general DNA-binding proteins and metabolites

PROTOCOL |

could be examined?3. In addition, with few modifications, the
assay could examine the behavior of topoisomerases on single
molecules of circular DNAZ4. The assay can also be used to explore
the physical properties of the supercoiled plasmid itself, e.g., the
stiffness of the system?3. As PNAs can also bind to plasmid DNA
that can be transported into the cytoplasm and even into the
nucleus26, it is also possible to bring the PNA handles into the
cytoplasm. Furthermore, micro- or nanoparticles can be brought
inside the cell?’, and via the PNA handles they can be attached to
chromosomal DNA. By such a construct one can use, e.g., optical
or magnetic tweezers to study the forces acting on chromosomal
DNA during cell division.

Comparison with other methods

The most commonly used geometry for studying DNA elasticity,
protein association, supercoiling or protein-mediated looping
at the single molecule level has been the linear assay, in which
a linear DNA tether has been attached at one end to a surface
and at the other end to a bead. The bead is then manipulated
by optical or magnetic tweezers!>24, or its thermal fluctuations
are studied by TPM12:28, In such tethered linear DNA assays, the
dynamics of the molecule are found by monitoring the position
of the bead with a camera. TPM, in which supercoiling has been
introduced on a linear tether using magnetic tweezers, presents
a challenge in that it can be difficult to distinguish two different
events, e.g., change in writhe and protein-mediated DNA looping,
which both cause an overall change in the length of the tether. The
assay described in the current protocol has the advantage that the
linking number of the circular plasmid is locked, as there are no
free ends to rotate. In addition, we never observed a writhe change
of the plasmid alone, possibly owing to the fact that the bead is too
large to go through the plasmid circle. Hence, the plasmid stays in
its natural supercoiled conformation during the experiment. As
the writhe number remains constant, any changes in measured
tether length can be attributed to protein-DNA interactions rather
than to changes in supercoiled state. Of course, if one studies a
catalytic protein such as topoisomerase with the plasmid assay,

Y Yy Yy ® v

Y Y

Figure 2 | Sketch of the naturally supercoiled DNA to which two PNA
handles (yellow) are specifically attached. One PNA is biotinylated (red
oval) and it can specifically attach to a streptavidin (blue cups)-coated
bead. The other PNA is digoxigenin-labeled (orange square) and it
specifically attaches to an anti-digoxigenin (blue Y)-coated surface.
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Figure 3 | Constructed plasmids. (a) 117 base pairs reside between the edges
of the target of PNA1021 (biotin-labeled) and OR. 79 base pairs reside between
the edges of the target of PNA3593 (digoxigenin-labeled) and OL. The purple
part corresponds to the A immunity region. The operators OL and OR can be
clamped by the CI protein. (b) Illustration of the need to make the plasmid

in a recA- strain. Shown is an ethidium bromide-stained agarose gel of DNA
electrophoresed in TAE buffer. Lane 1: a 7.6-kb plasmid prepared from a recA-
strain. Lane 2: same as Lane 1, but diluted tenfold. Lane 3: The 7.6-kb plasmid
used in lanes 1 and 2 linearized with a restriction enzyme that cuts the plasmid
once. Lane 4: A 7.6-kb plasmid >99.9% identical in sequence to the plasmid
used in lanes 1-3 but prepared from a recA* strain. Lane 5: The 7.6-kb plasmid
used in lane 4 linearized with a restriction enzyme that cut the plasmid once.
Lane 6: 0.5 g of A DNA cut with HindIII. R and S indicate, respectively, the
mobility of relaxed and supercoiled plasmid in lanes 1 and 2. L indicates the
mobility of linearized DNA in lanes 3 and 5. The plasmid preparations had

been stored at 4 °C for 5 years. (c) Schematic drawing of the bis-PNA dsDNA
triplex invasion complex (purple), showing how one PNA (Watson-Crick) strand
replaces the sequence identical DNA strand (now forming a single-stranded
loop), whereas the other (Hoogsteen) PNA strand stabilizes the internally
formed PNA-DNA duplex via binding the major groove of this, forming a very
stable PNA-DNA-PNA triplex. (d) The base triplets that are responsible for this
binding (purple). Because such stable triplexes are only formed with adenine
and guanine in the DNA, this type of PNA triplex invasive binding requires

a homopurine DNA target. Furthermore, the C-G-C triplet requires an N-3
protonated cytosine, and because the pKa of cytosine is 4.5 (in solution) a
triplex with cytosine has markedly reduced the stability at neutral pH. However,
by using the pseudoisocytosine isomer, the pH dependence is minimized.

the linking number, as well as twist and writhe, would be expected
to change upon enzymatic action. Furthermore, the assay allows
for investigation of circular DNA, as the attachment of the PNA
handles does not require single-stranded overhangs at the end
of the tether. TPM studies on linear relaxed DNA have provided
great insights into processes such as protein-mediated DNA loop-
ing. However, the thermodynamic parameters identified in these
studies found that additional features must have a role (possi-
bly tertiary structures as caused by supercoiling) in order for the
interactions to be as efficient as those observed in vivol14.

Experimental design

Plasmid design. The plasmids used in the study presented
in Norregaard et al.16 were designed to contain the A operators,
OR and OL (operator right and operator left), and the entire
immunity region of bacteriophage A of ~2.3 kbp. The target
sites for the PNAs flanked the A operator sites. The total
length of the plasmid was 5,546 bp (Fig. 3a). A chloroquine gel
(shown in Fig. 4) examination of the purified supercoiled plas-
mid found that the preparation was composed of a population of
supercoiled species varying in at least ten states of supercoiling.
This variation was reflected in our TPM experiments, in which
many different overall lengths of the supercoiled plasmid were
observed. In addition to the naturally supercoiled DNA plasmid,
we prepared a plasmid that was relaxed by nicking with a single-
stranded endonuclease.

Strain choice. As the plasmids must be monomer circles for
simple interpretation of the TPM data, the host strain must
be recombination-deficient (recA~). We chose a strain bearing
a reporter that would allow us to genetically characterize our
constructs!®, but any recA~ strain repressing any toxic genes on
the plasmid and producing the desired DNA modifications should
be suitable2®. Once introduced into a recA~ strain, the multimeric
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state of the plasmid is ‘locked’. That is, if introduced as a monomer,
it propagates as a monomer. If introduced as a dimer, it propa-
gates as a dimer and so on. In a Rec* strain, the plasmid exists
in an array of multimeric states (Fig. 3b). If the plasmid after
purification is not a monomer, it can easily be converted to a
monomer by digestion with a restriction endonuclease that cuts
only once in the plasmid, ligation under dilute conditions to favor
intramolecular ligation and transformation into a recA~ strain.
The multimeric state of the plasmid can be determined by partial
digestion with the same restriction endonuclease, followed by aga-
rose gel electrophoresis and staining with ethidium bromide.

Although plasmids will not recombine in a recA~ strain, they
can form catenates. That is, two circles can be interlocked. As
much as 1% of our plasmids appear to be catenates, as determined
by agarose gel electrophoresis after relaxing the plasmid prepara-
tion with a single-strand nicking endonuclease. The anisotropic
and diminished diffusion of the tethered bead (as detailed in the
PROCEDURE) permits elimination of catenates with appropriate
selection criteria.

Choice of PNA targets and design of bis-PNAs. Binding of bis-
PNAs30 to double-stranded DNA via PNA triplex invasion requires
opening of the DNA duplex and formation of a PNA-DNA:PNA
triplex clamp on the homopurine strand3!. In this triplex, one
PNA strand binds the DNA in an antiparallel orientation (PNA
C terminus facing the 5'-DNA end) target by Watson-Crick base
pairing, whereas the other PNA strand binds the thus-formed
PNA-DNA duplex in a parallel orientation by Hoogsteen base
pairing. A homopurine target is necessary for the formation of
Hoogsteen base pairing in the PNA,DNA triplex (Fig. 3c). PNA
targets must be homopurine tracts of no fewer than eight and
optimally ten bases to allow effective and stable triplex invasion
with optimal stability and sequence discrimination. Furthermore,
the target should not be too G-rich (maximum 50-60%), and the
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Figure 4 | Electrophoretic analysis of materials. (a) Distribution of supercoils
assessed by a chloroquine gel. Lanes 1-4 are serial fourfold dilutions of the
plasmid preparation pSB4357. Lane 5 is linearized plasmid DNA, and lane 6
contains size standards. A simple gel band quantification analysis using ImageJ
of lane 2 shows that there are at least ten different supercoiled conformations
in our sample. This gel is reproduced from Norregaard et al.16 with permission.
(b) Initial identification of PNA concentrations. The target of PNA1021,
AAGAAGAAAA, is adjacent to an Xbal restriction recognition site and resides

in the 188-bp HinfI fragment. This fragment migrates as the band marked a,
and it is present in lane 3 but absent in lane 1. Lane 4 shows that the lowest
concentration of PNA1021, 0.1 UM, reduces the amount of target fragment
migrating at the same mobility as the naked DNA. The target of PNA3593,
AGAGAAAGAA, is adjacent to an Xhol restriction recognition site.

It resides within the band marked b and is present in lane 3 but absent in lane 2.
Lane 7 shows that the lowest concentration of PNA3593, 0.1 uM, reduces the
concentration of this fragment migrating at the same mobility as the naked DNA.
At higher concentrations of PNA3593, the mobility of other fragments is altered.
It can be seen in lane 9 that the bands marked c and d are depleted compared
with lane 7. This gel is reproduced from Norregaard et al.16 with permission.

two or more targets required should both differ from each other
and any other sequence in the plasmid by at least two bases. The
bis-PNA is designed with Watson-Crick binding and a Hoogsteen
PNA oligomer connected with a flexible linker typically composed
of three (or four) 8-amino-3,6-dioxaoctanoyl (ethylene glycol)
units. The bis-PNA is synthesized by continuous solid-phase
peptide synthesis and designed such that the Watson-Crick PNA
strand is antiparallel to the purine DNA target and the Hoogsteen
strand is parallel to the purine target (the N terminus of the
PNA corresponds to the 5”-end of the DNA). Although standard
thymine and cytosine bases are used in the Watson-Crick strand,
cytosine (recognizing guanine) should be replaced by pseudoi-
socytosine (WiC: ] base) in the Hoogsteen strand, as this relieves
most of the pH dependence of the DNA binding30: Cytosine
(in contrast with pseudoisocytosine) must be sufficiently pro-
tonated at N3 for Hoogsteen recognition of guanine, and this
requires a pH of <6. Finally, it is reccommended to include three or
four lysine (or €-N,N-dimethyllysine, if postsynthetic, solution-
phase N-conjugation is required) residues to accelerate binding
kinetics of PNA to the double-stranded plasmid DNA32.

Binding of PNA to dsDNA. The slow rate of formation of the
bis-PNA—dsDNA triplex invasion complex is due to the slow rate
of DNA helix opening. However, once formed, the triplex inva-
sion complex is extremely stable. For 10-mer PNAs, the half-life
is many days, even at physiological ionic strength conditions.
If possible, binding should be performed at low ionic strength
(<10 mM) in the absence of Mg2+ and other multivalent cations
(including polyamines such as spermine or spermidine), as these
stabilize the DNA helix, thus reducing DNA breathing and conse-
quently slowing down PNA invasion kinetics. Subsequently, the
medium can be changed for further manipulations (e.g., restric-
tion enzyme cleavage) without substantial PNA-DNA complex
dissociation. Furthermore, as negative supercoiling facilitates
DNA helix unwinding and helix opening, the natural negative
supercoiling of a plasmid can accelerate PNA invasion up to two
orders of magnitude20. Thus, any studies conducted on plasmids
relaxed by nicking should be free of residual supercoiled DNA. We
have observed that isopycnic centrifugation in CsCl with ethid-
ium bromide yields DNA that binds PNA more efficiently than
the commercial cartridge or column purification systems. We
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suspect that some constituents of the initial plasmid lysate such
as polyamines, which inhibit PNA invasion, are more efficiently
removed by CsCl-ethidium bromide purification.

Tethering of the biological construct. One of the PNA handles
is labeled with biotin and the other is labeled with digoxigenin
at the N terminus. By surface functionalization of a cover glass
with anti-digoxigenin and a sub-micrometer-sized bead with
streptavidin, the circular DNA molecule with PNA handles can
be tethered between the surface and a bead (Fig. 2). As a poly-
styrene bead of ~500 nm is too big to rotate through the circular
DNA, the geometry of the circular DNA will remain constrained
by the point of the tethers. Before starting experiments with the
designed assay, a control TPM experiment should be conducted
with three control plasmids to ensure efficient and correct bind-
ing of the PNA to the DNA: one control plasmid lacking the
digoxigenin-PNA target, the second lacking the biotin-PNA target
and the third with both targets intact. Our controls showed that
tethers only formed correctly with the plasmid containing both
PNA targets!o.

The tethered plasmid is subjected to TPM analysis33. This type
of analysis monitors the x and y positions of a particle (in this case
the polystyrene bead) tethered to an x-y plane and performing
Brownian motion. TPM does not directly yield information on
the overall length of the tether, but the overall length is reflected
in the distribution of positions visited by the bead (the longer
the tether, the larger the excursions of the bead). If the tether
is linear, a calibration curve can be made that relates a certain
lateral motion to an overall tether length33. For the naturally
supercoiled plasmids, the spread in linking number and writhe
give rise to a broad distribution of overall tether lengths of the
plasmid (as further detailed in ANTICIPATED RESULTS). This
is even without any clamping proteins present, and therefore it is
not straightforward to make a calibration curve for the construct.
Our linear control DNA had the same length as the shorter arc of
the supercoiled plasmid, and for this linear tether we know the
relation between its overall length and the observed Brownian
motion?28 (as further detailed in the ANTICIPATED RESULTS
section). The symmetry of the positions visited by the tethered
particle gives information on whether the plasmid is catenated
or whether multiple DNA tethers could be attached on one bead.
Both such artifacts give rise to an anisotropic diffusion of the teth-
ered bead. In our experiment, the TPM analysis gave information
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on the kinetics of the plasmids and on the stability of CI-mediated
DNA looping as a function of CI concentration.

Limitations

If one of the PNA handles is attached to a bead that is larger
than a typical opening of the supercoiled DNA (as sketched in
Figure 2), the plasmid geometry is locked and the supercoils
are not able to ‘slide’ freely along the structure, as they probably
do in vivo. This could be resolved by using a smaller marker,
possibly a fluorophore instead of a bead. In conventional TPM
studies using linear tethers, it is possible to establish a well-
defined relation between the tether length and the magnitude
of Brownian fluctuations of the bead and use this as a cali-
bration curve28. For a linear assay, this calibration curve can
give direct information on, e.g., whether a DNA molecule has
been looped by a protein. In the assay described here, there is

a large natural variation in the degree of supercoiling among
the individual plasmids, and the distance between the bead and
the surface will depend on the degree of supercoiling of the
individual plasmid. Hence, a universal calibration curve can-
not be established. A possible protein-mediated DNA looping
is visible through a change in the bead’s thermal fluctuations,
as shown in Norregaard et al.16, and not solely by the size of
the fluctuations at any given instant. In addition, kinetic rates
of protein-DNA interactions may be affected by the degree of
supercoiling in the DNA molecule and on the exact location of
supercoiled domains within the molecule. A final limitation
regards the time scales resolvable by the methodology: at very
short time scales (milliseconds) the motion of a tethered bead
will be autocorrelated!6; hence, it is advisable to use this meth-
odology to investigate biological processes that appear on time
scales larger than a millisecond.

MATERIALS

REAGENTS

A CRITICAL For the preparation of all growth media, do not tighten the
cap of the bottle until it has cooled to room temperature (RT, 20-25 °C).
If the cap is tightened while the contents are still hot, the cooling will create
avacuum. Any dust that falls on the shoulder of the bottle may be drawn in
and may contaminate the medium on opening.

* M63 salts, 5 (see Reagent Setup)

* Acetic acid (glacial; Fluka, cat. no. 45731)

* Activated charcoal (powder; Merck)

* Agar (Becton, Dickinson, cat. no. 214010)

« a-Casein from bovine milk (Sigma-Aldrich, cat. no. C6780)

« a-Casein solutions (see Reagent Setup)

+ Ammonium sulfate (ICN Biomedicals, cat. no. 808211)

« Ampicillin, sodium salt (Sigma-Aldrich, cat. no. A9518)

+ Ampicillin solution (see Reagent Setup)

* Anti-digoxigenin (Roche, cat. no. 11 333 062 910)

* Anti-digoxigenin solution (see Reagent Setup)

* Bl stock solution (see Reagent Setup)

* Bromophenol blue (Serva, cat. no. 15375)

« Casamino acids (CAAs; Becton, Dickinson, cat. no. 228820)

* Cesium chloride (Cabot Specialty Fluids, 99.99%)

« Citric acid (Sigma-Aldrich, cat. no. C-1909)

* Decolorized CAA solution (see Reagent Setup)

* DIEA (N,N-diisopropylethylamine)

« Digoxigenin N-hydroxysuccinimide (NHS) ester (Sigma-Aldrich)

- Distilled H,0O

«DTT

* Dimethylformamide

* Dimethylsulfoxide (DMSO)

* DNA (see PROCEDURE)

* Ethanol (absolute)

* EDTA, disodium salt (Sigma-Aldrich, cat. no. E-1644)

* EDTA stock solution (see Reagent Setup)

+ Ethidium bromide (Sigma-Aldrich, cat. no. E-7637)

* Ethidium bromide solution (see Reagent Setup)

« Ferrous chloride (Aldrich, cat. no. 22,029-9)

* Ferrous citrate solution (see Reagent Setup)

« Ficoll 400

* Glucose (Becton, Dickinson, cat. no. 215530)

* Glucose stock solution (see Reagent Setup)

* Growth medium (see Reagent Setup)

* Hydrochloric acid (Fluka, cat. no. 84419)

« Isopropanol (Fluka, cat. no. 34965)

* Isopropanol saturated with CsCl and Tris-EDTA (TE) (see Reagent Setup)
* K-Ac solution (see Reagent Setup)

« A-Buffer (see Reagent Setup)
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« CI (gift from D. Lewis and S. Adhya, Laboratory of Molecular Biology,
Center for Cancer Research, National Cancer Institute, US National
Institutes of Health)

+ Lysozyme (Fluka, cat. no. 62971)

+ Lysozyme buffer (see Reagent Setup)

+ Magnesium sulfate (MgSO,)

* MgSO, stock solution (see Reagent Setup)

* PBS buffer (see Reagent Setup)

* PEN buffer (see Reagent Setup)

« PIPES (Fluka, cat. no. 80636)

* Plasmid growth medium (see Reagent Setup)

* PNAs, PNA-1021 (biotin-labeled) and PNA-3593 (digoxigenin-labeled;
see Reagent Setup and PROCEDURE)

* Potassium acetate

* Potassium chloride

* Potassium phosphate, dibasic, anhydrous (Sigma-Aldrich, cat. no. 60353)

* Potassium phosphate, monobasic, anhydrous (Fluka, cat. no. 60220)

+ Sample buffer (see Reagent Setup)

* Sodium chloride (Sigma-Aldrich, cat. no. $7653)

* NaOH stock solution (see Reagent Setup)

* NaOH-SDS solution (see Reagent Setup)

* Restriction enzyme(s)

+ SDS (BDH, cat. no. 436696N)

* SDS stock solution (see Reagent Setup)

+ Sodium hydroxide (Riedel-deHaen, cat. no. 30620)

* Sodium phosphate, dibasic

* Sodium phosphate, monobasic

« Streptavidin-coated polystyrene beads (see Reagent Setup; Bangs
Laboratories, cat. no. CPOIN)

* TAE buffer for agarose gel electrophoresis (see Reagent Setup)

* Tris-EDTA (TE) buffer (see Reagent Setup)

« Trifluoroacetic acid; TFA, Sigma-Aldrich)

* Thiamine-HCI (Sigma-Aldrich, cat. no. T4635)

« Tris base (AppliChem, cat. no. A1086)

* Tris-HCI (Sigma-Aldrich, cat. no. T6666)

« Tris-HCl stock solutions (see Reagent Setup)

* Tryptone (Becton, Dickinson, cat. no. 211705)

* Uracil (Sigma-Aldrich, cat. no. U-0750)

« Yeast extract (Becton, Dickinson, cat. no. 212750)

* Yeast-tryptone (YT)-ampicillin plates (see Reagent Setup)

EQUIPMENT

+ Zoom, 1.6 (fits the Leica DMI RB microscope)

+ Collimated LED light source, 360 nm (fits the Leica DMI RB microscope)

« Air incubator (37 °C)

* Beakers

* Bransonic ultrasonic cleaner, model 2510 (Fisher Scientific)
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Figure 5 | Preparation of perfusion chamber. (a) Construction of chamber.
(b) The finished perfusion chamber in the evaporation box. (c) Example of
how to exchange the medium in the perfusion chamber.

* Centrifuge (Sigma-Aldrich 1-13)

+ Clear and brown bottles

« Cover glass, 18 mm X 18 mm, no. 1 (Menzel-Gléser, VWR)

« Cover glass, 24 mm X 50 mm, no. 1.5 (Menzel-Gliser, VWR)

* Culture tubes

« Dialysis tubing

+ Evaporation box (see PROCEDURE and Fig. 5)

« Filter paper (Whatman, Sigma-Aldrich, cat. no. 1001-0155)

« Flasks

« Funnels

* Graduated cylinders

+ Graduated, low-binding pipette tips (Sorensen Biosciences, cat. no. 35090)

+ High-numerical-aperture (NA, 1.45) 100x oil-immersion objective (Leica)

« High-speed refrigerated centrifuge with rotors and centrifuge tubes

« High-vacuum grease (Dow Corning)

« Inverted microscope (Leica, DMI RB)

+ LabView particle tracking software (St. Andrews Tracker, National
Instruments; http://www.ni.com/example/25948/en/)

* MATLAB program to perform principal component analysis (PCA)

* Microcentrifuge tubes, RNase/DNase free (Corning, cat. no. 3208/3207)

« Parafilm (VWR)

« ParaSequencer 1.6.3 program to record tethered beads with (Parameter)

« Petri dishes

* Piezo stage (Physik Instrumente, P-517.3CL)

« Plane block heater (Grant Boekel)

« Preparative ultracentrifuge with rotors and centrifuge tubes

* Progressive scan camera (Pike F-100B, Allied Vision Technology)

* Ring stand with clamps

« Standard oil-immersion liquid, n = 1.518 (Leica)

« Sterile plastic vials (Nunc and Falcon)

« Stir bars and magnetic stirrer

« Syringes and needles

« Temperature-controlled water bath

* Wooden applicator sticks

REAGENT SETUP

Bis-PNA synthesis The bis-PNA is synthesized by standard solid-phase

chemistry30 or obtained commercially (Panagene). It is important that

a PNA containing only one reactive (primary or secondary) amine (e.g.,

the N terminus) be used. Dry PNA powder is stable for several years at 4 °C.

Solutions >1 mg/ml) in water are stable for at least 1 year at —20 °C.

Tris-HCl stock solution, 1 M pH 8.0 (1 liter) Dissolve 42.4 g of Tris base

and 102.4 g of Tris-HCI and adjust the volume to 1 liter; autoclave the

solution. This solution is stable for years at RT.

Tris-HCl stock solution, 1 M pH 7.5 (1 liter) Dissolve 18.2 g of Tris base

and 134 g of Tris-HCl and adjust the volume to 1 liter; autoclave the solution.

This solution is stable for years at RT.
Tris-HCl stock solution, 1 M pH 7.4 (1 liter) Dissolve 14.2 g of Tris base

and 138 g of Tris-HCl and adjust the volume to 1 liter; autoclave the solution.

This solution is stable for years at RT.

EDTA stock solution, 0.5 M, pH 8.0 (1 liter) Suspend 186.12 g of disodium
EDTA dihydrate in water. It will dissolve as the pH approaches 8. Adjust the
pH with NaOH to 8.0 and the volume to 1 liter; autoclave the solution and
store it in plastic for years at RT.

NaOH stock solution, 1 M Store the solution in plastic; this solution is
stable for years if tightly sealed at RT.

PROTOCOL |

SDS stock solution SDS is 10% (wt/vol). This solution is stable for

months at RT.

TE buffer TE buffer is 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA.
Autoclave the buffer and store it for years at RT.

2x PEN buffer To autoclaved, distilled water, add 0.5 M EDTA to a final
concentration of 0.2 mM, 5 M NaCl to a final concentration of 20 mM

and PIPES powder to a final concentration of 20 mM. Adjust the pH to

6.5 with NaOH and adjust the volume with autoclaved, distilled water.

A CRITICAL Do not autoclave the buffer. The buffer can be stored at —20 °C
for at least 3 years.

A Buffer Mix 10 mM Tris-HCI (pH 7.4), 200 mM KCl and 0.1 mM

EDTA. Autoclave the buffer and allow it to cool. Remove any particles by
filtering through a several-centimeter bed of fine Sephadex. Add DTT to a
final concentration of 0.2 mM before use. The buffer can be stored at RT
for at least 2 years.

0.1 MDTT Dissolve DTT to a 0.1 M concentration in autoclaved distilled
water. A CRITICAL Do not heat the solution, and never vortex it, as aeration
will speed up oxidation. Divide the solution into small volumes to avoid
thawing too many times. Store DTT at —20 °C for years.

PBS buffer Dissolve 1.42 g of Na,HPO, in 10 ml of distilled H,O to
obtain a stock of 1 M Na,HPO,. Dissolve 1.19 g of NaH,PO, in 10 ml of
distilled H,O to obtain a stock of 1 M NaH,PO,. Mix 5.77 ml of the 1 M
Na,HPO, stock with 4.23 ml of the 1 M NaH,PO, stock, and add 90 ml of
distilled H,O. Withdraw 20 ml of this stock (pH 7) and mix it with 0.88 g
of NaCl and 80 ml of distilled H,O. Autoclave and filter the buffer through
a several-centimeter bed of fine Sephadex. The buffer can be stored at

RT for at least 2 years.

«-Casein solutions (N buffer and PBS buffer) o-Casein reduces
nonspecific binding; it is used to reduce nonspecific interactions

between the cover glass surface and the tether complex and prevent the
beads from aggregating. Dissolve 2 mg of 0i-casein in a tube containing

1 ml of A buffer and in another tube containing 1 ml of PBS

buffer. Filter-sterilize both solutions and store them at 4 °C for

up to 1 month.

Bead suspension Withdraw 50 l of polystyrene bead suspension from the
stock and dilute it in 950 pl of PBS buffer. Briefly vortex the solution and
then centrifuge it at 1,000¢ for 15 min at RT. Remove the supernatant and
resuspend the beads with 350 pl of PBS bulffer. Store it at 4 °C for up to

6 months. Before use, dilute 5 ul of the bead suspension with 95 ul of

2 mg/ml a-casein solution in PBS buffer, mix it in short pulses five times
on a vortex and place it in a sonicator bath for 10 min to separate
aggregated beads. A CRITICAL We have found that the beads aggregate

less if kept in the PBS buffer instead of A buffer, possibly because of the
lower salt concentration.

Anti-digoxigenin solution Dissolve the anti-digoxigenin pellet from
Sigma-Aldrich in 1 ml of PBS buffer to a concentration of 200 pg/ml
anti-digoxigenin. Distribute 10-ul aliquots of the solution into centrifuge
tubes. Store the aliquots at —20 °C for up to 2 years. Before use, thaw the
solution, and centrifuge it briefly (100g for 10 s at RT) to collect the sample,
and then dilute it into 90 pl of PBS buffer to generate a final concentration of
20 pg/ml anti-digoxigenin.

Ferrous citrate solution Dissolve FeCl, and citric acid in distilled H,O to
a concentration of 20 mM each. Any brown precipitate that fails to dissolve
can be removed by filtration through Whatman no. 1 paper. Autoclave the
solution in a brown bottle and store it at 4 °C to protect it from light. This
solution is stable for years.

5x M63 salts (1 liter) Mix 15 g of KH,PO, (anhydrous), 35 g of K,HPO,
(anhydrous) and 10 g of (NH,),SO,. Add 2.5 ml of 20 mM ferrous citrate
solution. Adjust the volume to 1 liter with distilled H,O and autoclave it for
storage. Store the salts at RT. If the solution is autoclaved, it should be stable
for months. See Pardee er al.3* for details.

MgSO, solution, 1 M Dissolve MgSO, to a 1 M concentration in distilled
water. Store it at RT. This solution is stable for years.

B1 stock solution, 1 mg/ml Dissolve thiamine-HCI (vitamin B1) to a con-
centration of 1 mg/ml in distilled water. Filter-sterilize it and store it at 4 °C.
This solution is stable for months.

Glucose stock solution, 20% (wt/vol) Filter-sterilize the solution and store it
at RT. This solution is stable for years.
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Decolorized CAA solution Dissolve CAAs to 25% (wt/vol) with

distilled H,O. Add 1 g of activated charcoal powder per 20 g of CAAs.

¥ CAUTION Activated charcoal can stain clothes. Stir it at RT for 30 min.
Filter the solution through doubled, fluted Whatman no. 1 paper. Measure
and record the volume of the filtrate and adjust the pH of the filtrate to 7.0
with NaOH or HCl as appropriate. Adjust the volume of the neutralized CAA
filtrate to 20% (wt/vol) CAAs. Distribute the solution into bottles and auto-
clave them; store the bottles at RT. Unopened bottles remain stable for years.
Open the bottles aseptically and store them at 4 °C after opening.

Ampicillin solution, 100 mg/ml Weigh sodium ampicillin and dissolve

it with distilled water to a concentration of 100 mg/ml. Filter-sterilize and
distribute it into sterile plastic vials. Store it at —20 °C. Unthawed solution is
stable for at least 1 year. Thaw and mix the solution before adding it to the
medium. This solution can be re-frozen.

YT-amp plates Prepare the medium in a 2-liter Erlenmeyer flask

covered with an inverted beaker. ! CAUTION If mixing after adding
antibiotics introduces bubbles, try placing a magnetic stir bar in the flask
before autoclaving. To 1 liter of H,0, add 8 g of tryptone, 5 g of yeast extract,
5 g of NaCl and 15 g of agar. If you have a light touch, you can reduce the
concentration of agar. Autoclave the medium for 15-20 min. Mix it well

after autoclaving and allow it to cool to 5060 °C. Aseptically add

antibiotic solution to the cooled agar, and mix it without introducing
bubbles. Pour it into Petri dishes and allow the agar to solidify overnight.

See Miller? for details.

YT broth To 1 liter of H,O add 8 g of tryptone, 5 g of yeast extract and 5 g of
NaCl. Mix to dissolve them. Distribute 100-ml aliquots in bottles and sterilize
them by autoclaving. Store the aliquots at RT. This medium is stable for
months. Aseptically add antibiotic solution before use. See Miller3> for details.
Plasmid growth medium For 1 liter of medium, autoclave together

200 ml of 5 x M63 salts, 25 ml of 20% decolorized casamino acids, 1 g of
uracil and 751 ml of distilled H,O. Store the medium at RT. Unopened
bottles are stable for months. Immediately before use, add aseptically, with
mixing after each addition, 1 ml of 1 M MgSO,, 1 ml of 1 mg/ml B1, 20 ml
of 20% (wt/vol) glucose and appropriate antibiotic solution (here, 2 ml

of 100 mg/ml ampicillin). Distribute it into growth flasks. If you are using
Erlenmeyer flasks and aerating by shaker, do not exceed 10% of the flask
volume. See Norgard3® for details.

Lysozyme buffer (100 ml) Mix 1 g of glucose, 2 ml of 0.5 M EDTA (pH 8.0),
and 2.5 ml of 1 M Tris-HCI (pH 8.0); add distilled, autoclaved water to

100 ml. Store the buffer at 4 °C for months. Add lysozyme to 2 mg/ml to the
amount necessary immediately before use.

NaOH-SDS solution (10 ml) This solution must be prepared daily.

To 7 ml of distilled, autoclaved water, add 2 ml of 1 M NaOH and 1 ml

of 10% (wt/vol) SDS. Mix it and leave it at RT before use.

PROCEDURE

Preparation of digoxigenin-labeled bis-PNA @ TIMING 20 h

K-Ac solution, 5 M, pH 4.8 (500 ml) Dissolve 147 g of KCH;COO in

~300 ml of H,0, add glacial acetic acid to pH 4.8 and bring the volume to
500 ml with H,O. Autoclave the solution and store it at RT. The solution is
stable for years.

Ethidium bromide solution, 10 mg/ml Dissolve ethidium bromide

with autoclaved, distilled water and store it in a brown bottle

at 4 °C. It is stable for years under these conditions. ¥ CAUTION Ethidium
bromide is mutagenic. Avoid contact with skin. Wear gloves. Avoid breathing
the powder when you are preparing the solution. Please note that ethidium
bromide is now commercially available in an aqueous suspension; in our
laboratory, we will not make it from powder again.

Isopropanol saturated with CsCl and TE Add, in order, CsCl, then
isopropanol, and then slowly add TE by shaking after each addition of TE.
Add sufficient CsCl and TE so that when the phases resolve you see two
liquid phases and some white powder (CsCl) at the bottom of the bottle.
The top liquid phase is the organic phase. The solution is stable for years

at RT. The bottle can be refilled by adding only isopropanol and TE.

50x TAE (500 ml) Dissolve 121 g of Tris base, 28.5 ml of glacial acetic acid
and 50 ml of 0.5 M EDTA (pH 8) in H,O and adjust the volume to 0.5 liters.
Store it at RT. This solution is stable for at least 1 year.

Sample buffer Autoclave 25% (wt/vol) Ficoll 400. After cooling, store the
Ficoll solution at —20 °C; it stable for years at this temperature. To prepare
the sample buffer, mix 4 ml of 25% (wt/vol) Ficoll 400 with 1 ml of 0.5 M
EDTA and add bromophenol blue until the solution is medium blue.

The solution is stable for months at 4 °C and for years at —20 °C.
EQUIPMENT SETUP

Microscope In this protocol, we image tethered beads using a high-speed
progressive camera mounted on an inverted bright-field microscope with a
100x oil-immersion objective and a 1.6x zoom. For a region of interest of
62 x 62 pixels?, the frame rate is 225 Hz. The recorded output is obtained
with the program ParaSequencer and is an AVI file of the tethered bead, a
text file containing the number of recorded frames, frames per second
(f.p.s.) and the number of lost frames, which in general is zero. The pixel
resolution was determined to be 45.97 nm per pixel by moving a sample
with immobilized beads on a cover slide in discrete steps by a piezo stage and
taking images of these positions (see PROCEDURE).

Particle tracking algorithm There are several different algorithms for
tracking particles, e.g., based on cross-correlation, sum-absolute difference,
center of mass or direct Gaussian fits. Here, we used the cross-correlation
algorithm, as that approach is suitable for the size of particles used in

this work37. We used a LabView program based on a normalized
cross-correlation algorithm. The program can be downloaded via this

link: http://www.ni.com/example/25948/en/. Note that to run the program
a licensed version of LabView is required.

1| Dissolve 1.5 mg of PNA (H-(eg1);-(diMeLys);-TITITTTITT-(eg1);-TTCTTTCTCT-Gly-NH,) in 400 ul of DMSO
(eg1: 8-amino-3,6-dioxaoctanoyl; diMeLys: e-N,N-dimethyllysine; J: pseudoisocytosine PNA unit).

2| Dissolve digoxigenin-NHS ester (0.5 mg) in 400 pl of DMSO and add it to the PNA solution.

3| Add 25 pl of DIEA in 50 pl of dimethylformamide and incubate the mixture for 16 h at 20 °C.

4| Purify the reaction mixture by reversed-phase HPLC (€18, 5-um column, 150 x 3.9 mm, eluant: 0-50% acetonitrile
in 0.5% (vol/vol) TFA, linear gradient over 30 min with a flow rate of 1 ml/min and UV detection at 260 nm; see HPLC data

in Supplementary Fig. 1a).

5| Check the identity of the product by performing MALDI-TOF or ESI mass spectrometry on the fractions that appear
to contain the product (see MALDI-TOF data in Supplementary Fig. 1b). Combine the fractions, lyophilize them and store

them at 4 °C for up to several years.
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6| Dissolve PNA in pure water for use (store aliquots (~1 mg/ml) at —20 °C; concentrations are determined
spetrophotometrically at 260 nm).
! CAUTION The PNA solution is very acidic, as the PNA is isolated as TFA salt.

Preparation of biotin-bis-PNAs conjugates ® TIMING 20 h

7| Prepare biotin-bis-PNAs conjugates. These conjugates can be synthesized as previously reported20:39, or they can be
obtained commercially (Panagene). The conjugates may also be synthesized fully analogously to the digoxigenin conjugates
(see Step 2) using biotin-NHS ester (Sigma-Aldrich); to do this, perform Steps 2-6 using 0.5 mg of biotin-NHS ester instead
of digoxigenin-NHS ester in Step 2. Handling and stability are as described above (Steps 5-6).

B PAUSE POINT Lyophilized material can be stored at 4 °C for several years.

Growth schedule for purification of supercoiled plasmid DNA ® TIMING 3 d (after all media are prepared)

8| AlL DNA preparations begin with a single, well-isolated colony of the transformant harboring the plasmid. Prepare YT
agar plates supplemented with the appropriate antibiotic(s). We have used ampicillin as our example of an antibiotic in the
descriptions below. Many of our colleagues use LB agar, and both YT and LB are probably comparable.

9| Revive transformants. Scrape a small amount of frozen cell suspension from the —80 °C glycerol with sterile wooden
applicator stick and inoculate the YT-amp plate.

A CRITICAL STEP Do not let the glycerol thaw, but return it to the =80 °C box. Streak the inoculated plate to produce single
colonies and incubate it at 37 °C.

10| Inoculate the starter culture. On day 2 in the morning, inoculate 5 ml of YT-ampicillin broth and incubate it at 37 °C
with aeration, such as on a roller drum.

11| Large-scale growth of transformants. At the end of day 2, dilute the YT-ampicillin culture into 0.5 liters of plasmid
growth medium and incubate it overnight at 37 °C with shaking.

12| Plasmid extraction (modified from Birnboim and Doly38). On day 3, transfer the saturated culture to centrifuge bottles.
13| Collect the cells in a refrigerated centrifuge at 4,000g for 5 min at 4 °C.

14| Decant the supernatant and resuspend the cells with a 1/20th culture volume of 20 mM Tris-HCL (pH 8.0) and 0.1 M NaCl.
15| Collect the resuspended cells in a refrigerated centrifuge at 4,000g for 5 min at 4 °C. Decant and discard the supernatant.

16| Resuspend the washed cells with 4 ml of lysozyme solution (lysozyme buffer with 2 mg/ml lysozyme) per 100 ml of the
original culture volume.

17| Incubate the cells with lysozyme for at least 30 min on ice.

18] Per 4 ml of lysozyme solution used, add 8 ml of NaOH-SDS, mix well and incubate the mixture for 5-10 min on ice.
Examine the suspension and continue to the next step when the opacity starts to decline.

19| Per 4 ml of lysozyme solution used, add 6 ml of K-Ac, mix well and incubate the mixture for 45 min on ice.
20| Clarify the solution by centrifugation in a refrigerated centrifuge at 7,000g for 15 min at 4 °C.
21| Carefully decant the supernatant into a 50-ml conical tube. Note the volume.

22| Distribute the supernatant into the centrifuge tube noting the volume, and add 0.6 volumes of isopropanol (if it is
convenient to increase volume of supernatant, e.g., when you are processing more than one sample and you want them all
to be the same volume/weight so they can all be centrifuged in a single centrifuge run, use 30 mM Tris-HCL (pH 8.0), 5 mM
EDTA and 0.1 M NaCl as diluent). Mix well.

23| Incubate the isopropanol suspension at =20 °C overnight.
B PAUSE POINT The suspension is stable at =20 °C for at least 1 week.

Plasmid recovery ® TIMING ~0.5 d
24| Collect the precipitate in a refrigerated centrifuge at 6,000g for 10 min at 4 °C.

25| Decant and discard the supernatant.
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26| Resuspend the pellet by vortexing with cold 70% (vol/vol) ethanol.

27| Collect the precipitate in a refrigerated centrifuge at 6,000g for 10 min at 4 °C.
28| Decant and discard the supernatant.

29| Centrifuge the pellet briefly (1,000g for 30 s at RT) to sediment the residual liquid.
30| Aspirate and discard the residual liquid.

31| Allow the recovered precipitate to dry in air.

32| Re-dissolve the dried pellet with a small volume (about one-half of the centrifuge tube capacity) of 20 mM Tris-HCL
(pH 8.0) and 5 mM EDTA.

Plasmid purification ® TIMING ~2 h followed by overnight centrifugation
33| Dissolve 1.05 g of CsCL per ml of plasmid solution and add it to the plasmid solution39.

34| Transfer the solution to an ultracentrifuge tube and fill it to 95% of the tube volume with Tris-EDTA-CsCL solution.

35| Gently fill the tube with 10 mg/ml ethidium bromide. If you are using quick-seal tubes, this step is easy with
a 1-ml syringe with hypodermic needle.

! CAUTION Wear gloves for all manipulations involving the ethidium bromide solution.

A CRITICAL STEP DNA-ethidium bromide complexes are light-sensitive. Do not allow the ethidium bromide solution
to mix with the DNA solution.

36| Seal the centrifuge tube. Verify that the tube is sealed by squeezing it.
! CAUTION Protect yourself with a gloved hand in case the tube leaks.

37| Mix the ethidium bromide and plasmid solutions thoroughly immediately before placing them in the centrifuge rotor.
38| Centrifuge the solutions using a Beckman Vti65 rotor for 20 h at 42,000 r.p.m. at 15 °C.

Recovery of supercoiled DNA ® TIMING ~2 h followed by overnight centrifugation
39| Remove the tubes one at a time and clamp them in a ring stand over a beaker to collect the waste.

40| Visualize the plasmid band with 366-nm mineral light in a darkened room (a 395-nm lamp from Xenopus Electronix can
also be used). The lower of the two central bands will be the plasmid band. The diffuse fluorescent material at the bottom of
the centrifuge tube is RNA.

! CAUTION Protect your eyes from UV light.

41| Puncture the tube near the top with a hypodermic needle to provide a vent hole.

42| Insert a fresh hypodermic needle on a syringe above the band with needle pointing downward.
A CRITICAL STEP It is prudent to puncture tubes above the desired band so that if the tube leaks you will not lose your sample.

43| Carefully withdraw the band and transfer it to a fresh ultracentrifuge tube wrapped in aluminum foil to protect the
DNA-ethidium bromide complexes from excess exposure to light.

44| Fill the tube with Tris-EDTA-CsCl-ethidium bromide solution, seal it and mix. Prepare the balance tube without ethidium
bromide and seal it.

45| Repeat the centrifugation and band recovery once (Steps 38-42).

Removal of ethidium bromide ® TIMING 2-3 h followed by overnight incubation
46| Transfer the solution containing the supercoiled plasmid to isopropanol saturated with TE and CsCl, mix it well and let
the phases separate. The top phase in the isopropanol/TE/CsCl bottle is the isopropanol phase.
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47| Remove and discard the organic phase.

48| Repeat the extraction with isopropanol saturated with TE and CsCl until the organic phase shows no pink color, and
extract once more.

49| Dialyze the aqueous phase against 100 volumes of 20 mM Tris-HCL (pH 8), 2 mM EDTA, and 0.1 M NaCl for at least 1 h.
50| Withdraw the dialysate, measure its volume and mix it with two volumes of ethanol. Incubate it at —20 °C overnight.
51| Recover the plasmid DNA by centrifugation at 10,000g for 10 min at 4 °C.

52| Discard the supernatant.
A CRITICAL STEP Be careful not to discard the pellet; it may be small.

53| Gently rinse the tube with —20 °C ethanol and let it dry in air. Dissolve ~200 pl of DNA per liter of original culture with TE.

Characterization of CsCl-purified plasmids ® TIMING 1 d
54| Determine the concentration of the purified plasmid. This can be done by measuring absorbance at 260 nm.

55| Gel electrophoresis (optional). Analyze the samples prepared as described in the in-text table below:

Uncut preparation To determine the supercoiled fraction (versus relaxed or catenated)

Complete digestion with a restriction endonuclease that cuts To identify the mobility of the plasmid as linear DNA
the plasmid once

Partial digestion with a restriction endonuclease that cuts To determine if the plasmid is a monomer or multimer
the plasmid once

! CAUTION Protect eyes from UV light.

A CRITICAL STEP To quantify relative amounts of the different forms, it is crucial that the gel be stained after
electrophoresis. To be sure that the gel is uniformly stained, look at it from the side while it is on the UV transilluminator.
If the bands are uniform across the thickness of the gel, the gel is uniformly stained.

Preparation of a chloroquine gel ® TIMING ~4 h of manipulation, plus overnight electrophoresis

56| (Optional) Determine the degree of supercoiling in the plasmid preparation by a chloroquine gel (shown in Fig. 4a).

! CAUTION Chemicals purchased today are often much purer than those purchased in 1987. Accordingly, start with
concentrations as described by Esposito and Sinden49, but you may have to repeat experiments with a lower concentration
of chloroquine. This step is optional, as it is not possible to correlate the bead excursions to the degrees of supercoiling.
However, when analyzing the data, it is important to be aware that there will be a spread of overall lengths of the tethered
DNA molecules originating from the natural spread in degrees of supercoiling.

57| To determine the diversity of supercoiling in the plasmid preparation, electrophorese serial dilutions of the plasmid on
a 1% (wt/vol) agarose gel in 1x TAE buffer supplemented with 2 pug/ml chloroquine-diphosphate. It is important to use low
voltage, so the electrophoresis takes ~20 h. After electrophoresis, the gel is stained with 0.5 ug/ml ethidium bromide in
0.25x TAE. The stained gel is then photographed on a UV transilluminator.

Preparation of end-labeled linear DNA ® TIMING 1 d

58| To assess the DNA-PNA coupling conditions in the perfusion chamber, prepare linear DNA with one end labeled with
biotin and the other labeled with digoxigenin. End-labeled linear DNA can be prepared by PCR amplification using the
protocols provided by the thermophilic DNA polymerase manufacturer.

A CRITICAL STEP The only changes we made from the standard protocol were to use one primer bearing a 5" biotin

and the other primer bearing a 5” digoxigenin. Although it is perhaps unnecessary, we removed the unincorporated primers
by desalting over Sepharose 2B. The addition of a small amount of bromophenol blue to the sample lets you know when the
smallest material has eluted. Fractions containing the desired fragment can be identified by agarose gel electrophoresis and
staining with ethidium bromide.
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Initial identification of PNA-DNA coupling conditions by gel electrophoresis ® TIMING ~2 h on the first day, plus most
of the second day

A CRITICAL Gel electrophoresis allows you to determine the initial concentrations and buffer conditions for PNA-DNA
binding. In these experiments, please keep in mind that you are looking for a band that goes missing, not for a single

band that appears4l.

59| In a 10-ul reaction, add purified plasmid DNA to 10 nM. Vary the concentration of PNA. For an initial range use

0.1-1 uM PNA. Include a no-PNA control. In addition, prepare samples with the plasmid cut with a restriction enzyme

that cuts adjacent to the PNA target, and do not add PNA. The digested plasmid will aid in identifying the target band.

We examined two solution conditions: TEN (10 mM Tris-HCL, pH 7.5, 0.1 mM EDTA and 10 mM NaCl) and PEN (10 mM

sodium PIPES, pH 6.5, 0.1 mM EDTA and 10 mM NaCl).

60| After mixing the samples, incubate them overnight in a 37 °C air incubator.

61| After incubation, dilute the samples to 30 pl with the high pH restriction enzyme reaction buffer for the diagnostic
restriction enzyme.

A CRITICAL Choose a diagnostic restriction enzyme that cuts the plasmid several times, functions at 37 °C and leaves the
diagnostic band well resolved from the other bands.

62| Heat the diluted samples to 65 °C and incubate them for 10 min. Transfer the samples to ice.
63| Add the diagnostic restriction enzyme. Incubate the restriction enzyme reactions at 37 °C.

64| After digestion is calculated to be complete, add 10 ul of sample buffer.

! CAUTION Do not add additional tracking dyes to experimental samples, as xylene cyanol can prevent visualization
of ethidium bromide-stained bands that co-electrophorese with xylene cyanol. Electrophorese samples through a
polyacrylamide gel in TBE. After electrophoresis, stain the gel with 0.5 pug/ml ethidium bromide. A 1.5-mm thick gel
will require ~45 min with agitation for staining to be complete. After staining, visualize the stained DNA with a

UV transilluminator and photograph the gel. An example can be seen in Figure 4b.

Preparation of PNA and plasmid DNA coupling ® TIMING 15 h

65| Pipette 1 ul of 10 uM PNA-biotin into a low-binding tube, and mix it with 9 ul of PEN buffer. Pipette 1 ul of 10 uM
PNA-digoxigenin into another low-binding tube and mix it with 9 pl of PEN buffer. Pipette 1 ul of 200 nM DNA into a third
low-binding tube and mix it with 3 pul of PEN buffer. Withdraw 3 pl of each of the three prepared solutions and mix them in
a low-binding tube. Incubate the mixture in an air incubator at 37 °C for 14 h.

A CRITICAL STEP Use low-binding pipette tips and tubes to prevent nonspecific adhesion of the PNA and DNA molecules to
the surface of the tubes during preparation.

? TROUBLESHOOTING

B PAUSE POINT After incubation, the solution can be stored at 4 °C for up to 3 d.

66| After incubation, pipette 2 ul of the PNA-DNA solution into a new low-binding tube and dilute it in 48 pl of PEN buffer.
B PAUSE POINT The solution can be stored at 4 °C for up to 3 d.

67| Pipette 4 ul of the diluted PNA-DNA solution into a low-binding tube and mix it with 96 ul of A buffer. Place this tube
in a heat bath at 65 °C for 10 min.

A CRITICAL STEP The heat bath incubation is important to remove nonspecific binding between PNA and DNA, and it cannot
be excluded from the protocol.

M PAUSE POINT The solution can be stored at 4 °C for up to 3 d.

Construction of perfusion chamber ® TIMING 15 min
68| Place two strips of Parafilm on a clean 24 x 50 mm cover slide with a spacing of ~5-7 mm. On top of the Parafilm, place
a clean 18 x 18 mm cover slide as a lid (Fig. 5a).

69| Heat a plane block heater to ~80 °C, and place the prepared chamber on it to melt the Parafilm. Gently press the two slides
together. Remove the chamber from the heat stage, cut off excess Parafilm if necessary and place the chamber in a closed box
with a little water in the bottom to prevent evaporation of the open perfusion chamber during sample preparation (Fig. 5b).

A CRITICAL STEP The sample will dry out during preparation if there is not water in the closed box.
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Preparation of the PNA-DNA tethered sample ® TIMING 2.5 h

70| Add 20 pl of the 20 pg/ml anti-digoxigenin solution to the perfusion chamber. Incubate it for 30 min at RT.

After incubation, wash the chamber with 90 pul of A buffer.

A CRITICAL STEP Fluid placed at one end of the channel will be drawn into the chamber by capillary forces and can be
withdrawn at the other end of the channel by placing a filter paper to suck up the liquid (Fig. 5¢). This method is used
for all buffer exchanges during the sample preparation. Be careful not to remove more liquid than what is added,

as a temporarily dried chamber will acquire air bubbles when new liquid is added and can damage the sample. Preferably
always keep an excess of the liquid at the inlet and at the outlet of the flow channel.

71| Add 20 pl of the 2 mg/ml a-casein solution to the perfusion chamber. Incubate it for 30 min at RT. After incubation,
wash the chamber with 90 ul of A buffer.

72| Add 20 pl of the prepared PNA-DNA solution that has been heated in a water bath of 65 °C for 10 min (Steps 65-67)
to the perfusion chamber. Incubate it for 60 min at RT. After incubation, wash the chamber with 90 pl of A buffer.

73| Add 20 pl of the bead suspension containing 2 mg/ml o-casein in PBS buffer (Reagent Setup) to the perfusion chamber.
Incubate it for 30 min at RT. After incubation, wash the chamber with 90 ul of A buffer.

74| Seal the perfusion chamber with high-vacuum grease to prevent evaporation.

A CRITICAL STEP When you are conducting protein-mediated DNA conformational change studies, add the protein solution
before sealing the chamber.

? TROUBLESHOOTING

Identifying noise in the experimental setup ® TIMING ~2 h

A CRITICAL Before conducting a TPM experiment, it is important to quantify the drift in the system to minimize the level
of noise that otherwise can lead to bias in the data. This is especially important for experiments longer than 10 s, in which
temperature, stage and microscope drift could be significant factors. In our experiments, we recorded long time series, up to
60 s, in which reduction of drift in the setup was important. Allan variance analysis has proven to be a reliable method to
identify low-frequency noise42:43, Also, Allan variance is useful to determine the optimal measurement time of an experiment
that is subject to low-frequency noise with a possible bias42:43. It should be noted, however, that the biological process

of interest should also be considered while determining the measurement time. To quantitatively address and to possibly
minimize the noise present in a TPM experiment assay, we suggest following Allan variance analysis before the experiments.
75| Sample a long time series of position data of an immobilized bead in the microscope with a sufficiently high acquisition
frequency.

76| Import the time series to MATLAB.

77| Calculate the Allan variance, which is defined as
1
ok(r)= E<(Xi+1 —Xi)2>
T

of adjacent time series for a set of measurement times 1, where 1 is defined as the number of elements in the interval
divided by the sampling frequency. A free Allan variance analysis program can be downloaded from http://www.mathworks.
com/matlabcentral/fileexchange/26659-allan-v3-0.

78| Determine the optimal measurement time T where the Allan deviation is minimal, or quantify the drift for a given
measurement time.

79| Quantify and possibly minimize noise sources in the setup using the results of the Allan variance calculation.

Imaging condition setup and pixel-to-nm calibration ® TIMING ~1 h
80| Dilute microspheres with diameters of 0.5-3 um, 1:10,000, in filtered Milli-Q water.

81| Perfuse the diluted microspheres into a perfusion chamber and seal it with vacuum grease to prevent evaporation.
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Figure 6 | Image analysis. (a) A 3-um sphere immobilized to a coverslip a b
is moved in 10-um steps (shown as the distance between the blue vertical

lines) by a piezo-stage with nanometer accuracy. The total movement in

this figure is 70 um. In our work, the conversion factor was 45.97 nm/pixel

for maximum optical zooming. (b) A typical microscope image of the x,y

projected plane of a 0.5-um tethered bead. Scale bar, 500 nm.

82| Add a droplet of immersion oil on the objective and make sure that no air bubbles are present.

83| Adjust the microscope for bright-field imaging and optimize the illumination and contrast of the sample according
to the standard procedure. If the microscope is equipped with differential interference contrast, this mode can be used
to enhance the contrast of the beads.

84| Place the perfusion chamber filled with the sample on the microscope stage. Wait until a few microspheres are
immobilized to the surface, typically 5-15 min.

85| Find an immobilized microsphere and zoom in using the optical zoom.
A CRITICAL STEP Digital zooming will not improve the resolution.

86| With a microsphere positioned at one side in the field of view, move the microscopic stage with discreet steps
of a few um (e.g., 5-10 um) and at each step capture an image. Repeat this step for a few beads.

87| Import the images to an image-processing program (e.g., Gimp or Photoshop) or MATLAB to stitch the images
together as shown in Figure 6a.

88| Determine the distance-to-pixel conversion factor by measuring the number of pixels between each discreet
step (adjacent beads) and dividing that by the known step length (5-10 um) obtained from the piezo-stage.
Repeat Steps 86-88 also for small displacements, i.e., 100-nm steps.

Setup of the sample and image recording preparation ® TIMING ~15 min
89| Add a droplet of immersion oil on the objective; make sure that no air bubbles are present.

90| Place the sample perfusion chamber on the microscope stage.

91| Adjust the microscope for bright-field imaging, and optimize the illumination and contrast of the sample according
to the standard procedure. If the microscope is equipped with differential interference contrast, this mode can be used to
enhance the contrast of the beads.

92| Optically zoom on a bead that is tethered and that performs Brownian motion.
? TROUBLESHOOTING

93| Set an area of interest/region of interest (AOI/ROI) to minimize the imaging region in order to generate smaller

data files and to achieve a faster acquisition rate. If possible, simultaneously image an immobilized object with the bead
under investigation to correct for system drifts. In an ROI of 1,000 x 1,000 pixels (ref. 2), there are, on average, one or two
tethered beads in a supercoiled sample.

A CRITICAL STEP Be aware that a small ROI gives a faster acquisition rate compared with a larger ROI, and hence it can
capture faster kinetic rates of the DNA conformational changes. However, for investigations in which the time resolution is
less important or the transitions occur on time scales on the order of a second, a larger ROI where multiple tethered beads
can be imaged simultaneously is a better option as the method is fairly time-consuming.

Acquiring an image of a tethered bead ® TIMING ~5 min

94| Run ParaSequencer and connect to the camera.

A CRITICAL STEP Make sure that the full bandwidth (maximum package are set) of the camera is used for full-speed image
acquisition. We show here the protocol using the frame capture program ParaSequencer 1.6.3 from Parameter Sweden. The
same approach can, however, be used for other Institute of Electrical and Electronics Engineers (IEEE)-interface cameras.
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95| At the settings dialog, set the number of packages to 7,576 and IEEE speed to 800 Mbps. This allows for 60 f.p.s.
at 1,000 x 1,000 pixels? (ref. 2).

96| Unclick ‘Auto Sequence Numbering’, set the ‘Video File Path” and name the file. Set a specific number of frames or the
acquisition time determined by Allan variance analysis (Steps 75-79).

97| Set the AOI (width and height) and place the marked-up box on the bead under investigation. For higher f.p.s., set

an AOI/ROI that minimizes the imaging region; 62 x 62 pixels (ref. 2) will cover a region of 2.85 x 2.85 um?2 (sufficient

for a 0.5-um bead tethered by an ~7-kbp DNA plasmid performing Brownian fluctuations), and it will allow for 225-Hz
recording and thus an exposure time <5 ms. A typical x-y image plane of a bead in an ROI of 62 x 62 pixels (ref. 2) is shown
in Figure 6b. Press ‘Set AOI" to reset the frame.

98| Press ‘Live’ to fine-tune the light/contrast and correct the position of the bead to the center of the ROI using the piezo-stage.

99| Press ‘Start’ and the frames will be recorded and stored in an AVI file format. In addition to the saved AVI file, a .txt file
containing the number of recorded frames, the FPS for the sequence and the number of dropped frames is saved.

Particle tracking of a tethered bead ® TIMING ~15 min

100]| Import the AVI file into the St. Andrews Tracker program that performs postprocessing of the recorded frames. Choose
the .avi file tab and locate the file to be analyzed. Mark the ‘SubPixel” accuracy check box. For high-contrast videos, 700 is
sufficient for ‘Minimum Match Score’. Keep the default settings of the other controllers. Set the ROI by checking the ‘New
template(s)” box and set the ‘End” frame to the number of frames of your AVI file. Start the program.

101]| An additional window is opened. Zoom in on the bead and set an ROI around the rim of the bead by clicking and drag-
ging with the mouse in the movie window. An ordered ASCII data file containing the x (first column) and y (second column)
pixels of the bead’s center position in each frame is created.

Time series analysis of a TMP data set ® TIMING ~5 min
102| Import the ASCII data file into MATLAB.

103| Subtract the mean of the x- and y-coordinates (x(t)—(x)), (y(t)—(y)) from the times series to have the bead positions
distributed around the tether point.

104| Plot the x and y data in a scatterplot and histogram to visually inspect the position data. The data should be centered
at position 0.

105] Calculate the time-dependent projected displacement vector p, i.e., p2(t) = (x(t)-(x))2 + (y(t)=(y))? to quantify the 2D
projected displacement. Filter p with a sliding window (moving average) (we used a moving average of 20 ms). Plot p versus
time and inspect the data set.

106| x and y are random directions, so we perform a principal component analysis (PCA) to determine the principal axes of

the positions visited by the bead and interpret the data accordingly to the principal axes. The two principal axes denote the
orthogonal axes along which the data have the largest and smallest spread. Use the data from Step 103 to find the principal

axes by calculating the covariance matrix as
Oxx Ox
(= v
Oyx Oyy

where oj; represents the covariance of the in-plane coordinates (7,j), and where the covariance is defined as

N N N
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=1 1

2
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with N representing the number of frames and k = 1,2,...N. An example of a PCA analysis on an isotropic and an anisotropic
data set is shown in Figure 7.
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107| Transform the x and y data (defined by the black axes in Fig. 7a—c) into the new coordinate system, defined by the
principal axes PAI (red lines) and PA2 (green lines), using the minimum and maximum eigenvalues of the eigenvectors from
the covariance matrix. In this way, the data are now represented by the axes defining the largest and smallest spread in the
data set.

108| Calculate the s.d. of the two transformed data sets along the principal axes std'EAl, stdf,Az. If the data are not
expressed in terms of PAZ and PA2, the spread in an asymmetric data set would be underestimated (compare the black lines
in Fig. 7c with the red and green lines in Fig. 7d).

109| The method of systematically deciding which data sets are qualified and which should be rejected without bias are
based on two selection criteria suggested in literature44-46, These criteria relate to the size of the r.m.s.d. and the symmetry
of the positions visited by the bead and are described in Steps 109-111. The r.m.s.d. gives information of the mean bead
displacement and thereby the conformational state of the DNA. The more compacted the molecule, e.g., as a result of
supercoiling or protein-mediated looping, the shorter the r.m.s.d. (see ANTICIPATED RESULTS section). The r.m.s.d. value can be

found by taking the square root of the added squared s.d. values \/5td£A1 +5td,EA2' Use this quantity to evaluate whether

the bead is correctly tethered and to exclude, e.g., surface-stuck beads that have a low r.m.s.d., ~50 nm or less
(Fig. 8). We set 60 nm as the lower limit of the r.m.s.d. that could be expected to originate from correctly formed
plasmid tethers.

110| From the minimum and maximum eigenvalues, s; and s, of the covariance matrix, C, calculate how symmetric the data
set is via the ‘symmetry’, s, defined as the ratio between the two eigenvalues, s = s;/s, (where s; < 's,).

111] Set a criterion on the symmetry calculated in Step 110 to assess whether the bead is correctly tethered by a single
DNA tether. As the calculations of the covariance matrix gives two values of unit length, the criterion ranges from 0 to 1. As
we experience that the data sets originating from the plasmid tethers normally have a high symmetry, we set the symmetry
criterion to s > 0.8 (compared with 0.5 in Tolic-Norrelykke#4), thus permitting only data sets similar to Figure 7a,b in the
final analysis (the length of the red and green lines are very close, symbolizing high symmetry). In contrast, a bead tethered
by, e.g., multiple tethers or catenated plasmids typically performs an anisotropic motion, as shown in Figure 7c,d, and is
excluded by this criterion (the lengths of the red and green lines are very different). After being subjected to the selection
criteria in Steps 109-111, ~50% of the data sets remain from a sample containing a ~7.6-kbp supercoiled DNA molecule?6.

Identification of PNA-DNA coupling conditions in TPM chamber ® TIMING ~1 week (without plasmid preparation)
112| Confirm that the PNAs are binding at their specific targets by TPM analysis. Here we describe the method used
in Norregaard et al.16. Prepare two plasmids lacking either the target for the biotin-labeled PNA or the target for
digoxigenin-labeled PNA. Prepare a third plasmid with both targets intact.

113| Perform TPM analysis and subject the data sets to the r.m.s.d. and symmetry criteria. Compare the r.m.s.d. of plasmids
lacking a PNA target with the r.m.s.d. of plasmids with both targets intact. Plasmids that are incorrectly tethered will have
a very low r.m.s.d.. Hence, if the PNAs bind correctly, only

the plasmid with both targets intact should remain after the a b
r.m.s.d. criterion is applied. 223 222

£ 100 E 100

£ £

> 0 g 0

-100 & -100

Figure 7 | Example of PCA. The data are rotated so that the maximum :222 _zgg
variance of the data is along the ordinate axis. (a,b) A scatter plot of a 0 200 0 200 400 200 0 200
data set accepted for analysis with r.m.s.d. = 193 nm and s = 0.95. The red x (nm) PAL (nm)
and green lines represent the principal axes. In a, the s.d. of the data set is
found along the x and y (black lines) directions. In b, the data set has been C .00 d
transformed and the principal axes PA1 (red line) and PA2 (green line) are 150
found. (c,d) show an example of an anisotropic data set with r.m.s.d. = 132 = 100 _ 128
nm and s = 0.47 before (c) and after (d) the assignment of principal axes. If £ E 0
the s.d. values, which are compared to find s, are not calculated along the > g -50
principal axes (red and green lines) both s and the r.m.s.d. of the data set -100 -100
would be underestimated. Because of the low symmetry (s < 0.8), the data P e
set shown in ¢,d is discarded, and it probably originates from tethering of —200-100 0 100 200 -200 -100 0 100 200
the bead by multiple tethers. X (nm) PAL (nm)
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Figure 8 | r.m.s.d. of various plasmid constructs usable for troubleshooting
the overall length of the tether. The red bars show the distribution of the
r.m.s.d. taken over an entire experiment (not a moving time window as in
Fig. 9) for a supercoiled plasmid. The r.m.s.d. distribution from a relaxed
tether is shown by blue bars, the light gray full bars show the distribution
from a linear control DNA and the dark gray bars show the r.m.s.d. from

a stuck bead. The linear plasmid has the longest r.m.s.d. with a narrow
distribution. The relaxed plasmid (the shortest arc of which has the length

PROTOCOL |
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of the linear plasmid) has an r.m.s.d. that lies just below the linear plasmid. This is reasonable because it is less flexible than the linear DNA. The supercoiled
plasmid has a large distribution of r.m.s.d., which originates from the different number of supercoils that are naturally present in the distribution. As
expected, the stuck bead has the lowest r.m.s.d. distribution (with an average value of 36 nm).

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TABLE 1 | Troubleshooting table.

Step  Problem Possible reason

Solution

PNA binding to the DNA
requires opening of the DNA
helix, which is less efficient in
relaxed DNA compared to the
supercoiled state

65 PNA invasion in relaxed
plasmid DNA

Low stability of the beads either
from the supplier or possibly
because of low functionality of
the a-casein

74 Beads aggregate

92 No tether formation Inactive PNA-DNA coupling

Identify optimal PNA concentration and/or PNA-DNA incubation
time. In our study!®, we increased the concentration of the
digoxigenin-labeled PNA to obtain tethers with relaxed

plasmid DNA

Prepare a new o-casein solution. If this does not help, contact
the supplier of the beads to see if the stock solution has an
appropriate quality. A cup horn sonicator appears to be more
efficient at breaking up aggregates than normal ultrasound

Produce a linear DNA molecule to identify the correct PNA-DNA
coupling (Step 58). We made a linear DNA molecule with the same
length (2.6 kbp) as the shorter of the two arcs in the circular DNA
plasmid. If an experiment with PNA tethered circular DNA failed,
we could use this linear DNA molecule as a control to examine
the reagents involved in the PNA-DNA coupling. This linear DNA
molecule could also be used to compare the excursions of the
relaxed circular plasmid (see ANTICIPATED RESULTS)

@ TIMING
Steps 1-6, preparation of digoxigenin-labeled bis-PNA: 20 h
Step 7, preparation of biotin-bis-PNAs conjugates: 20 h

Steps 8-23, growth schedule for purification of supercoiled plasmid DNA: 3 d in total (20 min on day 1, plus 20 min in

the morning and 45 min at the end of day 2)
Steps 24-32, plasmid recovery: ~0.5 d

Steps 33-38, plasmid purification: ~2 h followed by overnight centrifugation
Steps 39-45, recovery of supercoiled DNA: ~2 h followed by overnight centrifugation
Steps 46-53, removal of ethidium bromide: 2-3 h followed by overnight incubation

Steps 54-55, characterization of CsCl-purified plasmids: 1 d

Steps 56-57, preparation of chloroquine gel: ~4 h of manipulation, plus overnight electrophoresis

Step 58, preparation of end-labeled linear DNA: 1 d

Steps 59-64, initial identification of PNA-DNA coupling conditions by gel electrophoresis: ~2 h on the first day,

plus most of the second day

Steps 65-67, preparation of PNA and plasmid DNA coupling: 15 h

Steps 68-69, construction of perfusion chamber: 15 min
Steps 70-74, preparation of PNA-DNA tethered sample: 2.5 h

Steps 75-79, identifying noise in the experimental setup: ~2 h
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Steps 80-88, imaging condition setup and pixel-to-nm calibration: ~1 h

Steps 89-93, setup of the sample and image recording preparation: ~15 min

Steps 94-99, acquiring an image of a tethered bead: ~5 min (In 2 h, ~50 time series of 60 s can be recorded when the
sample search time is included.)

Steps 100-101, particle tracking of a tethered bead: ~15 min

Steps 102-111, time series analysis of a TPM data set: ~5 min

Steps 112-113, identification of PNA-DNA coupling conditions in the TPM chamber: ~1 week (without

plasmid preparation)

ANTICIPATED RESULTS

This protocol for specific tethering of circular DNA to surfaces, beads or other markers via PNA handles allows the
study of the dynamics of DNA. Circular DNA can either be in its natural supercoiled state or the supercoils can be
enzymatically removed, thus leaving the plasmid relaxed. Figure 9 shows typical data stemming from an experiment
where a bead is attached to a naturally supercoiled plasmid DNA incorporating A bacteriophage operator sites OL and

OR (as illustrated in Fig. 2). The length of the projected displacement vector, \/(pz(t))zo ms, of the positions visited
by the tethered bead and averaged over a 20-ms time window is shown as a function of time in Figure 9a, the
corresponding histogram in Figure 9b. Figure 9c shows \/(pz(t))zo ms of a similar supercoiled DNA tether but in the
presence of 20 nM (~1/10 of the lysogenic concentration) of the CI. With CI present, DNA looping events are visible as
abrupt decreases in «l(pz(t))zo ms (for instance, from 700 s). The on and off times can be read off directly from plots

such as Figure 9c. Figure 9d shows the corresponding histogram; the two peaks signifying two distinct distributions
represent the looped and unlooped states, respectively. The ratio of the areas of the two distributions gives the probabilities
of being in the looped versus unlooped state. In time series stemming from the plasmid alone (Fig. 9a), we did not observe

changes of \l(pz(t))ZO ms that would result from a change in writhe. Hence, for a given naturally supercoiled plasmid, both

the linking number and the writhe seem to remain constant.

As expected?0, it was more difficult to make the PNA handles attach to DNA if the DNA was enzymatically relaxed.
To troubleshoot this problem and to obtain an idea of which r.m.s.d. distribution to expect from the enzymatically
relaxed DNA plasmid, we constructed a linear DNA with exactly the same sequence as the arc of the plasmid
containing the PNA attachment sites and the A immunity region (purple part of Fig. 3a). The r.m.s.d. distributions
from the supercoiled plasmid, the relaxed plasmid and the control linear DNA are shown in Figure 8. The linear DNA
(light gray bars) has a very narrow distribution of r.m.s.d. The length of the linear control DNA was 2.6 kbp; hence,
we know that a r.m.s.d. of ~340 nm corresponds to a tether length of ~870 nm (assuming that each bp is 1/3 nm).
The natural distribution of writhe number in the supercoiled plasmids gives rise to a rather large spread of the r.m.s.d.
(red bars in Fig. 8). This distribution has an r.m.s.d. from 150 nm up to 340 nm, and thus it signifies a large
variety of overall tether length among the supercoiled plasmids. The relaxed plasmid gives rise to a narrower r.m.s.d.
distribution (blue bars), which is centered at the upper end of the r.m.s.d. distribution from the supercoiled
plasmid. This is reasonable because the relaxed plasmid should behave similarly to the fraction of supercoiled DNA with
the lowest writhe number. In addition, the center of the r.m.s.d. distribution from the relaxed plasmid lies close to but
slightly below the r.m.s.d. distribution from the linear tether. As an arc of the relaxed plasmid is only ~17 times the
persistence length of dsDNA and hence not totally flexible, it is expected that the r.m.s.d. distribution of the relaxed
plasmid is slightly lower than that of the linear tether. In addition, for a comparison, we show (dark gray bars
on Fig. 8) the r.m.s.d. distribution for a stuck bead. These types of analyses are recommended if there is doubt about
the correctness of the r.m.s.d. values obtained.

m
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Figure 9 | Typical data resulting from TPM experiments with a supercoiled 100 = o 30 780 eo0 = %% 200 400 600 800 1000 1200 1,400

DNA plasmid. (a,b) The lateral displacement of a bead tethered to a Time (s) Time (s)
supercoiled plasmid averaged over a time window of 20 ms as a function of b x10* d «10°

time (a) and the corresponding histogram (b). (c) The lateral displacement 2 4 gt

of a bead tethered to a supercoiled plasmid, similar to that shown in a but 3 2 S 2

in the presence of 20 nM CI, which occasionally clamps the DNA present in 100 200 300 400 100 150 200 250 300 350 400
the sample (c); the corresponding histogram (d). V(p* ()20 ms V()20 ms
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Optical Trapping of Nanoparticles and Quantum Dots
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Abstract—Optical manipulation of nanostructures offers new
exciting possibilities for building new nano-architectures and for
exploringthefundamental inter actionsbetween light and nanopar-
ticles. Theoptical propertiesof nanostructuresdiffer substantially
from those of similar bulk material and exhibit an exquisite sen-
sitivity on nanoparticle shape and composition. The plethora of
particles available today expands the possibilities of optical ma-
nipulation to include control over particle temperature, lumines-
cence, orientation, and even over the rotational optical momen-
tum transferred to the nanoparticle. Here, we summarize recent
experimental advances within optical manipulation of individual
nanoparticles and quantum dots with a focus on resonant versus
non-resonant trapping, optically induced heating, spherical aber-
ration, and orientation control. Also, we present novel quantitative
data on the photonic inter action between gold nanoshellsand a fo-
cused laser beam. L astly, promising applications of the biophoton-
ical propertiesof nanoparticles within nanoscience and biophysics
are pointed out.

Index Terms—Optical trapping, dielectric nanoparticles, gold
nanoparticles, gold nanorods, gold nanoshells, liposomes, plas-
monic tweezers, plasmonic heating, quantum dots, spherical aber-
ration, nanosensor, patterning, DNA hybridization.

I. INTRODUCTION

PTICAL trapping of nanoparticles is a field that is cur-

O rently being intensely driven by the desire to achieve pre-
cise trandation and rotational control over nanostructures. An
optically mediated contactless control over nanoparticles offers
aunique way to do this and to investigate the physics of single
or multiple particlesin presence of light without any interfering
substrate. This, aswell as the recent progress within nanostruc-
ture architecture and design, has prompted a significant amount
of exploration of how individual nanoparticles, or a collection
of particles, interact with resonant or off-resonant light [1]-{5].
Optical confinement of Rayleigh particles, whose linear di-
mensionsare significantly smaller than thetrapping wavel ength,
has been challenging because the trapping force scales with the
polarizability of the particle. Therefore, effort has been put into
testing nanoparticle materials that have enhanced polarizabil-
ity [6], [7] and to modify the shape of the trapping beam to
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optimize the trapping potential [8]{10]. A high polarizabil-
ity of nanomaterials is aso associated with high absorption
and consequently the irradiated nanoparticle will emit heat to
its surroundings [2], [11]-{14]. Although heating is often un-
desired, irradiation of nanoparticles does offer a unique way
to control temperature at the nanoscale with extremely high
temperature gradients, an effect which is anticipated to have
great potential in photothermal therapies of, e.g., malignant
tissue [15]-{17]. Heating generated from irradiation of plas-
monic nanoparticles can also be used, e.g., to tune DNA hy-
bridization between nanoparticles containing complementary
single stranded DNA [18]. Novel types of nanostructures, like
nanorods or nanoshells, can be readily synthesized with plas-
monic resonances that can be tuned by changing the particle’s
aspect ratio (length divided by width) [15] or core-shell ra-
tio [19], respectively. The exact location of the particle’s reso-
nance critically influences its interaction with a trapping laser
beam [12], [20].

Dielectric and biological nanoparticles are typically less ab-
sorptive in particular at near infrared (NIR) wavelengths and
conseguently higher powers can be used for trapping without ex-
tensive heating of the particle [21]-{25]. Manipulation of nano-
sized hiological constructs such as lipid vesicles [25] offers
great potential for probing membrane protein mediated interac-
tions with proteins embedded in their natural environment as
is highly relevant, for instance, in the context of SNARE (Sol-
uble NSF Attachment protein Receptor) mediated membrane
fusion [26], [27].

Here, we focus on precise optical control and quantitative
measurements of individual spherical and rod like nanoparticles
made of various materials including metals, semiconductors,
and composites. Hence, we mainly focus on optical manip-
ulation by a single tightly focused Gaussian laser beam, but
also touch on the exciting progress in development of new
optical configurations alowing multiple trapping [28], beam
shaping [10], [29], [30] and of plasmonic trapping of nanopar-
ticles [31]-{33].

II. OPTICAL INTERACTIONS
A. Relevant Optical Forces

As the wavelength of visible and NIR light is significantly
longer than the typical linear dimension of nanoscopic particles
the mechanism of trapping can be most conveniently explained
by considering the nanoparticle as an induced point dipole mov-
ing in an inhomogeneous electromagnetic field. Such a dipole
is affected by aforce, F' (the gradient force):

F= %|a\V<E2> b

1077-260X © 2013 IEEE
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Fig. 1.
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Optical trapping of nanospheres and quantification of their interaction with the field. (a) Schematic of a single beam optical trap where a NIR laser is

focused to a diffraction limited spot. Optical gradient forces attract the nanoparticle to the center of the laser focus. The particle's positions are recorded with
nanometer spatial resolution and ~100 kHz time resolution by using a quadrant photodiode (QPD) to detect the forward scattered light. (b) Power spectra of the
time series for two trapped gold nanoparticles with d = 30 nm (blue triangles) and d = 196 nm (red circles), respectively. The green squares represent the noise
from an empty trap. Theinset shows the position histogram of the d = 196 nm gold nanoparticle, it has a Gaussian shape because the particle movesin aharmonic
potential, reproduced with permission from [6]. (c) Spring constants characterizing the lateral strength of the optical trap while trapping gold nanoparticles of
various sizes, reproduced with permission from [8]. (d) Spring constants, and their asymmetry for the translational directions, measured for optical trapping of
polystyrene nanoparticles, reproduced with permission from [21]. (e) Overview of different types of nanoparticles individually optically trapped in 3-D together

with the corresponding references.

where « is the polarizability of the particle, E is the electro-
magnetic field, and the brackets denote time averaging. | E?| is
proportional tothefieldintensity and F' pointsalong thegradient
of thelight intensity (toward increasing intensity). Therefore, in
alaser beam tightly focused in three dimensions [as sketched in
Fig. 1(a)], apoint dipole will be attracted toward the focal spot.

Another important optical force, F',,q, arises from the radia-
tion pressure on the particle when photons become scattered or
absorbed at the incident particle surface [34]:

Fiyq = Cext (2)

n (P)
C
where (P) is the time average of the Poynting vector, n is the
index of refraction of the surrounding liquid, and ¢ is the speed
of thelight. C.y; isthe extinction cross section which isasum

of the absorption and scattering cross sections:

Cext = Cscat + Caps = k4 ‘05|2 /47I' + ko (3)

where k is the wave number, £ = 27n/i and o denotes the
imaginary part of thepolarizability. Thedirection of theresulting
radiation pressure points along the axis of the beam and hence
acts to destabilize the trap in the axia direction. However, by
tightly focusing the light in the axial direction, F' can overcome

F'..q and stable trapping of nanoparticles can be achieved in
three dimensions [6]-[8], [21], [23], [35].

A critica factor for optical trapping is the particle material
which has great influence on the trapping stability through the
polarizability « [see equations (1) and (2)]. F' and F',,q scae
linearly and quadratically, respectively, with the polarizability
which in turn scales with the polarizable volume, V, of the
nanoparticle:

a=3V2_m
€p +2en,

)

Here, ¢, refersto the dielectric permittivity of the medium
and ¢, to that of the particle at the appropriate wavelength [36].
The simple relation in equation (4) is only valid for very small
nanoparticlesthat behaveastruedipoles(d << 1). If theparticles
are coated, the coating will also affect the total polarizability of
the particle. The effect of a coating layer was quantified in [37]
where they extended equation (4) in order to include a coating
layer having a different dielectric constant than the core.

The quadratic scaling of F',,q with « meansthat the trap be-
comes destabilized for larger reflective (metallic) particles. The
absorption cross section scal eswith particle volume and absorp-
tion leads to heating. This causes dramatic heating of irradiated
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Fig.2. Resonant versusnon-resonant trapping of gold nano-spheresand -rods.
(a) Extinction cross section of gold nano-sphereswith radii ranging from 10 nm
to 125 nm calculated using Mi€'s equations, the vertical dashed line denotes
1064 nm, the wavelength with which the experiments depicted in Fig. 1 were
carried out. (b) Calculated optical forces on a nanorod (15 nm x 60 nm) for
wavelengths near the plasmon resonance, reproduced with permission from
[45]. (c) Optically trapped single gold nanorods which aign with the laser
polarization, reproduced with permission from [40]. (d) Power spectra of time
series from two trapped nanorods, green: 85.1 + 7.3 nm x 44.1 + 6.5 nm,
purple: 41.2 + 8.3 nm x 8.3 = 1 nm. Lorentzian fits are shown as full lines and
black circles represent data from an empty trap. Reproduced with permission
from [40].

metallic particles with non-vanishing imaginary polarizability,
o', more details on this are given in Section V.

B. Resonant Versus Non-Resonant Trapping

The particle polarizability, «v, in equations (3) and (4) iswave-
length dependent and can exhibit a resonance in the optical or
NIR spectrum. Therefore, the gradient force, theradiation force,
and the particle absorption change dramatically across such a
resonance. The gradient force can even become repulsive due
to anegative polarizability when the laser wavelength is shorter
than the resonant wavelength [10], [20]. Nanoparticles often
have a distinct peak in the polarizability spectrum (as shown
in Fig. 2(a) where C,; from equation (3) is plotted as func-
tion of A). In the following, trapping at resonance will refer to
trapping using a wavelength overlapping with the peak polariz-
ability, whereas off-resonant trapping refers to trapping using a
wavelength which is several hundred nanometers away from the
peak. For amore elaborate description of the effect of resonance
on trapping please see [38].

Plasmonic resonances in metallic particles are due to reso-
nant field induced oscillations of the conduction electrons. At
resonance, absorption and scattering are strongly enhanced [39].
Metallic gold nanoparticles have resonancesin the middle of the
visible spectrum, as plotted in Fig. 2(a). These resonances red

4800112

shift and broaden with increasing particle size. Gold nanorods
can be designed to be resonant with nearly any visible or NIR
wavelength by appropriately choosing the aspect ratio [15]. As
shown in Fig. 2(b) the forces on a nanorod depend strongly
on the proximity of the trapping wavelength to the resonance,
in this case the resonance is located just above 800 nm. Gold
nanorodscan beindividual ly optically trapped by NIR lasersand
align with the polarization of the laser [40]{42], as sketched in
Fig 2(c). Tunable resonances are also obtained with composite
nanoparticleslike gold nanoshellsby appropriately choosing the
thickness of the gold layer decorating the silica core [19], [43].

I11. QUANTIFICATION OF INTERACTIONS BETWEEN
PARTICLE AND OPTICAL TRAP

A. Dynamics of a Trapped Nanoparticle

An optical trap based on a laser with a Gaussian intensity
profile exerts aharmonic force on the trapped object. Hence, the
trapping potentia has the following form:

1 ‘
U= ghe(@ =)’ ©)

where k. isthe spring constant characterizing the trapping po-
tential along the z-direction (coordinate system as in Fig. 1)
and x, is the equilibrium position. The corresponding har-
monic force on the particle is smply Fi,., = —£, (v — z,).
Optically trapped nanoparticles typically undergo significant
thermal diffusion within the trapping volume. The character-
istic escape time from the trapping potential, 7.s., iS given by
Tese = To€XP(U/K T) [44], where kg T is the therma energy
and 1/7, isthe attempt frequency. Therefore, a potential depth
of afew timesthethermal energy issufficient for stable trapping
of ananoparticle. Expressions similar to equation (5) apply also
in the two other translational directions, however, with differ-
ent spring constants, «, and «.. Typicaly, . is significantly
weaker than «, and ~, because it is more difficult to tightly
focus the light in the axial direction, resulting in a less steep
axial intensity gradient.

The resulting force acting on a nanoparticle in an optical trap
is not easily calculated. Therefore, it is common procedure to
calibrate the trapping potential in order to quantify the spring
constants x,, ,, and . which then characterize the 3-D trap-
ping potential and can be used for force determination. For
a nanoscopic particle which cannot easily be visualized while
trapped, calibration is most conveniently and precisely done by
passively measuring the Brownian fluctuations of the particlein
the trap, see Section I11-B.

The distribution of positions visited by a particle exploring
a potential U in one dimension, z, is given by Boltzmann's
distribution:

Ul(x)

P(z) = P(,e(7*1477) (6)
where P, isanormalization constant (the inverse partition func-
tion). For a harmonic potential, the standard deviation, o, of
this distribution is given by the Equipartition Theorem:

Oz = \/ kBT (7)
Rz
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A measurement of the standard deviation of the particle posi-
tionstherefore provides .. The expressionsin (6) and (7) apply
to all translational directions with distinct ., x,, ahd «. .

A more popular and robust method (less prone to drift) to
determine x,, ,, and . is to consider the power spectral
density of the particle’'sfluctuationsin the trap [46]. The motion
of the particle is well described by the Langevin equation, the
power spectrum of which yields a Lorentzian function:

_ksT 1
P = v O+

Here, f. = k/27y is denoted the corner frequency and isthe
ratio of the spring constant « (k. r,, Or .) and the Stokes
drag v = 6mnr. ) isthe viscosity of the mediaand r the radius
of the particle. Examples of powerspectra recorded with gold
nanospheres are shown in Fig. 1(b) [6] and with gold nanorods
inFig. 2(d). From the powerspectrum f, and consequently  can
be determined, thus fully characterizing the interaction between
the nanoparticle and the optical trap. Examples of how « varies
with particle size and material are shown in Figs. 1(c), 1(d),
4(c), and 5(b).

®

B. Particle Position Detection

As a nano-scopic particle is relatively difficult to visualize
and since this visualization becomes even more challenging
because of its rapid thermal fluctuations within the trapping
volume, the nanoparticle’s positions are most conveniently and
precisely measured by means of a photodiode. A quadrant pho-
todiode (QPD) can detect the interferometric pattern of the for-
ward scattered laser light, and from this the particle’s position
can be determined. This approach offers great time resolution
(microsecond) as well as nanometer spatial accuracy [47]. De-
termination of the lateral positions relies on a linear relation
between the particle position in the trap and the difference in
light intensity incident on four quadrants. The axial position
scales linearly with the total intensity incident on all four quad-
rants, thus allowing for 3-D calibration [47]. Photodiodes are
typically fabricated to have optimal performance in the visible
spectrum and severefiltering of high frequenciestypically takes
placewhileusing NIR light [48]. Thiseffect, aswell asaliasing,
needs to be taken into account in order to perform an accurate
calibration [49].

While there exist other ways to detect nanoparticles than
QDP detection (see Section VII) it is essential, for accurate
cdibration, that the particle positions are captured within ashort
time interval (<1 ms) to minimize position averaging effects.
Thisisparticularly important for nanoparticlesthat diffusefaster
than microscopic particles.

IV. OPTICAL TRAPPING OF NANOPARTICLES
A. Didectric Particles

Conventional materials used in optical trapping include sil-
icaand polystyrene. These materials have indexes of refraction
higher than that of water at NIR wavelengths which is a neces-
sary condition for achieving stable optical trapping in water.
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Experimental and theoretical quantification of the trapping
potentials of polystyrene particles was rigorously performed
by Rohrbach [21], see Fig. 1(d). The spring constants increase
approximately linearly with particle size for al translational
directions up to a particle size of approximately 1 ym at which
the particle size starts to exceed the size of the focal spot. At
this point the assumption behind equation (1) (that » >> r)
clearly breaks down and F' has to be cast as an integral over
the particle volume. Using this approach, very good agreement
was found between experimental and calculated values of « for
polystyrene particles [21]. Theoretical calculations of trapping
forces have also been carried out for other dielectric constants
and particle sizes both in presence and absence of spherical
aberration [22], [23], [47], which is treated in more detail in
Section VI.

B. Metallic Nanoparticles

Gold nanoparticles have significantly higher polarizability,
even when trapped off-resonance, and offer improved trapping
stability compared to polystyrene nanoparticles. A direct com-
parison between polystyrene and gold trapping was performed
by Svoboda et al. [7] where the maximum force applied to
D = 36.2 nm gold nanoparticles was found to be ~7 times
higher than the maximum force that could be applied to equiv-
alent polystyrene particles. This ratio was found to correlate
well with the ratio between the polarizability of the gold and
polystyrene nanoparticles thus confirming the importance of a
high polarizability in efficient trapping.

Optical trapping of gold and other metallic nanoparticles has
now been reported by several groups and focus has been on
both quantification of trapping potentials and on characterizing
the scaling of the trapping strength with particle size [6], [8],
[20], [50]. One obstacle for achieving stable optical trapping
of nanoparticles is the spherical aberration inherently present
in essentially all focused laser spots, even when using a water
immersion objective[51]. Different techniques have been devel-
oped to minimize spherical aberration, for instance by correcting
the wavefront using an spatial light modulator (SLM) [52] or
simply by using special immersion oils for the objective that
minimize spherical aberration [9]. Thisincreases the efficiency
of the optical trap [see Fig. 7(c)] and is particularly useful for
trapping deeper inside theimaging chamber [9]. Employing this
technique, gold nanoparticlesas small as9 nmin diameter could
be trapped [the results are shown in Fig. 1(c)] [8].

Metallic nanorods are now being intensively explored in op-
tics due to their tunable resonance across the entire optical and
NIR spectrum, see Fig. 2(b—d) [20], [40], and their extreme and
orientation dependent heating properties [53]. The resonance
peak sensitively red shifts with increasing aspect ratio and can
betunedintotheNIR region for an aspect ratio of approximately
5. The transparency of biological materialsin the NIR spectral
window [54] makes such rods extremely interesting candidates
in the context of photothermal applications[15].

Interestingly, a trapped nanorod aligns with the polarization
of the trapping laser beam, see Fig. 2(c) [40], thus allowing
for rotation of the particle by rotation of the laser polarization
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Fig. 3. Trapping and measuring the scattering from individual gold nanorods,
reproduced with permission from [12]. (a)—(c) Nanorods, having dimensions
60 nm x 25 nm, align along the transverse laser polarization. (d) Collection of
scattered white light polarized parallel or perpendicular to the polarization of
the trapping laser. The scattered light with polarization parallel to the trapping
polarization (blue circles) shows a peak corresponding to the longitudinal reso-
nance of therod at ~630 nm. Scattered light with orthogonal polarization shows
apeak corresponding to the transversal resonance at ~550 nm (red diamonds).

and for applying an optical torque on the particle [12]. Torques
of magnitude around 100 pN-nm have been applied to gold
nanorods by an optical trap (setup and results are shown in
Fig. 3) [12], this being on the relevant scale for probing the
torque of single molecule rotary motors. Related to trapping of
nanorods is the optical manipulation of metallic nanowires in
3-D, where optica control of nanowireswith lengths between 1
and 100 pm and aspect ratios up to 100 was accomplished [55].
By employing a different beam profile, a Fourier transformed
Bessel beam generated with aspatial light modulator, nanowires
could be aligned in theimage plane along the laser polarization
[56].

C. Quantum Dots

Semiconductor nanoparticles, aso called quantum dots
(QDs), are widely used in biology as photostable substitutes for
fluorophoresto label single proteinsand cellular organelles[57].
The desire to opticaly control such QDs is motivated by the
possibility of simultaneously imaging and performing force
spectroscopy of QD conjugated molecules[58]-{60]. Thewave-
length of the fluorescent light emitted by a QD isinversely pro-
portional to the size of the QD and hence a range of QD sizes
exists that emit in the visible spectrum. Off-resonant trapping,
using continuous wave NIR light, of a range of convention-
ally available individual CdSe QDs was reported by Jauffred
et al. [59], [60]. The resulting spring constants characterizing
the interaction between the EM field and the QD were found
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Fig. 4. Optica control of individual quantum dots. (a) Experimental setup to
align and spin individual quantum rodsin an optical trap. A polarization splitter
isused to separate the zz and y polarizations of the emitted light from therod that
is aligned with the laser polarization, reproduced with permission from [58].
(b) Polarization spectroscopy of arod that rotates at a frequency of 50 Hz. Red
and blue lines denote = and y polarization, respectively, dashed lines are sinu-
soidal fits to the data, reproduced with permission from [58]. (c) Quantification
of the spring constants characterizing the optical trapping of individual QDs of
varioussizes, reproduced with permission from [59]. In all experimentstrapping
is done using a continuous wave (CW) NIR laser.

to be independent of the emission wavelength of the QD, see
Fig. 4(c), and of comparable size to the spring constants char-
acterizing metallic nanoparticle trapping.

Interestingly, the relatively weak CW trapping laser light can
act as a source for two-photon excitation of the trapped QDs,
thus eliminating the demand for an excitation light source for
imaging of trapped QDs. This nonlinear effect is, however, only
aweak perturbation to the overall trapping which is supported
by the finding that the trapping stiffness scales linearly with
|aser power [59].

Quantum rods have elongated shapes and the polarization
of the emitted light from a quantum rod depends on its orien-
tation [experiment shown in Figs. 4(a)]. In Ref. [58] rotation
of quantum rods with frequencies up to 320 Hz was achieved.
Simultaneously, the rods were two-photon excited by the trap-
ping laser beam and the linearly polarized emitted light mea-
sured. By splitting the emitted light in the vertical and horizontal
components they found a clear sinusoidal relation between the
polarization of the emitted light as a function of the orientation
of therod in the trap, see Fig. 4(b) [58]. These results pave the
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way for a QD based system where trapping and visualization
is further combined with the ability to measure and transduce
torque at nano-scale. Possible further improvements through
resonant trapping are theoretically described in [38].

Although a range of different materials are used for com-
mercialy available QDs, the material of choice in all reported
QD trapping experiments has so far been CdSe whose optical
properties were treated in [61]. It is possible that QD trapping
efficiency could beimproved by choosing QDs made from other
semiconductor materials.

D. Hybrid Nanoparticles

Nanoparticles composed of a metallic shell and an inner di-
electric core have shifted plasmonic resonances compared to
spherical metallic nanoparticles of equal size [19]. The plas-
mon resonances of gold nanoshells encapsulating a silica core,
can be readily tuned across the optical spectrum by changing
the ratio between the shell thickness and the diameter of the
silica core [19]. NIR resonant gold nanoshells can be designed
to produce severe heating upon irradiation with NIR light in
the same manner as gold nanorods. Gold nanoshells might be
more promising as photothermal absorbers in therapeutic ap-
plications, compared to, e.g., gold nanorods, due to their lower
cytotoxicity [46].

The possible influence of the resonance in optical trapping of
gold nanoshellswas recently explored by tuning the wavelength
of the laser across a spectral range (from 720 to 850 nm) near
the plasmon resonance of the gold nanoshells [62]. The spring
constants characterizing the trapping potential were found to
be nearly independent of the proximity of the trapping wave-
length to the plasmon resonance of the nanoshell. However, the
quantification of the exact trapping strength was complicated
by heating effects which also depended on the wavelength and
consequently changed the effective viscosity [62].

We quantified the trapping potential of gold nanoshells
trapped off-resonance at awavelength of A = 1064 nm. Thegold
nanoshells employed had a broad resonance peak at ~875 nm
(see Fig. 5(b), upper left inset) making these nanoshells inter-
esting candidates for biomedical applications due to the trans-
parency of biological material in the NIR region [54]. By using
the photodiode detection scheme sketched in Fig. 1 and ex-
plained in detail in[48] and the MATLAB proceduresfrom[49]
we quantified the trapping potential of gold nanoshells having a
silicacore of 118 nm and agold layer of ~15 nm [drawn in the
lower right inset in Fig. 5(b)], coated with PEG 5 kD.

The harmonic shape of the position histogram, shown in the
inset of Fig. 5(a), as well as the Lorentzian shape of the power
spectrum [see Fig. 5(a)], shows that the gold nanoshells were
trapped in aharmonic potential .

Fig. 5(b) shows the lateral spring constant as a function of
laser power. As shown by the full line there is alinear relation
between the spring constant and the laser power, which is a
hallmark of optical tweezing and anindication that no significant
heating occurs. Thisobservationisconsistent with thereportings
of Jain et al. [63] who showed that nanoshells with dimensions
similar to those used in the current study dominantly scatter
light whereas only little absorption occurs.
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Fig. 5. Quantification of NIR trapping of gold nanoshells. (a) Power spectra
of the time seriesfor atrapped gold nanoshell withad = 118 nmsilicacore and
al15nmthick gold shell. Thelaser power at the samplewas P = 508 mW (green
triangles) or P = 123 mW (bluecircles). Inset showsthe position distribution of
agold nanoshell trapped at P = 123 mW, full lines denote Lorentzian fits [49].
Inset shows Gaussian position histogram. (b) Spring constant versus|aser power
measured for gold nanoshells (n = 12), the full line denotes alinear fit to data.
Upper left inset shows the optical absorbance of the gold nanoshells, dashed
red line denotes the 1064 nm trapping laser wavelength. Lower right inset is a
drawing of the gold nanoshell.

Interestingly, an extrapolation of the curve down to 50 mw,
thelaser power usedin[62], yieldsaval uefor the spring constant
whichisquiteclosetothenearly constant valuemeasuredin [62]
(~5 pN/um). Thisis despite the facts that the shells employed
had a different resonance peak and that the trapping lasers had
different wavelengths. Thissupportsthefinding that thetrapping
strength is not sensitively dependent on the particle resonance
wavelength with respect to the trapping wavelength.

E. Comparing Various Nanoparticles

The optical properties of the nanoparticles reviewed in the
preceding sections are summarized in Table |. This table pro-
vides the currently available information on the theoretically
calculated and experimentally measured polarizabilities, on the
measured spring constants, and on the maximum forces exerted.
The theoretical values of the polarizability, a.a)., were found
by using equation (4) or, for particles as CdSeZnS and gold
nanoshells with a coating/shell, the modified version from [37].
For the composite QD we employed ad = 5.3 nm core having
¢ = 6.55[64] and abiological coating having e = 2.10, whereas
in [59] the whole QD structure was assumed to be made of
CdSe. Experimental valuesfor al a.,, were obtained from the
reported £, by using the procedure given in [60].

The discrepancies found between oaic, and aey, could be
due to several factors. One is that equation (4) is not very
accurate for particles larger than ~10 nm. Another source of
error is that the red-shifted resonances of the larger metal-
lic nanoparticles are not accounted for by equation (4), this
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TABLEI
OPTICAL PROPERTIES FOR VARIOUS NANOSTRUCTURES

could increase the polarizability. Finally, the experimental val-
ues, a.xp, Were found by the procedure outlined in [60] which
assumes that the intensity distribution is perfectly Gaussian and
that the particle is located at the peak of the intensity. In prac-
tice, a trapped metallic nanoparticle is most likely displaced
from the center [35] and the focal intensity distribution is not
perfectly Gaussian [65], these effects |ead to an overestimate of

Qoxp -

V. OPTICALLY INDUCED HEATING

In atypical optical trapping experiment the intensities reach
MW/cm? at the focus. Potential heating caused by this intense
light flux can have detrimental effects on proteinsor living cells
that might be near or withinthelaser focus. Of particular concern
is the trapping of absorbing nanoparticles like metal particles
having plasmon resonances near the trapping wavelength. Such
particles can easily reach temperatures near the critical temper-
ature of water and even at much lower temperature elevations
radically ater the physical environment, e.g., the viscosity of
water. Therefore, it isessential to quantify and take into account
the laser induced heating in any application where potential
absorption of light takes place.

Several assays have been designed to assess the temperature
generated by laser irradiation of nanoparticles fixed to a sub-
strate [53], [66], [67]. However, only few assays have been em-
ployed to quantify the heating of nanoparticles that are trapped
in3-D [2], [12]{14]. One inherent problem complicating trust-
worthy temperature cal culationsisthat thefocal intensity distri-
bution at the nanometer level is unknown and the exact position
of the nanoparticle with respect to the focal intensity distribu-
tion is difficult to access. For this reason, direct measurements
that do not involve apriori assumptions about the position of the
particle and focal intensity distributions, are highly desirable.
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Fig.6. Different assaysto quantify heating of optically trapped nanostructures.
(a) Heat radiating from atrapped nanoparticle lowers the viscosity of the nearby
solution thus affecting the Brownian motion of the particle. (b) and (c) Heating
from an optically trapped gold nanoparticle, ¢ = 100 nm, figure reproduced
with permission from [14]. A Mie caculation of the temperature profile is
plotted in (b), the trapping spring constants found by power spectral analysis
(triangles), Stokes drag (circles), and the Equipartition Theorem (rectangles)
are plotted in (c). (d)—(f) A gel phase GUV, with melting temperature T;,, =
33 °C, contained a dye in the lumen. The GUV was approached by a trapped
gold nanoparticle. By measuring the distance, D, for the onset of GUV leakage
the particle temperature was inferred from the simple relation, 7«1/D, figure
reproduced from [13] with permission. Images from the experiment are shown
in (e) and time evolution of the membrane and lumen fluorophoresin (f).

One of the first quantifications of the heating of optically
trapped silica and polystyrene particles (d ~ 500 nm) was per-
formed by measuring the changes in the Brownian fluctuations
caused by a temperature dependent change of the viscosity of
water, as depicted in Fig. 6(a) [68]. The resulting temperature
increase during trapping of micron sized polystyrene particlesin
glycerol and water werefound to beontheorder of 10K and 1K,
respectively, at typical trapping laser powers. The temperature
increase was attributed to the absorption of NIR light primarily
by the solution and not by the dielectric particle[68]. Recent ex-
periments using quantum dot luminescence thermometry have
confirmed that heating of an intracellular agueous environment
exposed to NIR wavelengths is indeed on the order of 1 K at
typical trapping laser powers [69].

A similar strategy was adopted to quantify the temperature
increase of atrapped 100 nm gold nanoparticle[14]. Theparticle
temperature was found through a combination of measurements
of the nanoparticle’s Brownian motion and Mie calculations, as
shownin Fig. 6(b) assuming knowledge of the particle'slocation
within the intensity profile. They found temperature elevations
upto~90°Cat P =200 mW at the surface of the nanoparticle.
A linear relation between the spring constant characterizing the
optical trapping and the power used is a halmark of optical
trapping. As shown by the triangles in Fig. 6(c), a non-linear
relation was found, this being attributed to decreased viscosity
of the surrounding liquid caused by the temperature elevation
at the surface of the irradiated particle. Correcting the viscosity
with atemperature dependent factor returned the expected linear
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relation [squaresin Fig. 6(c)]. The heating ratefor a100 nmgold
nanoparticle was found to be 266 K/W [14].

Other assays designed to measure the heating of irradiated
nanoparticles have used a surrounding matrix that can undergo
aphase transition at a given temperature as a heat sensor. Such
heat sensorshave utilized theiceto water phasetransition[70] or
lipid bilayersundergoing gel to fluid phasetransitions[13], [66],
[71]. Lipid bilayer phase melting can be visuaized by several
methods: 1) onset of lipid mobility [71], 2) phase dependent
partitioning of certain lipophilic tracer dyes [53], [66], [72], or
3) permeabilization of the lipid bilayer to aqueous fluorophores
[13].

The heating of different sizes of gold nanoparticlestrapped in
three dimensions was recently quantified in an assay schemat-
icaly shown in Fig. 6(d). A Giant Unilamellar lipid Vesicle
(GUV) with a phase transition at 7, = 33 °C, was immobi-
lized on a supported lipid bilayer by streptavidin-biotin con-
jugation. Subsequently, a gold nanoparticle was trapped and
brought closer to the GUV at constant velocity. At acertain dis-
tance, D,, , the heat radiating from the trapped gold nanoparticle
caused the GUV temperatureto reach 7T,,, and the GUV became
leaky, thisbeing visible by efflux of the encapsul ated fluorescent
molecules, and an up-concentration of bilayer fluorophoresinto
the fluid membrane phase, see Fig. 6(€) and (f). Since the tem-
perature profile decays as T(D)~1/D away from the nanoscopic
particle, knowledge of D,,, and T,,, rendersit possible to deduce
the entire temperature profile. One advantage of this method is
that it contains no a priori assumptions regarding the focal in-
tensity distribution or the location of the particle.

Surprisingly, the heating of gold nanoparticles trapped in
three dimensions did not simply increase monotonically with
particle size [13]. For particle diameters exceeding 100 nm the
heating was found to decrease implying that the larger particles
were stably trapped away from the center of the focus [see Fig.
7(b)] and hence not be exposed to the maximum focal intensity.

Heating is proportional to absorption; hence, it is not so sur-
prising that the heating of irradiated gold nanorods was found to
be dependent on rod orientation with respect to laser polariza-
tion [53]. Also, compared to their volume, gold nanorods were
found to be extremely effective light to heat converters (in the
right orientation). In fact, even at 20 mW the heat was sufficient
to melt and reshape the rod into a more spherical shape.

While dielectric nanoparticles can be safely trapped at high
powers with minimal heating, the heating of irradiated metallic
particlesissize, shape, and orientation dependent and can easily
reach temperatures approaching thecritical temperature of water
(T, = 647 K) at which the water phase is not stable any longer
and explosive heating will occur [73].

VI. SPHERICAL ABERRATION

To achieve 3-D trapping it is common to use either high NA
oil immersion or water immersion objectives to achieve a tight
focusing of the laser beam. Focusing of light to a diffraction
limited spot of size A/2 results in spherical aberration [74].

Additionally, the light must pass water/glass interfaces to
enter the aqueous chamber containing the objects to be trapped.
Refraction at a water/glass interface significantly changes the
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Fig. 7. Effect of spherical aberration in an optical trap. (a) Simulated focal
intensity distributions obtained after focusing NIR light (A = 1064 nm) by
an oil immersion objective through a glass-water interface, reproduced with
permission from [74]. (b) Experimentally measured focal intensity distributions
within an optical trap focused by awater immersion objective, reproduced with
permission from [35], 200 nm gold nanoparticles stably trapped before the
focus. (c) Axial spring constants versus distance to the glass-water interface
measured for a range of oils having different index of refraction, reproduced
with permission from [9].

shape of thefocusintensity distribution of light focused by an oil
immersion objective, see Fig. 7(a) [74]. The refraction of light
at the water/glassinterface causes peripheral raysto converge at
different depths inside the chamber relative to rays lying closer
to the beam axis, thus resulting in an axialy elongated focal
volume. Especially for oil immersion objectives, the aberration
of the optical trap increases with distance away from the glass
surface and often leads to loss of trapping ability at axial depths
of tens of micrometers.

Sincetheorigin of spherical aberration originatesfrom there-
fractiveindex mismatch at the water/glassinterfaceit ispossible
to compensate these effects by changing the index of refraction
of the immersion oil between the glass and the objective. In
reference [9] a series of immersion oils with different refractive
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indexes was used to trap particles at different heights from the
cover glass surface, the measured axial spring constantsasfunc-
tion of trapping depth and immersion ail refractive index are
shown in Fig. 7(c). An important conclusion is that the axial
trapping constant at a depth of 5-10 m, can be increased al-
most by afactor of 7 by using an oil with n,;; = 1.54 instead of
the conventional oil used in microscopy (n.i = 1.518).

Water immersion objectives are typically optimized for visi-
ble light and cause spherical aberration of atrapping NIR laser
beam. The aberration can, however, be minimized by adjusting
the correction collar of the objective [75], and one advantage of
the water immersion objective is that the spherical aberration
does not change with trapping depth.

Recently, Kyrsting et al. mapped the 3-D focal distribution
of an optical trap (A = 1064 nm) focused by awater immersion
objective or oil immersion objective using different immersion
0ils[13]. As expected, the intensity distributions were strongly
sensitive to the immersion medium used and local intensity
maxima were observed off-axis and in front of the focal spot
as shown in Fig. 7(b). Interestingly, this study also reveaed
that 200 nm gold nanoparticles stably trap at a position before
the intensity maximum [as depicted in Fig. 7(b)] [13]. Thisis
consistent with the heat profile observations [13] implying that
larger trapped metallic nanoparticles needed to be displaced
from the maximum intensity.

VII. VISUALIZATION OF NANOPARTICLES

Kohler illuminated bright field microscopy is often used in
conjunction with optical trapping to visualize particles. How-
ever, the low contrast makes it difficult to detect even metallic
particles. Another modification of transmitted light microscopy
yielding better contrast, is Differential Interference Contrast mi-
croscopy (DIC) which has been employed to visualize gold
nanoparticles of tens of nanometer size [6], [7]. This method
depends on the insertion of polarizers and Wollaston prismsin
the imaging light path to convert phase contrasts to intensity
contrasts in the resulting image.

Confocal microscopy operated in reflection mode can also be
used to visudize trapped nanoparticles. This method strongly
dependsonthereflectance, i.e., theratio of illuminationintensity
to reflected intensity. Confocal reflection visualization of very
small nanoparticles in the optical trap has been demonstrated
[35], [50] and the plasmonic resonances of the particles make
them scatter some wavel engths more efficiently than others.

Other methods for visualizing nanoparticles in an NIR opti-
cal trap often rely on detection of nanoparticle fluorescence or
on elastic scattering of incident light. If the trapped nanostruc-
ture incorporates fluorophores, they might become excited by
simultaneously absorbing two photons from the trapping NIR
beam [59], [76]. This effect is shown for a 200 nm polystyrene
nanoparticle (PS) in Fig. 8(a) left. An advantage of the two-
photon visualization is that it alows the nanoparticle to be vi-
sualized only with a sensitive camera and without the need of
additional light sources. Imaging by two-photon excitation by
the trapping laser can be implemented in any epifluorescence
microscope equipped with a sensitive CCD camera or a photo-
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Fig. 8. Imaging of nanoparticles in an optical trap. (a) Left image shows
ad = 200 nm polystyrene nanoparticle labeled with Alexa Fluo Hydroxide,
with absorption maximum at 502 nm, and excited by two-photon absorption
of the trapping laser beam. Right image shows the emission from a DiOC; g2
labeled SUV (d = 70 nm) held by an optical trap and imaged using confocal
scanning microscopy. (b) Color recorded by dark field microscopy of trapped
silver nanoparticles, reproduced with permission from [2]. (c) Corresponding
simulated scattering spectra for individual and aggregated silver nanoparticles,
reproduced with permission from [2].

multiplier tube combined with hot mirrors and color filters to
block the trapping laser light from reaching the detector. Also,
trapped metallic nanoparticles can be two-photon excited by an
additional pulsed and mode-locked laser focused to the same
point in space as the trapping laser [5], [41]. One advantage of
two-photon fluorescence is that the large frequency difference
between the excitation beam and the emission makes it easy to
distinguish signal from background illumination.

A combined confocal micoscope and optical trap can also be
used to visualize fluorescent trapped nanoparticles, as shown
for atrapped Small Unilamellar lipid Vesicle (SUV) inFig. 8(a)
right [25].

Dark field microscopy isavery efficient visualization method
for nanoparticles based on elastic scattering of incident light.
Thedark field method relies on detecting only the light scattered
from the nanoparticle and not the illuminating beam. Combin-
ing dark field microscopy with optical trapping of nanoparticles
isachallenge asit requires abalance between ahigh NA needed
for stable optical trapping (typicaly NA = 1.3-1.4) and a NA
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of the objective that is lower than the NA of the condenser for
dark field imaging [77]. Methods for circumventing this strict
requirement usually compromise either the trapping stiffness by
using alow NA for the objective [78], [79] or the possibility of
spectroscopic measurements by using a perpendicular laser for
imaging [20], [80]. Recently a method was proposed in which
both strong trapping and spectroscopic measurements can be
achieved by collecting back-scattered light through an aper-
ture that blocks reflected light from the specimen [81]. Another
method demonstrated plasmonic coupling of metallic nanopar-
ticles suspended in an optical trap using dark field microscopy
by only constraining the NA intheimaging channel whilemain-
taining ahigh NA of thetrapping laser [see Fig. 8(b) and ()] [2].
This study revealed a gradual red shift in the observed plasmon
resonance because the particles gradually aggregated.

VIII. FUTURE DIRECTIONS

Nanoparticles can be trapped in relatively weak potentials
in which they perform substantial Brownian fluctuations com-
pared to trapped micrometer sized dielectric particles. There-
fore, trapped nanoparticles have great potential as ultrasensitive
sensors of potentials or for localizing matter at nanoscale. The
sensitivity of trapped nanoparticlesallows, e.g., for weak acous-
tic vibrations to be picked up by the trapped nanoparticle as
recently demonstrated, see Fig. 9(a) and (b) [82]. This elegant
experiment opens up arange of new possibilities to explore the
acoustic environment and communication inside and between
cells or to measure the dynamics of cellular organelles as, e.g.,
the rotating bacterial flagellum. Weakly trapped nanoparticles
also hold great promise as ultrasensitive force transducers use-
ful, e.g., for measuring thermophoretic effects [83] or for inves-
tigating the force properties of molecular motors.

Recently, it was shown that an optical trap could be employed
to precisely pattern gold nanoparticles on a substrate [84], and
an increased control over individual nanoparticles pave the way
for realizing nano-architecture in 3D [see Fig. 9(c)]. We aso
anticipate that optical trapping will become a useful tool in the
rapidly expanding field of plasmonics where multiple optical
traps with controllable separation [28] will be very useful for
studying collective biophotonical effects such asoptical binding
[3] without interfering substrates.

Theefficiency of optical trapping relieson thesize of thefocus
and hence is limited by the diffraction limit. Recent research
is focusing on concentrating light to subdiffraction scales by
using plasmonic structures to yield superior localization of the
nanoparticles at much laser powers [32], [33]. However, the
functionality of such plasmonic traps is compromised due to
the necessity of having fixed plasmonic structures nearby and
the potential heating effects. Future experiments would aim at
quantifying the heat generated by the plasmonic devices and
implementing these in biological applications.

In the future, optical trapping of nanoparticles will aso con-
tribute with exciting fundamental knowledge regarding light—
matter interactions of nanostructures whose optical properties
are largely unknown and certainly differ substantially from the
corresponding bulk properties. These extraordinary properties
giving promise of applications yet beyond imagination.

IEEE JOURNAL OF SELECTED TOPICSIN QUANTUM ELECTRONICS, VOL. 20, NO. 3, MAY/JUNE 2014

Fig.9. Futureapplicationsof optical trapping of nanoparticles. (a)—b) A gold
nanoparticle, the so-called ‘nano-ear, is optically trapped while an acoustic
wave is generated nearby by heating of other nanoparticles. As visible in the
power spectrum shownin (b), thisweak acoustic waveispicked up by thetrapped
particle, reproduced with permission from [82]. (c) Optical trap mediated nano-
patterning of gold nanoparticles on a glass substrate. The d = 40 nm gold
nanoparticles were positioned on the surface with a precision of 100 nm and
imaged using dark field microscopy, reproduced with permission from [84].
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Introduction

Since the invention of optical trapping" and the discovery that
living microorganisms could survive while being optically
trapped for long periods of time,” optical traps have had great
success uncovering fundamentals of biological systems at
the single molecule level.>* One reason for this success is
probably that optical traps are capable of measuring forces
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and exciting results achieved through optical force manipulation of individual molecules in vivo.

and distances in the pico-Newton and nanometer range,
which are exactly the forces and distances of interest at the
single molecule level of the cellular machinery. Another
reason which is particularly important with respect to in vivo
single molecule measurements is that optical trapping, even
inside a living cell, can be performed almost non-invasively,’
which is in contrast to, e.g., atomic force measurements where
the cantilever would need to physically penetrate the cell
membrane in order to perform measurements inside a cell.
Magnetic tweezers can also operate non-invasively inside
living cells, but a magnetic probe particle would need to be
inserted into the cytoplasm.
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Optical traps belong to the toolbox of techniques capable of
observing individual molecules for an extended period of time.
Single molecule studies can reveal rare and transient events or
dynamical behaviour of single molecules, thus unravelling funda-
mental properties of bio-molecules that are typically hidden in
ensemble studies. In addition to simple video based tracking of
individual molecules, which can also be performed with high
accuracy, e.g., by the novel super-resolution techniques,*” optical
traps are capable of exerting and measuring forces. Force has an
important role in driving the fundamental processes of the living
cell. For instance, force is known to guide cell motility,® be
important for cell-environment communication, influence stem
cell differentiation,’ and of course be important for intracellular
cargo transportation by molecular motors and cytoskeletal
re-organization, also during cell division.

Most biomolecules are controlled in a hierarchical manner by
their local environment through signalling pathways, topological
constraints, and mechanical forces that all can modulate the
biomolecule’s function. In vitro optical tweezer measurements have
successfully uncovered the mechanical and dynamic properties of
many molecular motors, for example the run length, step-size,
velocity, and load dependence of cytoskeletal motor molecules such
as kinesin'®"? and myosin."*'* Also, optical tweezers have been
extremely useful in characterizing the mechanical properties of bio-
polymers such as DNA, microtubules® or actin,'® pinpointing, e.g:,
DNA’s force-extension relation,””"® melting,"**° and twisting"®
properties as well as its interaction with various proteins.'®*!
In vitro single molecule investigations have the distinct advan-
tage of being able to investigate the influence of one well defined
parameter at a time, which is important, e.g., for quantifying the
coupling between mechanical work and a molecular motor’s
energy consumption.'!
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Invitro studies have laid the foundation for our understanding
of force-dependent and dynamical events of biomolecules. How-
ever, purifying and removing a single biomolecule from its natural
environment may alter its properties and render in vitro results
less biologically relevant than observations done within the living
cell. Dynein is an example of a molecular motor where in vivo
observations indicate that the motor is less processive inside a
living cell” than in a test tube.”® However the interpretation of
such results is not trivial as dynein cannot depart from its cargo as
easily in vivo as in vitro and the number of motors attached to the
cargo is not easily determined in vivo. Also ribosomes are reported
to translate significantly slower in vitro than in vivo.”

Despite the great interest and development of single molecule
techniques capable of reaching inside the living cell® the results
obtained in vivo are still limited. This is probably due to the
severe challenges associated with bringing single molecule force-
measuring techniques into the living cell.>** Here, we focus on
optical force manipulation inside living cells, explain how to
overcome the in vivo challenges, and lay out the methodology for
in vivo force calibration and measurements. Also we discuss the
important issues of internalizing the handle for the optical trap
into the living cell and the micro-rheological properties of the
cytoplasm. Finally, we review exciting results recently obtained
through optical manipulation of single molecules in vivo.

Experimental

Optical tweezers are typically formed by tightly focusing a laser
beam to a diffraction-limited spot using a high numerical
aperture (NA) objective. Fig. 1 shows a setup where an optical
trap (the infrared light originating from a 1064 nm Nd:YVO, laser)
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Fig. 1 lllustration of an optical trap implemented in a confocal micro-
scope. This equipment allows for simultaneous fluorescent visualization
and force measurements and manipulation. Figure reproduced with
permission from Richardson et al.>

is implemented in a confocal microscope. This type of setup
allows for simultaneous force measurements and confocal
visualization of fluorescently marked molecules and handles.
Equipped with appropriate detection schemes, as for instance
photodiodes in the back-focal plane, optical tweezers can mea-
sure displacements in three dimensions with a spatial resolution
down to 0.2 nm and a temporal resolution on the order of ps.
Often the beam profile of the trapping laser is Gaussian because
it provides a small well defined focal spot and produces a large
intensity gradient, hence a large force. The trapped object
experiences a force, F, that is a combination of gradient and
scattering forces. The equilibrium position is normally close to
the focus of the laser beam, however, it could be displaced
somewhat in the axial direction because of the scattering force.>®
For small displacements of the trapped object the force scales
linearly with displacement, x. In this regime, the optical trap is
well-described as a Hookian spring, F = —kx, where « is the spring
constant. x has a different value in each of the translational
directions, is typically weaker in the axial direction than in the
lateral directions, and normally has a value of ~0.01-1 pN nm ™%,
depending on laser power and alignment.

For biological applications, optical tweezers based on near-
infrared lasers (850-1064 nm) are preferable because biological
tissue and water absorb only very little light at those wave-
lengths. To create a strong trap based on a single laser beam it
is advantageous to use a high NA objective. Oil immersion
objectives are available with higher NA than water immersion
objectives, however, an oil immersion objective introduces
significant spherical aberration in an aqueous sample and
the aberration is strongly depth dependent. A water immersion
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objective introduces less aberration of an infrared laser beam*®
and the aberration is nearly independent of imaging depth
(until depths of ~200 pm).

Position detection can be performed either simply using a
camera, or by using photodiode based techniques, the latter
typically having the advantage of a higher space and time
resolution and easier data processing. As depicted in Fig. 1, a
photodiode, either a quadrant photodiode detector (QPD) or a
position sensitive detector (PSD), can be placed in the back
focal plane of the objective. These photodiodes collect the
forward scattered light and can easily achieve a spatial resolution
down to a few nanometers in 3D*’ and a time resolution of ps.**?°
For certain purposes it is an advantage to employ a separate
laser for position detection, which also allows for implementa-
tion of a feedback system with, e.g., acousto-optic® or electro-
optic®" deflectors.

Force calibration

In many experimental situations, the laser intensity in the
trapping plane is not readily known and as precise calculations
of optical forces are quite involved®® and not necessarily available
for complex geometries and handles, the force exerted by the
trapping laser is most often found by calibration. A popular
choice for precise and fast calibration relevant for in vitro experi-
ments relies on recordings of the Brownian motion of an optically
trapped dielectric bead. Such recordings are also denoted passive
measurements because variations in the position of the trapped
particle are caused by thermal fluctuations only and not by any
active driving. In the simplest version of passive calibration, the
bead radius and the viscosity of the surrounding liquid are
assumed to be known. The trapping potential is assumed to be
harmonic and by analysis of either the correlation function® or
the power spectrum®>3® of the positions visited by the trapped
bead, the passive calibration method provides a value for the
spring constant k of the trapping potential. With a value for k at
hand, a precise measurement of the position of a trapped
object relative to its equilibrium position, x, will allow extrac-
tion of the force, F = —kx.

In vivo the task of calibrating the optical trap becomes more
complex. Now, the surrounding medium is no longer a liquid
with known viscosity but may rather be modelled as a visco-
elastic medium. If the trapped object is well characterized and
available also outside the cell, one may determine its trapping
spring constant in a simple viscous liquid, e.g., through passive
calibration. Then, the spring constant in the viscoelastic
medium can be approximated by the spring constant found,
but modified by accounting properly for the difference in the
refractive index between the two media. Another option is to
use the limiting behavior at vanishing frequency of the real part
of the viscoelastic modulus for the determination of the spring
constant of the trap in the viscoelastic medium.*” Often,
however, the size and geometry of the object trapped within
the living cell are unknown. In that case, two conceptually
different approaches have been applied to determine the force
exerted by the optical trap. One relies on the measurement of
momentum changes imparted to the trapping laser light — and
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requires the ability to detect all the light scattered.>**° A completely
different approach relies on a combination of active and passive
measurements.*>*' This approach allows for determination
both of trap characteristics and of viscoelastic properties of
the cytoplasm and does not require that the geometry or optical
properties of the handle are known.** The procedure involves
a series of experiments, as illustrated in Fig. 2: in passive
measurements (Fig. 2(a)), time series of the positions visited
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by the trapped particle are recorded and power spectra, P(f),
are calculated. In active measurements (Fig. 2(b)), while oscil-
lating either the sample stage or the trapping laser, time series
of the positions of the trapped bead are recorded and compared
to the positions of the oscillating trap or stage, and a so-called
relaxation spectrum is recorded.

In practice for the active measurements, the stage is oscillated
at angular frequency o, the stage position xs(t) is described as

Fig. 2 lllustration of the active—passive calibration method that is applicable in living systems. Sketch is not to scale. In part (a), the passive part of the

measurement protocol is illustrated. Recordings of the position of the trapped object inside the cell, here, a lipid granule inside a live S. pombe cell, allow
for the experimenter to obtain a power spectrum, P(f). In part (b), the active part of the protocol is illustrated, allowing us to obtain values for the
amplitude As/p and phase ¢s/p of both the stage (subscript S) that is actively driven, and the response of the trapped object (subscript P). In parts (c)-(e),
experimental steps to determine parameters of the detection system are illustrated. In panel (f), results obtained with trapped granules in a live S. pombe
cell demonstrate that the spring constant of the trap, ., increases linearly with the power of the trapping laser.
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xs(t) = Asgsin(wt + ¢s) and the motion of the trapped particle
xp(t), recorded by a QPD, is fitted to the form xp(t) = Ap sin(wt + @p).
Subsequently, the data both from active and passive spectral
measurements are combined to extract the information sought
for, namely the spring constant of the trap, k, and the visco-
elastic modulus G(f).

Intermediary steps (described by parts (c)-(e) in Fig. 2)
ensure that the final outcome carries the correct physical
dimensions. The active-passive method should be applied with
a driving frequency chosen in frequency intervals that do not
involve active processes, like the action of molecular motors,
as the method is based on the assumption that concepts of
equilibrium thermodynamics are applicable. Fig. 2(f) demon-
strates that the hallmarks of optical traps well-known from
in vitro also apply in vivo: the spring constants characterizing
optical trapping of lipid granules inside S. pombe yeast cells
increase linearly with laser power.** This approach was also
applied to investigate kinesin and dynein motors in live A549
human epithelial cells and in Dictyostelium discoideum.*®

A slightly different, yet comparable method relies on fitting
parameters of a proposed model for the viscoelasticity of the
cytoplasm and has provided detailed information on micro-
tubule motors in living cells, using endocytosed latex beads as
tracer particles.**

What can be trapped?

Individual bio-molecules usually cannot be trapped because
the induced dipole moment by the optical trap is not large
enough. Therefore, a handle, that can be trapped, is typically
specifically and firmly attached to the molecule of interest.
Individual polystyrene and silica beads with diameters of several
micrometers,®*> quantum dots,*® and various metallic nano-
particles with sizes down to ~10 nm can be optically
trapped.*”*® For in vivo studies lipid granules that occur natu-
rally inside most cells are particularly attractive as handles
because they need not be internalized and can easily be optically
trapped.**™® Furthermore, they are often transported by kinesin
and dynein, hence these motors are conveniently studied in vivo
using lipid granules as handles. One shortcoming of optical
tweezers is that they lack selectivity and therefore, all dielectric
objects with an index of refraction that is larger than the
surrounding medium and with an inducible dipole large enough
will be trapped. In vitro such artefacts can be avoided or brought
to a minimum by keeping the concentration of handles in the
sample chamber very low. However, in a living cell this is not
possible and during the analysis one needs to take into account
that maybe more handles are in the trap than aimed for.

Internalizing and conjugating the handle

Unless an endogenously occurring object, such as a lipid
granule, is used as a handle for the optical manipulation, the
handle needs to be internalized into the cell. Internalizing the
handle may distort cellular integrity. The gentlest approach is
probably to let the cell endocytose the handle. With many cell
types this can be achieved simply by adding particles to the
solution containing the cells. An example is given in Fig. 3,
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Fig. 3 Endocytosis of 60 nm gold nanoparticles (yellow and marked by a
white arrow) by H727 neuroendocrine cancer cells. The lysosomes
(marked with Cell light lysosome-RFP; red) are the end destination
of the endocytotic pathway and over time it is seen that the fraction of
co-localization of the gold nanoparticles with the lysosomes increases.

which shows endocytosis of 60 nm gold nanoparticles by H727
neuroendocrine cancer cells. Conveniently, the size range of
endocytotic uptake corresponds well to the size range of
handles that can be stably optically trapped.* During endo-
cytosis, nanoparticles in contact with the outer cell membrane,
either non-specifically or by receptor recognition, are engulfed
by large encapsulating lipid compartments called endosomes.
Upon internalization, the endosomes are transported, typically
along microtubules, to their designated location or the end
terminal of the endosomal pathway, the lysosomes. The lyso-
somes are responsible for degrading the content of the endo-
somes by means of a highly hostile environment. If, however,
one wishes to explore other parts of the cellular machinery than
the endocytotic pathway, this approach has the shortcoming
that the handle needs to be released from the coating vesicle
and actively pulled to the location of interest inside the cell.
Another pitfall is that during endocytosis, nanoparticles are
typically encapsulated together as multiples (the diameter of
the endosome is on the order of ~500 nm) and are therefore
unavailable for individual manipulation unless efforts are
made to release them from the endosomes.”**

Micropipette injection of particles is an invasive strategy for
internalization. Here, the handles are injected into the cyto-
plasm or nucleus by penetrating the cell wall and membranes
with a glass pipette typically with a diameter of 0.2-0.5 um.>® An
example of this is shown in Fig. 4 where a micropipette was

Fig. 4 Diffusion of 125 nm gold nanoparticles that are micropipetted into a
neuroendocrine cancer cell. (@) Image of a cell with the extra-cellular space
fluorescently marked with Alexa Flour 488 hydrazide. Traces of diffusing gold
nanoparticles are overlaid on the image. The traces are obtained from confocal
scans (reflection mode). (b) The mean squared displacements (MSD) of the
micropipette injected gold nanoparticles, same colour code as in (a). The lower
full line has a slope of o = 0.75, the upper a slope of « = 1.5.
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used to perforate a H727 neuroendocrine cancer -cell
and deliver 125 nm gold nanoparticles into the cytoplasm.
Another invasive internalization methodology is to optically
inject gold nanoparticles into cells by tightly focussing a laser
and burning a hole in the cell membrane (photoporation).>”
Electrophoretic shock has also been used as a delivery
strategy, but that causes the cells to become severely stressed
by the applied voltage.”® The advantage of these more invasive
approaches is that the handles can be mono-dispersedly
internalized into the cell and in principle at any location inside
the cell. These ‘membrane rupturing approaches’, however,
have the drawback that they depend on the recovery of the
cell membrane after penetration which might not always be
possible. Alternative methodologies for internalizing nano-
particles in cells are reviewed in ref. 58 and 59.

It is important that the handle is firmly and specifically
attached to the molecule of interest in a one-to-one ratio.
One of the main pitfalls of single molecule investigations, in
particular in vivo, is that the handle, or visualization marker,
may not be specifically attached to the molecule of interest or
may be attached to multiple of those molecules. Ideally, handle
attachment should be specific, strong and not affect the
physiological state of the cell. Two successfully used schemes
to specifically conjugate single molecules in the living cell are
via receptor-ligand or antibody-antigen binding. The most
commonly used conjugation is the biotin-streptavidin bond,
whose strength is nearly the same as that of a covalent bond.
Another, but weaker, antibody-antigen-based conjugation is the
antidigoxigenin-digoxigenin bond. Other useful schemes include
reactive cysteine residues and histidines. Many particles are
commercially available with these functionalizations.

Though specific interactions between the biomolecule and
the handle are important, reducing unspecific binding is also
most crucial. Unspecific interactions between the handle
and molecules in the media can easily introduce noise and
artefacts. Proteins like bovine serum albumin and a-casein can
significantly reduce unspecific interactions; however in the
crowded cytoplasm inside the cell it is nearly impossible
to prevent unspecific binding completely and clever control
measurements must be done instead.

Heating

When performing optical tweezer measurements part of the
focused laser light might be absorbed by the living cell or by the
handle. Absorbed light is dissipated as heat into the surrounding
tissue thus leading to a local temperature elevation. The absorp-
tion of infrared light by biological tissue or by silica and
polystyrene handles is relatively minor and in aqueous environ-
ments typically leads to temperature elevations of 1 °C or less.*°
This value is consistent with a heating of ~1.15 °C per 100 mW
found in a cell confined by a 1064 nm trapping laser.®!

The size range of which metallic nanoparticles can be stably
trapped*® makes them particularly favourable as force transdu-
cing handles inside the crowded cytoplasm. Furthermore, the
size range is compatible with internalization through the
endocytotic pathway. However, due to the plasmonic properties
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of metallic nanoparticles, they have significant absorption, also
in the infrared, and can cause a substantial heating, depending
on the particle size,*> shape,®® and composition.** The tem-
perature elevation at the surface of metallic nanoparticles can
easily reach hundreds of degree Celsius, however, if the particle
is chosen small enough (e.g., with a diameter of 40 nm) and is
irradiated at typical laser powers at the sample (~100 mW)
the temperature elevation is too small to be detectable in a
sensitive assay based upon the phase-dependent partitioning of
fluorophores in a lipid bilayer,®* that is, it is probably below a
couple of degree Celsius.

In conclusion, the temperature increase around optically
trapped polystyrene beads, silica beads, or small metallic
nanoparticles is probably so low that it would not interfere
with physiological processes. Though, it should be noted that
most temperature determining assays were carried out in an
aqueous environment with larger heat conductivity than inside
the cytoplasm; the temperature elevation inside a cell is expected
to be larger than in an aqueous sample.

Physiological damage

Since Arthur Ashkin reported the survival of optically trapped
microorganisms,” it has been a general consensus in the field
that upon correct choice of laser wavelength and power, the
physiological damage induced by optical traps is minor. Later
studies have elaborated on this conjecture: one important effect
of the infrared laser beam is that it produces free radicals and
singlet oxygen, which has a high reactivity. Membranes and
nucleic acids are sensitive to oxygen radicals that can cause
oxidative stress and membrane rupture amongst others.
Neuman et al.®® addressed the role of oxygen in photodamage
in optical trapping of E. coli using laser wavelengths from
790 nm to 1064 nm. They measured the rotation rate of the
flagella of a trapped E. coli under both aerobic and anaerobic
conditions® and found that the photoinduced damage varied
with laser wavelength and that it was significantly higher under
aerobic than anaerobic conditions. An effect of photoinduced
radicals was also observed in a single molecule assay tethering
DNA between two microspheres under both aerobic and
anaerobic conditions.®® Generation of reactive oxygen species
has been assessed for mammalian cell lines as well, where
exposure to pulsed lasers was shown to be more likely to trigger
the formation of reactive oxygen species than exposure to
CW lasers.®”

Trapping of microorganisms such as E. coli and Listeria has
been shown to comprise the ability of the microorganism to
maintain a proton gradient across the cell membrane.®®
The physiological damage was dependent on laser power and
trapping time, hence, on the integrated power deposited in the
organism. However, if trapping powers and exposure times
were kept low, no physiological damage was observed.®®

In conclusion, optical tweezers based on near infrared lasers
do impose some degree of physiological damage and probably
trigger stressful photochemical reactions.>**>%%7® Therefore,
for in vivo measurements, it is advisable to keep laser exposure
time and power to a minimum.
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Optical trapping inside the living cell

Objects that are large enough and with high enough optical
contrast (mismatch in the index of refraction) to the cytoplasm
can be trapped inside the living cell. The trapped objects can be
moved around in 3D and, thanks to the development of in vivo
calibration techniques, the forces acting on the trapped objects
can be measured. The biological processes in the cytoplasm are
highly complex and many are regulated by mechanical forces,
e.g., molecular motor and membrane protein motility, cell
differentiation and cellular motility, as visualized in Fig. 5.
The local environment inside a cell may influence or tem-
porarily modulate the function of biomolecule dynamics. Also,
in contrast to most in vitro studies, a single motor cannot be
isolated in vivo and many motors probably naturally work in a
collective fashion in the living cell. In the subsequent sections
we present the progress made using optical tweezers in vivo.

Micro-rheology

The first step towards measurements inside the living cell is to
internalize and specifically attach the handle to the molecule of
interest. As detailed above, there are several ways to do this. If
the handles are micropipetted into the cell, some of these will
diffuse randomly inside the cell and others will be picked up by
molecular motors. An example of this is shown in Fig. 4, where
Fig. 4(a) shows an image of H727 neuroendocrine cancer cells.
Gold nanoparticles were microinjected into the cell and the
traces of the injected particles tracked. Some of the particles
hardly moved (red traces), others performed subdiffusive
motion (yellow and light blue traces) while others moved in a
linear fashion (blue traces). Dynamics within the cytoplasm can be
described by different classes of diffusion. These are characterized
by the scaling behaviour of the mean squared displacement,

Fig. 5 [lllustration of the cellular machinery. Molecular motors such as
kinesin and dynein carry cargo along microtubules (blue filaments),
whereas the molecular motors in the myosin family move along actin
(red filaments). The complex polymer network in the cytoplasm facilitates
cellular transport and is also responsible for maintaining cell shape,
organelle organization and for cell motility. The membrane contains a
large variety of proteins responsible for signal transduction, cell adhesion
and recognition, and transport of molecules and nutrients across the
membrane. During endocytosis the membrane makes an invagination
through which the object is engulfed. Anything with a large enough optical
contrast to the cytoplasm can be optically trapped.
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MSD(7) = ([r{t + 7) — r(t)]*), r(¢) being the position of the particle
at time ¢ and t being the time lag. MSD = 2D¢”, where D is the
diffusion constant and o is the scaling exponent. The scaling
exponent, o, yields information on whether the motion is
subdiffusive (¢ < 1), normal diffusion (o = 1), or superdiffusive
(o > 1). In the experiment depicted in Fig. 4, the red traces have
o ~ 0, thus exhibiting confined diffusion, the yellow and light
blue traces have o ~ 0.75, hence are subdiffusive, as often
observed for passive tracers inside living cells,*>*"""7
dance with the behavior of semiflexible polymer networks.” The
blue traces are the result of superdiffusion (x ~ 1.5) in accor-
dance with observations of 1-2 um polystyrene beads in a study
of human SV80 cells’* and micro-injected quantum dots in HeLa
cells.”” If the goal is to study molecular motors inside a living
cell, then the super-diffusive particles are the tracers most likely
to be bound to active molecular motors.

Optical tweezers have successfully been used to expand
micro-rheology measurements in living cells. The timescales probed
with optical tweezers are on the order of (1071072 5),*>°"7" a
regime that is unavailable to standard video based rheology
measurements (>0.01 s),**°' thus making optical tweezers
able to access regimes where interesting dynamics, e.g., weak
ergodicity breaking occurs.”*

Also the impact of the cytoskeletal subcomponents on
cellular microrhelogy has been explored. It was found that
passive tracers, lipid granules inside S. pombe, performed
subdiffusional motion at all times during the cell cycle, albeit
with a significantly larger scaling exponent during mitosis
(o ~ 0.84) than during interphase (¢ ~ 0.81).”" This was attributed
to the fact that the network of microtubules are denser, thus
making the cytoplasm more elastic during mitosis.”* Similar lipid
granules were also shown to diffuse more freely upon disruption of
cellular actin.”

The contribution of intermediate filaments to the viscoelas-
ticity of the cytoplasm has recently been assessed using mouse
embryonic fibroblasts.”® Here the influence of vimentin, one of
the most common intermediate filaments, was studied using
both optical tweezers and video-based particle tracking. The
motion of endogenous granules was found to decrease in the
presence of vimentin intermediate filaments suggesting that
the vimentin network helps localizing cytoplasmic organelles
by stiffening the local environment.

As described above, also the viscoelastic modulus G(f) can
be extracted from passive and active in vivo optical tweezers
calibration. This was done using optically trapped granules
inside an S. pombe cell and showed that the elastic response of
the viscoelastic modulus Re[G], also denoted G’, increased with
an exponent of « = 0.75 as a function of frequency,** consistent
with earlier data.”® In the narrow frequency window between
5 and 75 Hz G’ for S. pombe was found to range from G’ ~ 4 to
30 Pa.***' In mouse embryonic fibroblasts with an intact
vimentin network, the elastic response of the viscoelastic
modulus was found to be G’ ~ 10 Pa at 1 Hz with a diffusion
exponent of o = 0.25 in the frequency range from 1 to 100 Hz.”®
This viscoelastic modulus is significantly larger than the value
obtained in S. pombe at 1 Hz (G’ ~ 1 Pa),*>" however when

in accor-
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assessed by the diffusion exponent the cytoplasm of the mouse
embryonic fibroblasts is also significantly more elastic (¢ =
0.25)’° than the cytoplasm of S. pombe (« ~ 0.75).**°! Further,
when comparing G’ from wild-type mouse embryonic fibro-
blasts at 1 Hz (G’ ~ 10 Pa) to G’ from vimentin deficient mouse
embryonic fibroblasts cells at the same frequency (G’ ~ 5 Pa) it
is clear that the presence of vimentin intermediate filaments
stiffens the cytoplasm.”®

Membrane protein dynamics

The plasma membrane of a cell consists of a phospholipid
bilayer that is compartmentalized into many small domains.
Embedded into the membrane is a large variety of proteins
having essential roles for proper cell function, for instance for
communication between the exterior and interior of the cell,
transportation across the membrane of ions, nutrients and
enzymes, and cell adhesion and recognition.

One of the early applications of optical tweezers in vivo was
to characterize diffusion of proteins in the membrane of
eukaryotic cells.”””® Handles composed of 210 nm latex beads or
40 nm colloidal gold particles were in one study attached to a
membrane protein and dragged laterally through the plasma
membrane of normal rat kidney fibroblastic cells.”® The force
required to drag the protein ranged from 0.05 pN to 0.8 pN, the
large range probably signifying the viscoelastic heterogeneity of
the plasma membrane which is known to be compartmentalized.
In a later study, a method was developed by which the diffusion of
the protein in its native location (without dragging it over large
distances through the membrane) was studied by optical tweezers.”
In this study GPI-anchored proteins appeared to localize at a
lipid raft for extended periods of time.”®

Optical tweezers were also used to study the diffusion of proteins
in the membrane of prokaryotes. Gram-negative bacteria have
several membrane layers in contrast to that of most mammalian
cells. In addition to the inner bilayer Gram-negative bacteria also
have both an outer membrane consisting of a lipopolysaccharide
coat and a peptidoglycan layer separating the plasma membrane
from the outer membrane. Using optical tweezers, the local diffu-
sion of a single transmembrane protein, the A-receptor, in the outer
membrane of an E. coli was probed by measuring its Brownian
motion.® It was found that the A-receptor had a low diffusion
constant compared to diffusion in the eukaryotic membranes. Also,
the dynamics of the A-receptor was found to be energy dependent®
and to correlate with the dynamic reassembly of the peptidoglycan
layer.*” These findings indicated that the A-receptor is attached to
the peptidoglycan layer and that its diffusion is closely linked to the
metabolism of the cell, hence it is not a pure thermal diffusion.
These results suggest that membrane diffusion studied in vitro will
be different from in vivo studies as the active component linked to
cell metabolism is lacking in vitro.

Molecular motors

Large molecules, filaments or organelles in the living cell are
transported, translocated or rotated actively by motor proteins.
These motor proteins use ATP to generate force as they perform
their biased motions.

This journal is © the Owner Societies 2014
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Two classes of motors that transport cargo along micro-
tubules have been identified: the kinesin family that translocates
towards the microtubules plus-end and cytoplasmic dynein
translocating towards the minus-end. In vivo investigations have
shown that molecular motors perform saltatory motion in the
cellular viscoelastic environment®>** and that the stall force, i.e.,
the minimum force needed to stall a motor pulling on its cargo,
for kinesin family is 5-7 pN** and for dynein is 1-8 pN.>>*%*

The consensus is that in vivo several motors are typically
involved in cargo transport® and, in particular, that cargo is
transported along microtubules by complements of kinesin and
dynein motors.*® Furthermore, in a study using endogenously
occurring lipid granules as handles in an A549 human cancer
cell, the forces exerted by individual motors are found to be
additive.”® Thus, the stall force of in vivo active transport allows
the identification of the individual motors in the complement.

From a study of phagocytosed latex beads in mouse macro-
phage cells, the cargo motility along microtubules was found to
be the result of a collective motion of a few kinesin molecules
moving towards the plus-end, and many dynein moving towards
the minus-end.** It was also shown that coupled motors at high
loads often synchronize their steps to move in the characteristic
8 nm steps along microtubules.** Furthermore, in an assay with
kinesin-1 and dynein-driven lipid droplets in Drosophila
embryos, it was found that if the cargo transported in one
direction was stalled and detached, it was more prone to be
transported in the same direction when resumed.®’

The stall forces of kinesin and dynein in vivo were investi-
gated using endogenous lipid granules in A549 human cancer
cells and latex beads in Dictyostelium discoideum as optical
trapping handles.*? Stall forces, depicted in Fig. 6(a) and (b)
for A549 cells and in Fig. 6(c) and (d) for Dictyostelium, were
shown to be different in the plus-end and minus-end direc-
tions. Interestingly, the plus-end directed (outward) stall force
was found to be lower than the in vitro value for kinesin,
implying that often both kinesins and dyneins attach to the
cargo and pull in opposite directions in a tug-of-war manner.**"°
In the minus-end direction (inwards) the stalling forces were
higher than measured for individual dynein in vitro, implying
that several dyneins (and no kinesins) were acting in a collective
fashion during inward motion. Fig. 6(e) shows examples of the
dislocation of the cargo, the time traces show regions of linear
movement in both directions interrupted by stalls. It has been
proposed that even though both dynein and kinesin are bound
to the cargo, only motors of one polarity are active at any instant
of time, with the activity being reversible with the aid of a
co-factor.”” A candidate co-factor has been identified in a study
of kinesin in monkey fibroblasts, where casein kinase 2 is found
to regulate kinesins that are attached to their cargo.”* Also,
dyneins are found to team up to generate large forces.”*

Filopodia dynamics has been shown via optical tweezers to
be regulated partly by F-actin filament polymerization and
depolymerisation,®* and partly by mechanical work conducted
by actin-based myosin molecular motors, inducing a retrograde
flow.”* Using optically trapped IgG-coated polystyrene beads
attached to the tip of a filopodium discrete steps during
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Fig. 6 In vivo stall force measurements for lipid granules in A549 human
cancer cells (A and B) and for endocytosed latex beads in Dictyostelium (C
and D). (A and B) Stall force histograms of outward (A) and inward cargo
motility (B) in A549 cells. (C and D) Stall force histograms of outward (C)
and inward cargo motility (D) in Dictyostelium. The distributions for the
two cell types are very similar. Both imply significant differences between
the stall forces for inward and outward motion. (E) Examples of cargo
traces showing periods of active motion in both directions interrupted by
stalls. Reproduced with permission from Blehm et al.**

filopodia retraction were observed, the step sizes were ~36 nm,
consistent with myosin being the motor responsible for
filopodia retraction.”* As forces up to 19 pN were measured,
most likely several molecular myosin motors work coopera-
tively to retract filopodia.

The status of the field is that the motors most frequently
studied with optical tweezers are kinesin and dynein. Without
doubt, this is attributed to the fact that these motors carry
endogenously occurring lipid granules that are easily optically
trapped and serve as excellent force-transducing handles. How-
ever, there are also other endogenously occurring ‘objects’ in
the cell that can be optically manipulated. One such example is
the chromosomes that can be trapped to estimate the forces
exerted by molecular motors on the mitotic spindle, in this
manner the stalling force for chromosome movements in
Mesostoma spermatocytes was estimated to be 2.3 pN and in
crane-fly spermatocytes to be 6-10 pN.””

Outlook

Until now optical tweezers have predominantly been used in vitro,
however, as most of the challenges connected to in vivo use of this
technique** have now been overcome, exciting novel quantitative
in vivo single molecule results are now beginning to appear.>*®
Though optical tweezers have themselves very large potential
for single molecule in vivo investigations, another advantage is
that they can easily be combined with other techniques, such as
fluorescent imaging,’® which gives an even larger potential for
revealing connections between, e.g., mechanical force and
biochemical regulation. Recently, a clever methodology was
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invented where super-resolution STED microscopy was combined
with optical trapping; this equipment was used to reveal protein
dynamics on DNA.”” This type of super-resolution microscopy
combined with state-ofthe-art force measuring optical traps has
huge potential for uncovering fundamental mechanical-biochemical
action-reaction schemes inside the living cell.

So far, all reported in vivo single molecule optical tweezer
investigations were carried out in 2D cell cultures, on single
celled microorganisms, or with single cells isolated from multi-
cell organisms or tissue. However, as laser light has the ability
to penetrate deep into biological tissue, it is likely that optical
traps could be used to investigate also the mechanics within
multi-cellular organisms or deep into tissue. Or, as optical
tweezers have proven to be able to trap synaptic vesicles,”®
maybe the technique can even shed light on the fundamental
mechanism and mechanics governing nerve conduction and
development of neuronal diseases.
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I he lysogenic state of the N switch is

exceptionally stable, still, it is capa-
ble of responding to DNA-damage and
rapidly enter the lytic state. We invented
an assay where PNA mediated tethering
of a plasmid allowed for single molecule
investigations of the effect of supercoil-
ing on the efficiency of the epigenetic
N\ switch. Compared with non-super-
coiled DNA, the presence of supercoils
enhances the Cl-mediated DNA loop-
ing probability and renders the transi-
tion between the looped and unlooped
states steeper, thus increasing the Hill
coefficient. Interestingly, the transition
occurs exactly at the CI concentration
corresponding to the minimum number
of CI molecules capable of maintaining
the pRM-repressed state. Based on these
results we propose that supercoiling
maintains the pRM-repressible state as
CI concentration decline during induc-
tion and thus prevent autoregulation of
¢/ from interfering with induction.

Introduction

The lysis—lysogeny decision by bac-
teriophage N was the first genetic switch
to be deciphered,' this epigenetic switch
is now relatively well understood and the
most important features are outlined in
Figure 1A and B. One fascinating fea-
ture of this switch is the profound stabil-
ity of the prophage state. The N prophage
responds to the host (Escherichia coli)
DNA-damage sensing or SOS system.
When the SOS pathway is induced,
activated RecA protein catalyzes the
self-cleavage of N repressor protein, CI,

Bacteriophage

causing the prophage to enter lytic devel-
opment. In strains lacking RecA protein,
three quarters of the released phage bear
mutations in the ¢/ gene.? Thus, the pro-
phage state maintained by CI is more sta-
ble than the genes encoding components
maintaining the repressed state. In fact,
two more recent studies found 73 out of
a total of 74 apparently wild type phage
(cI') released from recA lysogens, were
mutants in the promoter for repressor
maintenance, pRM.>* The rarity of wild
type phage released from recA lysogens, as
pointed out by Little and Michaelowski,*
may not even be true escapees but may
be the result of a mutation in the now
dead host. The stability of the prophage
state is in part due to the sophisticated
regulation of CI synthesis (as detailed in
Fig. 1B). The intracellular concentration
of CI must be carefully fine-tuned such
that it is high enough to maintain repres-
sion of lytic development but not too
high to prevent sufficient degradation by
activated RecA.” In the lysogenic state, CI
activates its own synthesis from pRM.®
At physiological concentrations CI can
repress its own synthesis by binding to
the operator, OR3, only if another seg-
ment of the prophage genome contain-
ing the operator OL3 is clamped next to
OR3. The clamp is formed by CI binding
as an octamer to the operators OL1-OL2
and OR1-OR2, thus arranging the inter-
vening DNA in a loop (as depicted in
Fig. 1B).” In other words, the OL-CI-OR
looped state is necessary for CI repression
of pRM.

Cl-mediated looping of DNA has
been extensively studied in vivo and
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Figure 1. (A) X phage survival strategies after infection of Escherichia coli. The phage enters either the lytic pathway (left) or the lysogenic pathway
(right). The lytic pathway is irreversible and rapidly produces a crop of phage that is released by lysing the cell. The lysogenic pathway is a dormant state
in which the phage DNA is incorporated into the host DNA and passively gets replicated until a signal (e.g., DNA damage) flips the switch and causes
entering into the lytic state. (B) A switch regulation. The X operators, operator right (OR) and operator left (OL), are located ~2.3 kbp apart on the phage
DNA overlapping the lysogenic (pRM) and lytic (pR and pL) promoters (marked by bent arrows). Each operator is a constellation of three adjacent sub
sites that bind ClI (yellow dumbbell) in a hierarchical manner. Cooperative binding between Cl dimers bound at OR1 and the adjacent intrinsically weak
operator OR2 virtually ensures simultaneously occupancy and is responsible for lytic repression (indicated by red cross) and simultaneously activation
of the weak Cl promoter pRM located at OR3. Long-range cooperativity affords increased stability to the lysogenic state by a Cl octamer clamping
OR1-OR2 and OL1-OL2 arranging the intervening DNA in a loop. This complex brings OL3 and OR3 in juxtaposition allowing a Cl dimer bound on the
intrinsic strong OL3 to assist a Cl dimer binding at the weak OR3 resulting in pRM repression (marked by red cross). (C) The PNA-based TPM assay. A DNA
plasmid is tethered between an anti-digoxigenin coated glass surface and a streptavidin coated polystyrene bead via digoxigenin/biotin PNA handles
that form triplex invasion complexes with specific sequences on the DNA. The non-complementary strand is displaced as a small loop. The PNA handles

are flanking the X operators, OR and OL, which limit the X immunity region.

in vitro. In vitro it was studied both in
bulk and single molecule experiments,*’
where the most common single molecule
approach employed was an assay where a
linear DNA was tethered between a cov-
erslip and a submicron sized bead whose
Brownian motion was observed and ana-
lyzed. The larger the excursions of the
particle, the longer the tether and the
looped state (yielding an overall shorter
DNA tether) could thereby be distin-
guished from the unlooped state. This
type of single molecule assay relying
on tethered particle motion (TPM) has
confirmed the sites in OL and OR nec-
essary for clamping.’ Until recently, all

e27517-2

TPM studies were performed with lin-
car DNA with no supercoils unless they
were mechanically introduced, e.g., by
twisting a magnetic bead. Mechanically
induced supercoils can be difficult to
distinguish ~ from  protein-mediated
looping events. In this addendum, we
describe a novel TPM assay utilizing
peptide nucleic acid (PNA) handles
to tether natively supercoiled plasmid
DNA." We discuss, to our knowledge,
the first single molecule evidence of the
stability of the pRM repressible state
at physiological CI levels and speculate
what features of supercoiling may be
responsible.

Bacteriophage

PNA Tethering
of Supercoiled DNA

Recently, we developed a novel
chemical/biological assay for investigat-
ing protein-mediated DNA looping at
a single molecule level using naturally
supercoiled DNA.' Our assay (shown in
Fig. 1C) consists of a single supercoiled
plasmid tethered by sequence specific
PNA handles allowing us to tag points
on circular DNA without introducing
any breaks in the DNA. We attach the
PNA handles such that they flank the
N immunity region, tethering the DNA
molecule between a glass surface and a
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Figure 2. (A) The size of the thermal fluctuations of the plasmid tethered bead as function of time in presence of 80 nM Cl. The unlooped state causes
the bead to exhibit larger fluctuations (indicated by the dotted line) than the looped state (dashed line). (B) Histogram corresponding to the time
series shown in (A), the left peak corresponds to the looped state, the right peak to the unlooped state. (C) Chloroquine gel containing 4-fold dilutions
of the supercoiled plasmid preparation. The large number of bands confirms that there is a large spread in supercoils (writhe number) in the sample.
(D) Probability of CI-mediated looping as function of CI concentration for supercoiled DNA (red circles) published in reference 10 and for linear DNA
(blue squared) published by Zurla et al.” The lines show the corresponding thermodynamical models. Supercoiling enhances the binary response to
changes in Cl concentration and lowers the Cl concentration necessary for pRM repression. The dashed box highlights the narrow sigmoidal transition
interval for the supercoiled DNA. Interestingly, 20 nM Cl (at the center of the transition interval) corresponds to 12 Cl monomers available in the cell and
this is exactly the number of Cl molecules necessary to form a pRM repressible state. The number of data sets for each concentration is n =4 for 5 nM Cl,
n=7for20 nM Cl, n =5 for 40 nM Cl, n = 6 for 80 nM Cl, and n = 9 for 170 nM Cl. Error bars represent one standard deviation.

submicron sized polystyrene bead. TPM
experiments confirmed that we could
distinguish the dynamics of supercoiled
plasmids compared with that of relaxed
plasmids and linear relaxed tethers."
Using this assay employing naturally
supercoiled DNA, CI-mediated looping
could be detected directly as a decrease
in the Brownian motion of the tethered
bead, thus producing a telegraph-like sig-
nal over time as shown in Figure 2A. We
envision this PNA-based assay having
numerous applications beyond studies
of the N switch. It could enable studies
of protein/enzyme DNA interactions on
supercoiled DNA mimicking the native
bacterial DNA or eukaryotic chroma-
tin, without the requirement of external
interference, e.g., magnetic tweezers.'""?
We caution interested researchers that
in our TPM studies of supercoiled DNA
we took great care with the purity of all
reagents used: The plasmid DNA was
purified through two rounds of isopyc-
nic centrifugation with CsCl and ethid-
ium bromide, the PNA was purified by
HPLC and all solutions were filtered
through several centimeter beds of fine
sephadex to remove particles. We did
not examine reagents purified by other
methods and therefore cannot comment
on their suitability for the supercoiled
single molecule assay. We also manipu-
lated all solutions containing PNA/DNA
with low-binding and DNAase free

plasticware.
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Effect of Supercoiling
on Looping Probability

Using the PNA-based single molecule
assay, the probability of a DNA plasmid
being in the looped state is determined by
examining the thermal excursions of the

tethered bead,

as a function of time (see Fig. 2A). The
corresponding histogram is shown in
Figure 2B where the peak centered
around 180 nm corresponds to the looped
state and the peak around 250 nm to the
unlooped state.
Plasmid DNA as
bacteria contains a varying number of
supercoils, the writhe number of any
single plasmid molecule being constant

recovered from

throughout the looping experiments. To
examine the distribution in writhe num-
ber, we electrophoresed a sample through
a chloroquine gel as shown in Figure 2C.
The large variety in writhe between
plasmids with identical sequence and
length posed a challenge to the interpre-
tation of the looping dynamics because
the magnitude of the Brownian motion
from, say, an unlooped state would vary
from one tethered bead to another. Also,
this meant that a calibration curve relat-
ing sequence length to magnitude of
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Brownian fluctuation (as routinely done
in the linear assays') did not make sense
for the supercoiled assay. To overcome
this challenge, for each individual time
series (as shown in Fig. 2A) we calculated
the histogram (Fig. 2B) and assigned the
lower peak to the looped state and the
higher peak to the unlooped state. This
assignment helped normalize all data sets
and collapse them into a single histogram.
The ratio of the area under the peak rep-
resenting the looped state to the total area
was then assigned as the probability of
looping. This procedure was performed
at different CI concentrations, thus estab-
lishing the looping probability as function
of CI concentration for a supercoiled assay
as shown in Figure 2D (red circles).

Finzi and examined
Cl-mediated looping probabilities using
a linear DNA assay in the physiologi-
cally relevant CI concentration regime.’
Their results are shown by blue squares in
Figure 2D. In the linear assay, the DNA
looping probability curve can be described
by a low Hill coefficient (4 = 1.2). This
means the repressible state of pRM is
continually responsive to changes in CI
concentration and as CI is depleted with
activated RecA, pRM will compensate by
trying to produce more CI. Considering
the sophistication of the prophage main-
taining system, such counteraction of CI
regulation against lytic induction would be

coworkers

surprising. We speculate that the observed
low Hill coefficient was due to the relaxed
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nature of linear DNA. This is supported
by the results udilizing the supercoiled
assay, where we found that the response
of supercoiled DNA to varying concen-
trations of CI was very different from the
response of linear or relaxed DNA'" (com-
pare red circles to blue squares in Fig. 2D).
Instead of observing a continuous response
to CI concentration, the supercoiled assay
exhibited a sharp transition between the
unlooped and looped state, the narrow
transition interval is highlighted by a
dashed box in Figure 2D. At CI concen-
trations above approximately 25% of the
average lysogenic concentration (200 nM
CI®) the operators are nearly always in
the looped, pRM-repressible state. Only
when the CI concentration falls below
approximately 5% of the average lysogenic
concentration do the operators spend the
majority of their time in the unlooped,
pRM-non-repressible state.

The Hill coefficient describing the
looping probability of naturally super-
coiled DNA as function of CI concen-
tration was estimated to be / = 2.5 (in
contrast to / = 1.2 from the linear DNA).
Regulatory proteins rarely act alone but
instead cooperatively as a multi protein
complex. A higher Hill coefficient can
be interpreted as a higher degree of coop-
erativity in a system. Cooperativity helps
ensure efficient discrimination between
two states and simultaneously enhances
a switch-like response to small changes in
regulator concentration. Recently it was
shown in vivo that DNA looping could be
abolished if CI cooperativity was elimi-
nated, supporting the necessity of cooper-
ativity for N switch efficiency.'® Therefore,
the observed increased Hill coefficient of
the supercoiled DNA is in agreement with
the binary developmental nature of the A
switch.

Features of Supercoiling Possibly
Responsible for Higher Hill
Coefficient

DNA supercoiling is an intrinsic prop-
erty of the circular Escherichia coli DNA
that helps compact the DNA in a highly
condensed form. Because of the topology
of supercoiled DNA it can in itself be con-
sidered as a regulatory parameter for many
cellular processes such as transcription and
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protein interactions. DNA  supercoiling
has been found to facilitate protein-pro-
tein and enhancer-promoter communica-
tion over large distances by increasing the
concentration of DNA segments in vicin-
ity to each other.'>"”'® In addition, changes
in the degree of supercoiling induced by a
previous RNA polymerase can either help
a subsequent RNA polymerase to enter
directly into the open complex or impede
the movement of a RNA polymerase.”
Supercoiling is also known to facilitate
unwinding of short DNA segments and
thereby expose single stranded DNA to
which regulatory proteins preferentially
bind."”® Supercoiling is also thought to
affect gene regulation by changing the
local structure and dynamics of DNAZ
which can influence protein-DNA bind-
ing by making the helical structure more
or less accessible for the proteins. The pos-
sibilities are many and future investiga-
tions will be necessary to determine what
aspect of supercoiled DNA is responsible
for the higher Hill coefficient.

Thermodynamic Parameters

By analyzing our data in the light of
a thermodynamic model put forward in
refs.”??2 we estimated the cooperative
binding energies associated with loop for-
mation. The model including the free ener-
gies for the supercoiled system is shown as
the red curve in Figure 2D. In the model,
AG, represents the net free energy change
due to octamerization of CI bound across
OL-OR together with the cost of forma-
tion of a DNA loop, this was set to 0 kcal/
mol. AG_ which represents the coopera-
tive free energy due to tetramerization of
CI bound across OL3-OR3 was set to -1.0
keal/mol. By setting AG_ to 0 kcal/mol
we require that supercoiling together with
octamerization of CI balances the cost of
bending the DNA into a loop. This is in
accordance with the facts that octamer-
mediated looping has been established to
be biologically relevant” and that the bac-
terial DNA has in vivo been shown to be
highly condensed even in the absence of
nonspecifically bound Cls to help facilitate
the DNA looping.' This value of AG__ is
also in agreement with in vivo observa-
tions.” ' AG_  differs somewhat from
values estimated in vivo, however in vitro
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experiments lack parts of the machinery
of a living cell and hence some processes
may be more favorable in vivo, thus dis-
playing a higher free energy. In compari-
son to the parameters describing the linear
assay,” we modeled the observed increased
cooperativity by lowering the intrinsic
binding energies between CI and each
operator site by 1.5 kcal/mol, thus mak-
ing multiple CI binding energetically more
favorable than monomeric CI binding. In
total, with these parameters we thermody-
namically allowed the biologically relevant
octamer-mediated loop to be formed and
the negative total free energy change asso-
ciated with DNA looping, i.c., the sum of
the two cooperative terms, indicated that
looping on supercoiled DNA is thermody-
namically favorable.

Supercoiling Tunes A Immunity

Most interestingly, the minimum num-
ber of CI molecules in the cell necessary
to form the pRM-repressible state (12 CI
molecules) corresponds to a cellular con-
centration of 20 nM. Our results on the
looping probability of supercoiled DNA
(Fig. 2D) show that this minimum cellu-
lar concentration corresponds to looping
the DNA between the operators 58% of
time. Below 20 nM of CI, the probability
of the operators being in the looped state
drops rapidly. Thus, during induction by
the SOS pathway, pRM remains in the
repressible state until all of the free CI has
been degraded with activated RecA. We
propose that below this minimum thresh-
old, the CIs abruptly vacate OR and OL
and lytic repression collapses. Despite the
low copy number of Cls in the cell, the
pRM repressible state is robust to both
perturbations in gene expression that can
vary dramatically from cell to cell, and to
CI nonspecific DNA binding that would
otherwise lead to spontaneous transition
to lytic development. Based on our find-
ings we propose that supercoiling plays
a role in stabilizing the pRM-repressible
state such that CI synthesis from pRM
does not impede induction.

Concluding Remarks

By using PNA as handles, we tethered
supercoiled DNA plasmids and utilized
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the assay for a single molecule study of the
N switch in a naturally supercoiled sys-
tem. This assay has potential to examine
how DNA in its natural supercoiled state
interacts with proteins, enzymes, histones
in nucleosomes, and the transcription
and replication machinery. Interestingly,
our results show that the N switch is
finely tuned to have an optimal, fast and
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Bacteriophage A stably maintains its dormant prophage state but
efficiently enters lytic development in response to DNA damage.
The mediator of these processes is the A repressor protein, Cl, and
its interactions with A operator DNA. This A switch is a model on the
basis of which epigenetic switch regulation is understood. Using
single molecule analysis, we directly examined the stability of the
Cl-operator structure in its natural, supercoiled state. We marked
positions adjacent to the A operators with peptide nucleic acids and
monitored their movement by tethered particle tracking. Com-
pared with relaxed DNA, the presence of supercoils greatly enhan-
ces juxtaposition probability. Also, the efficiency and cooperativity
of the A switch is significantly increased in the supercoiled system
compared with a linear assay, increasing the Hill coefficient.

epigentic switch | autoregulation | repression | kinetics | gene regulation

evelopmental programs are decision-making processes, pri-

marily controlled by epigenetic switches. Once a cell differ-
entiates, its daughter cells continue the developmental program.
The decision between the dormant state (the lysogenic state) and
the vegetative state (the lytic state) made by bacteriophage A upon
infection of an Escherichia coli was the first epigenetic switch to be
deciphered (1) and continues to provide insights into biological
processes (2, 3). Once the lysogenic state is established, it is ex-
ceptionally stable and departure in the absence of the DNA
damage sensing system is nearly always caused by mutation (4-6).
Maintenance of lysogeny is mediated by the A repressor protein,
CI, and its formation of a complex with phage DNA. The CI
protein binds at two regulatory regions called operator right (OR)
and operator left (OL), located about 2.3 kbp apart on the phage
genome. Each operator is a constellation of three adjacent sub-
sites that each bind dimers of Cl in a hierarchical manner (1, 7). In
a lysogenic cell, CI prevents lytic growth by directly repressing the
Iytic promoters pR and pL. This repression is enhanced by long-
range cooperative interactions between CI dimers bound to the
OL1-OL2 and OR1-OR2 regions, thus looping the DNA that lies
between them (8) (Fig. 1 4 and B). CI-mediated DNA looping
brings OR3 in proximity to OL3. This juxtaposition allows a CI
dimer bound to the strong OL3 to facilitate another CI dimer to
bind to the intrinsically weak OR3, thus reducing the concen-
tration of CI necessary to occupy OR3. In this manner CI can
autoregulate its own expression by binding to OR2 (activation) or
by binding to OR3 (repression). This autoregulation is crucial for
the phage to maintain repression while preventing excessive ac-
cumulation of CI. When DNA in the lysogen is damaged, the
bacterial DNA-damage—sensing system is triggered, leading to CI
inactivation by self-cleavage (9) and to an efficient switch to the
Iytic state, eventually leading to production of progeny phage and
cell death (1).

The switch from the lysogenic to the lytic state must be decisive.
Partial entry into vegetative growth may kill the host without
producing a full burst of progeny phage. Because the in vivo state of
DNA is supercoiled (10), we sought to examine protein-mediated
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DNA looping on native, supercoiled DNA. In vitro single mol-
ecule experiments addressing looping have revealed important in-
formation regarding looping dynamics (11-14). However, previous
experiments all used linear nonsupercoiled DNA or linear DNA
where supercoils were mechanically introduced—for example, by
twisting a bead attached to the end of a DNA tether (15-17). We
developed a unique peptide nucleic acid (PNA)-based assay by
which the long-range Cl-mediated DNA looping can be measured
directly in vitro on a naturally supercoiled DNA plasmid (sketched
in Fig. 1C). For each plasmid molecule the degree of supercoiling is
constant, hence, the change in overall length between the operator
sites is due to Cl-mediated looping only and not due to the in-
troduction of additional supercoils.

After CI binding to the operators, loop formation can be di-
vided into two steps: juxtaposition of the A operators and closing
the loop by protein interactions. As protein—protein binding is
a fast process, site juxtaposition is believed to be the rate-limiting
step (18). Supercoiled DNA is a compacted state; thus, many
pairs of sites, although separated along the DNA contour, are
positioned in close vicinity to each other. In comparison, a relaxed
DNA of the same size is less compact and bears a much smaller
number of juxtaposed sites. Brownian dynamics simulations
scrutinizing the thermal motion of relaxed and supercoiled DNA
suggest a dynamic difference between the two (19). The simu-
lations predicted that site juxtaposition is in general a slow pro-
cess, which is accelerated by supercoiling. Thus, supercoiling is
expected to enhance loop formation. Using our naturally super-
coiled plasmid system, we found the juxtaposition probability is
greatly enhanced in a supercoiled plasmid in comparison with a

Significance

Bacteriophage A was the first epigenetic switch to be deci-
phered and continues to contribute to our understanding of
gene regulation. Its dormant state is exceptionally stable. In
spite of this stability, viral development is efficiently activated
in response to DNA damage. This ability to respond efficiently is
due to a long-range protein-mediated DNA looping. We de-
veloped a single molecule assay based on peptide nucleic acid
tethering of a naturally supercoiled DNA plasmid. The internal
kinetics of the supercoiled plasmid was monitored, and the
dynamics and stability of regulatory protein-mediated DNA
looping investigated. We found that the DNA loop becomes
tolerant to reductions in the regulator when DNA is supercoiled,
thus helping explain the bistable nature of the lambda switch.
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Fig. 1. A schematic of Cl autoregulation by DNA A
looping and the experimental assay. Protein com-

plex formation between the A operator sites dis-
places the intervening DNA in a loop. The in vivo
distance between the operators is ~2.3 kbp. The

bent arrows show the transcription start points of

the lytic promoters pL and pR and the lysogenic
promoter pRM. The blue rectangles show the adja-

cent operator subsites OL1, OL2, OL3 and OR1, OR2, pRM <J
OR3. Red X signifies that the promoter is turned off

in the shown configuration. Cl dimers are shown as

green dumbbell structures. (A) Octamer-mediated

DNA looping by ClI tetramers binding to OL1-OL2 B

and OR1-OR2. The lytic promoters, pL and pR, are
repressed while ClI transcription is activated by Cl
bound to OR2. (B) After octamer-mediated loop
formation, an additional CI tetramer can bind co-
operatively between OL3 and OR3, thus forming the
octamer+tetramer complex. This represses both lytic
genes and Cl synthesis. (C) A plasmid DNA is teth-
ered to an antidigoxigenin-coated cover slide via

PRM 494

C PNA specific site and
triplex invasion complex

Streptavidin
coated
Biotin-PNA polystyrene

\biad

pL oL
Anti-digoxigenin OR
\ <«——— Digoxigenin-PNA
|>e PR Anti-digoxigenin coated cover slip

a digoxigenin—PNA and a streptavidin-coated pm-sized polystyrene bead via a biotin—-PNA. The plasmids contain the entire > immunity region and the two
operators, OL and OR, flanked by the PNA-specific sites. Cl dimers binding at OL and OR introduce loop formation and cause a detected decrease in the
distance between the bead and the surface. (C, Inset) The PNA binds with sequence specificity to a DNA target and forms a triplex invasion complex while

displacing the noncomplementary DNA strand in a loop.

relaxed plasmid. A supercoiled plasmid DNA has fewer accessible
states and all available states are more rapidly explored than for
a relaxed plasmid DNA.

Furthermore, we found that the presence of supercoils on
DNA greatly enhances the looping probability at all investigated
CI concentrations until saturation, in comparison with the loop-
ing probability of linear DNA (14). In particular at low concen-
trations (~20—-40 nM) of CI monomers, the probability of being in
the looped state is significantly higher for the supercoiled DNA,
and the concentration interval where both the looped and
unlooped states occur with significant probability is decreased.
Hence, supercoiling facilitates looping at low CI concentrations
and causes the switch between the looped and unlooped states to
be sharper. Our findings are in accordance with an existing
thermodynamic model (14, 20, 21), and we identified thermody-
namic parameters that needed revision to make the model more
compatible with in vivo observations (21, 22). The Hill coefficient
characterizing the supercoiled assay (h = 2.5) is significantly
higher than for the linear assay (k2 = 1.2), thus rendering the
transition between states in a supercoiled system more robust to
biological noise.

Results

PNA-Plasmid Assay. To examine binding of CI protein to DNA in
its native, supercoiled state, we used two “handles” to monitor the
dynamics of DNA at designated positions. The handles were
made of bis-PNA, one bearing a biotin and the other a digox-
igenin at its N terminus (Fig. 1C). Triplex invasion complexes
formed between the homopyrimidine bis-PNA and DNA and
resulted in an internal PNA-DNA-PNA triplex in which two
PNA strands hybridized to the complementary DNA strand by
combined Watson Crick and Hoogsteen base pairing (23) (Fig.
1C, Inset). Consequently, the noncomplementary DNA strand
was displaced as a small, single stranded loop (24). A plasmid was
constructed that contained the A immunity region including the A
operators, OL and OR. On each side of the immunity region,
unique PNA binding sites were engineered. Via a biotin-conju-
gated PNA, the plasmid was attached to a streptavidin-coated
bead and via a digoxigenin-conjugated PNA to an antidigoxigenin-
coated surface. The bound plasmid was torsionally constrained
because the streptavidin bead was too large to rotate through the
DNA plasmid circle.

Norregaard et al.

A series of experiments was performed to determine the spec-
ificity and stability of the triplex invasion complexes. First, elec-
trophoretic mobility shift experiments were conducted to identify
initial solution conditions for accurate and efficient binding of
both PNAs to their target sites (SI Text and Fig. S1). Next, two
plasmids were prepared, one lacking the digoxigenin—PNA target
(pSB4293) and another lacking the biotin—PNA target (pSB4300).
Tethers were only expected to form with the plasmid bearing both
PNA targets, pSB4312, and we used particle tracking to follow the
motion of individual beads possibly tethered by each of the three
plasmids. The excursions of the bead were analyzed by a principal
component analysis as detailed in ref. 25 and in SI Text. Fig. S2
shows the 2D projected positions visited by the tethered bead, a
typical time series, and a position histogram. The analysis yielded
a number for the root mean square deviation (RMSD) of the bead
from the center of its excursions, presumably the anchoring point.
The larger the RMSD, the longer the overall length of the DNA
tether. The RMSDs for each of the control plasmids as well as for
pSB4312 are shown in Fig. S3. We found that the RMSD distri-
bution from a sample with pSB4312 containing both PNA targets
showed a bimodal distribution, the two peaks being separated
by a large value. We attributed the peak representing the long
excursions (RMSD > 150 nm) as stemming from correctly formed
DNA-PNA tethers. The other peak representing short or no
excursions of the bead (RMSD < 100 nm) was interpreted as
originating from nonspecifically tethered beads. The presence of
this lower peak is consistent with the RMSD distribution obtained
from a control sample containing only beads and no DNA. The two
control plasmids each lacking one PNA target only had the lower
peak corresponding to unspecific bead attachments. The percent-
age of tethers with an RMSD above 150 nm out of the total number
of tethers was 48% for pSB4312, whereas it was 4% and 8% for
pSB4300 and pSB4293, respectively. A Student ¢ test showed that
the likelihood that the distribution observed with plasmids bearing
both PNA targets is the same as the distribution observed with
plasmids bearing only one of the PNA targets is <6x10~5, Hence,
correct PNA targets were a prerequisite for formation of DNA
tethers and the PNAs were binding to their designated target sites.

Juxtaposition Kinetics of Relaxed and Supercoiled DNA. First, we
investigated the dynamics of supercoiled plasmids versus that of
relaxed plasmids. For this purpose we prepared a smaller plasmid
(pSB4357) containing 5,546 base pairs; 2.6 kbp containing the A
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immunity region was on one of the arcs connecting the bead and the
surface and 2.9 kbp was on the other arc. Two types of experiments
were carried out, one with the plasmid in its native supercoiled state
and the other using a plasmid that was relaxed by nicking with the
single strand endonuclease Nt.BspQI (pSB4357-R). PNA-DNA
binding has a 2 order of magnitude higher binding rate to negatively
supercoiled DNA compared with relaxed DNA (26). This is be-
cause PNA binding to DNA requires opening of the DNA helix and
therefore PNA strand invasion is more efficient (faster) in the
negatively supercoiled state in which strand separation is facilitated.
For this reason higher PNA concentrations are needed for binding
PNA handles to the relaxed tether. Also, by PCR we constructed
a linear control DNA molecule with the same length (2.6 kbp) as
the short of the arcs on pSB4357. All DNA constructs were ex-
amined in tethering experiments.

Inspired by the literature (25, 27) and the results from Fig. S3,
we imposed the following selection criteria to minimize the oc-
currence of unspecific tethers in the analyzed datasets: (i) Results
from beads that probably were attached directly to the surface, or
by unspecific tethers, and hence had a small RMSD were dis-
carded, and (i) if the positions visited by the bead displayed a low
degree of symmetry (s) as defined in SI Text, the bead might be
attached to the surface by more than one DNA tether and the
time series was discarded. More specifically, we set the RMSD
threshold to RMSD > 60 nm and symmetry threshold to s > 0.8.

The RMSD of 83 beads tethered to the supercoiled plasmid
pSB4357 and of 31 beads tethered by the relaxed plasmid
pSB4357-R are plotted in the histograms shown in Fig. 2.4 and B.
The two RMSD histograms have mean values of 242 + 46 nm
(mean + SD) for the supercoiled plasmid and 276 + 39 nm for the
relaxed plasmid, respectively. A Student ¢ test on the two dis-
tributions returned a P value of 2.1x10™% therefore, the two
distributions are significantly different. The RMSD of the re-
laxed pSB4357-R plasmid was compared with the RMSD of the
linear control DNA molecule, 315 + 26 nm. As the length of the
linear control DNA molecule is identical to that of the short arc
of pSB4357, it is reasonable that the means of the two RMSDs
within the error bars are identical. Due to the semistiff nature of
the DNA and the fact that the length of the arc is only around 17
DNA persistence lengths, it is, however, also reasonable that the
excursions of the relaxed plasmid on average are a little smaller
than those of the linear tether.

The broad distribution of RMSD observed for supercoiled
DNA may be due to the broad distribution of supercoiled states in
our plasmids as extracted from the bacteria. Due to the geo-
metrical constraints on the system, once extracted, the degree of
supercoiling (the writhe number) of each plasmid remained
constant. Of all the plasmids, 99% contained at least one super-
coil. To quantify the in vivo spread in writhe, we performed
a chloroquine gel analysis, and the result is shown in Fig. 2C (the
entire gel is shown in Fig. S4). For a particular plasmid preparation,
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Fig. 2. Juxtaposition kinetics of supercoiled versus relaxed DNA. Histograms
of the RMSD for the relaxed plasmid pSB4357-R (A) and for the naturally
supercoiled plasmid pSB4357 (B). (C) Portion of chloroquine gel showing
distribution of supercoils in the pSB4357 preparation. Entire electrophoretic
gel shown is in Fig. S4. (D) Histogram of the relaxation time for all used
datasets of pSB4357 (supercoiled plasmid; red) and pSB4357-R (relaxed
plasmid; blue).
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the appearance of at least 10 distinct bands indicated that at least
10 different writhe numbers were present. The broad distribution
of supercoiled states also gave rise to a broad distribution of tether
lengths in the presence of CI protein.

To investigate the intrinsic dynamics of supercoiled plas-
mids compared with that of relaxed plasmids, the autocorre-
lation between the positions in the time series was calculated:
C(7) x x(t +7)x(r) xexp(Z). The relaxation time, 7, describes
how long a system retains prior information and was extracted
from fitting the latter expression to the time series. The auto-
correlation of supercoiled DNA falls off faster than for relaxed
DNA (Fig. S5). The calculated relaxation times were plotted in
histograms (Fig. 2D) and the mean values (+1 SD) of t for
supercoiled and relaxed plasmids were found to be 81 + 30 ms
and 100 + 30 ms, respectively. A Student ¢ test comparing re-
laxation times between pSB4357 and pSB4357-R returned a
P value <3.1x107>, thus showing that the correlation times char-
acterizing the two plasmids were significantly different. The
supercoiled plasmid has a shorter relaxation time than the re-
laxed plasmid, representing faster internal motion of the su-
percoiled plasmid and thus a more rapid exploration of all
available states. The relaxation time of the linear DNA molecule
corresponding to the shorter arc of pSB4357 was 129 + 49 ms.
This value is significantly larger than that of the relaxed plasmid (P =
8.0x107%) and reflects the influence of the geometrical con-
straints on the plasmid compared with the linear tether. These
findings support the idea, consistent with previously proposed
models (19), that juxtaposition kinetics are dependent on super-
coiling as the internal motion of a DNA molecule is accelerated
when the DNA is supercoiled. This is important as the frequency
of site juxtaposition, in this case operator site juxtaposition, is
believed to be a key factor in the occurrence of DNA looping
(16, 18, 28).

Cl-Mediated DNA Looping of Supercoiled Plasmids. In our assay,
DNA looping mediated by CI proteins could be directly measured
by a decrease in the overall length of the plasmid tether. To
quantify protein clamping, we used a time-dependent measure,
p(t), to quantify the 2D projected length of the plasmid tether at
time t. Whereas RMSD gives an average tether length during the
entire time series, p(f) measures the plasmid extension at time ¢.
More precisely, we defined p2(t) = (x(t) — (¥))* + (&) — ("))%
where the averages (x) and (y) were taken over the entire time
series and hence designate the anchor point. To obtain the
average value of p in a narrow window around ¢, p(¢) was filtered
by a sliding window of 20 ms. The 2D projected physical dis-
tance between the tethering point and the position of the bead
around time ¢ is denoted \/(p?(f)),pn,, and is the quantity
plotted in Fig. 3. As in the RMSD analysis we invoked a crite-
rion on the projected length set to p > 60 nm. We often ob-
served a decrease in the symmetry upon the CI clamping.
Therefore, the criterion for s previously stated (s > 0.8) was
used to select tethers before adding CI; however, after adding
CI, the symmetry criterion was relaxed to s > 0.6.

To compare our data to single molecule studies on linear DNA
tethers (14), we varied the CI concentrations from 5 to 170 nM
(close to the estimated physiological concentration of CI mono-
mers in a lysogenic cell, which is ~ 200 nM) (29, 30). The same
bead tethered by pSB4357 was monitored up to 20 min after CI
protein was added.

Typical \/{p?(t))0m, time series for different CI concentrations
and their corresponding histograms are shown in Fig. 3 4 and B.
The histogram of the control experiments without CI is shown in
Fig. 2B and additional time series for all tested concentrations of
CI are shown in Fig. S6. All tethers had maximum excursions
smaller than the 2.6 kbp linear DNA molecule; however, as the
individual tethers displayed a relatively large distribution of de-
gree of supercoiling (as shown in Fig. 2C), the overall length
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of the tether varied accordingly and the absolute value of
V(P ())20ms did not carry information on whether the plasmid
was looped or not. However, a typical time series would show two
distinct states (assigned to the looped and the unlooped form)
and transitions between these two states. Therefore, we used
the characteristic two-states shown in the time series to identify the
looped and unlooped states. If no transitions were observed, the
time series was not analyzed with respect to CI-mediated looping
(which might give rise to an underestimation of looping at [CI] =
170 nM, where the plasmid could remain constantly looped
during the entire observation period). To collapse all time series
into a single histogram, we performed a linear transformation of
the position histograms by designating a value of 0 to the peak of
the distribution originating from the looped state (on histograms
as shown in Fig. 3B) and a value of 1 to the peak of the unlooped
state. The result of the data collapse for each CI concentration
is shown in Fig. 3C. The data were fitted by two Gaussian dis-
tributions, one for the looped and one for the unlooped state. The
looping probabilities were calculated as the ratio between the
area under the Gaussian curve representing the looped state and
the total area of the histogram. The uncertainties of the measured
loop probabilities were determined by error propagation of the
95% confidence interval of the Gaussian fitting parameters as
detailed in SI Text.

From Fig. 3C it is seen that the probability of looping increased
as the concentration of CI increased. The observation that loop
formation was negligible at low CI concentrations was expected
because it was unlikely that the two operators, OL and OR, would
be occupied simultaneously by CI. As CI concentration increased,
octamer/octamer+tetramer complexes stabilized the loop con-
figuration until saturation of the operator sites occurred and there
was only little effect of increasing the concentration further (from
80 nM to 170 nM CI). The experiment depicted in Fig. 3C found
the equilibrium between looped and unlooped states shifts toward
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more plasmids being in the looped state as CI concentration
was increased.

The result of quantifying looping probabilities as function of CI
concentration is shown in Fig. 44, where the solid red circles
denote data from Cl-mediated looping of supercoiled plasmids.
For comparison, we also plotted data on looping probability of
linear DNA (solid blue squares) reported by Zurla et al. (14).
Clearly, supercoiled DNA responded differently to CI concen-
tration than linear DNA responded. In particular, the CI con-
centration interval where both the looped and unlooped states
were significantly populated became narrower with supercoiled
DNA than with linear DNA. A sharp response to changing CI
concentration is expected for a regulatory network displaying
a binary response. This is in contrast to metabolic pathways whose
expression scales with nutrient availability as in the case of lactose
utilization (31).

To investigate whether the difference in CI-mediated looping
was due to the circular nature of the supercoiled plasmid, we ex-
amined looping in the relaxed form, pSB4357-R. To this end we
chose the concentrations of CI that lead to the greatest difference
in looping probability between linear and supercoiled DNA, 40 nM
and 80 nM CI, and the results of looping probability are shown as
open black triangles in Fig. 44. The looping probability of relaxed
pSB4357-R appeared similar to that reported for linear DNA (14).
This observation suggests the difference between looping proba-
bility of supercoiled DNA and linear DNA is due to supercoiling
rather than the circular nature of the supercoiled plasmid.

Thermodynamic Model. To further investigate the stability of the A
switch in a supercoiled system, we analyzed our data in the light of
a thermodynamic model first put forward in ref. 20 and later
modified to account for DNA looping (21, 22). The model relates
the probability of each operator configuration to a given measure
of the free CI monomer concentration. Details of the model can
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Fig. 4. Looping probability as a function of Cl con- A

centration for supercoiled DNA and linear relaxed

DNA. (A) Data obtained from Cl-mediated looping of E 08 Supercoiled
supercoiled DNA plasmids are shown as solid red cir- 8 gl DNA

cles. Data from Cl-mediated looping of linear DNA @

(solid blue squares) were published by Zurla et al. (14). a 0.4

The hollow black triangles denote data from the re- ,E’ 02

laxed plasmid pSB4357-R, which coincide with the § .

results from linear DNA. Lines show fits of the modi- 2

fied thermodynamic model to data from the super- 1079 1078

coiled assay (red) and of the original model to the
linear assay (14) (blue), respectively. Error bars repre-

B
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sent SD. (B) lllustration of difference between supercoiled and linear assay, on average the effective distance between the two operator sites, OL and OR
(marked by blue rectangles), is significantly shorter in the supercoiled configuration (x;) than in the linear configuration (x;). The relaxed pSB4357-R is

identical to the structure shown on the left but without supercoils.

be found in ref. 14 and in SI Text; the blue line in Fig. 44 shows
a fit of the model to looping data of linear DNA using the
parameters found in ref. 14. Protein-mediated looping introduces
two cooperative free energy terms: AG,; and AGi. AGyy
reflects the net free energy change due to octamerization of CI
bound across OL1-OR1-OL2-OR2, together with the cost of

formation of a DNA loop: AG,, = AG((,I;) —RT In(ASjo,p). Here

Afo;) is the cooperative free energy associated with octamer
interactions and —RT In (AS),,,) the entropic part of the free
energy associated with DNA looping. AG,, reflects the co-
operative free energy due to tetramerization of CI bound across
OL3-0OR3 and is only added if a loop is present and CI binds to
the two remaining operators, thus forming an octamer—tetramer
complex. As the previous model (14) (blue line in Fig. 44) was
optimized to fit a linear DNA, a modification was needed to adapt
the model to our data collected with supercoiled DNA. In the
supercoiled state, fewer conformations are available than for the
linear state and all states are more rapidly explored. Hence, OR
and OL are more frequently in proximity (as illustrated in Fig. 4B)
and supercoiling enhances loop probability by lowering entropy
costs. Therefore, AG,, was decreased from 1.7 kcal/mol to 0 kcal/
mol and AG,, was set to —1.0 kcal/mol instead of —2.4 kcal/mol.
AG,; =0 kcal/mol is in good agreement with free energies
reported in vivo (~ — 0.5 kcal/mol) (21, 22). The sum of the free
energies AG compier = AGoct + AGyer = — 1.0 keal/mol indicates that
looping on supercoiled DNA is energetically more favorable than
on linear DNA (AG coppiex = — 0.3 keal/mol); a comparison of the
values of AG,, and AGy,, from the literature is given in Table 1. A
second modification of the thermodynamic parameters entering
the model was that we decreased the binding energies for all op-
erator sites while keeping the cooperative parameters constant; the
reasoning behind this is that gene regulation is commonly found
to be sensitive to supercoiling (32), as it can change the local
structure of DNA and influence protein DNA binding. In practice
we weakened all binding energies between CI dimers and operator
sites by 1.5 kcal/mol.

A fit of the model adopted to include supercoiling is shown as
ared line in Fig. 44. Another way of quantifying the cooperativity
is to fit the Hill function to the data. This yields a Hill coefficient
of 2.5 for the supercoiled data compared with 1.2 for the linear
data (14). Cooperativity is a consequence of the binding of mul-
tiple proteins simultaneously and is essential for switch efficiency,
as it steepens the transition.

Table 1. Comparison of free energies

Reference AGot, kcal/mol AGtetr, kcal/mol
Current study 0 -1.0
Zurla et al. (14) 1.7 -2.4
Dodd et al. (22) -0.5 -3
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This pronounced bistable nature of the supercoiled system is in
accordance with the nature of the A phage: Once the A phage has
committed to enter either the lysogenic or the lytic state, the
commitment is complete. Not only is the lysogenic state extremely
stable in the supercoiled system, but when the host is exposed to
inducing factors, switching to the lytic state can be efficiently done
upon only a small change in CI concentration. In conclusion, our
data show that natively supercoiled DNA provides an efficient
and stable A switch.

Discussion

We developed a PNA-based assay that allowed us to tether su-
percoiled plasmids between cover slides and beads. We investi-
gated the internal dynamics of individual DNA tethers, both
supercoiled plasmids, relaxed plasmids, and linear tethers, as well
as protein-mediated DNA looping in a supercoiled system.

The RMSDs of supercoiled, relaxed, and linear DNA were
compared, and it was found that the RMSD of the entangled
supercoiled plasmid was significantly smaller than those of the
relaxed plasmid and linear tether, which were comparable. Further,
we found that the supercoiled plasmid exhibited a much faster
relaxation time than the relaxed plasmid and the linear tether,
which is analogous to enhanced site juxtaposition in the supercoiled
state. These findings support previously published molecular dy-
namics simulations (19) and in vitro transcription assays (18).

The thermodynamic parameters of DNA looping have previously
been studied in vivo (21, 22) and by single molecule experiments
using linear DNA (14). In the latter study using linear DNA, the
results showed that DNA looping involving six operators and six CI
dimers was relative stable, whereas looping involving only four
dimers (without OR3 and OL3 being occupied) was less stable. It
appears that supercoiling of DNA enhances loop stability in com-
parison with looping of a linear DNA tether. The experimental
result is supported by the fact that the thermodynamic model pro-
vided an excellent fit to the in vitro supercoiled DNA experimental
data, yielding parameters consistent with in vivo observations (21,
22). A more recent in vitro study using supercoiled templates in
a transcription assay has confirmed the enhancement of pRM ac-
tivation by the octamer-mediated loop and the cooperative role of
OL3 and OR3 in pRM repression (12). These findings indicate
supercoiling increases the loop stability as directly observed here.

In summary, we have developed a single molecule assay using
natively supercoiled DNA. We investigated the looping proba-
bilities as a function of CI concentration and found a sharper
transition between looped and unlooped states than observed
with linear DNA (14). This sharper transition is expected for the
regulatory network deciding between lytic and lysogenic states. By
fitting a thermodynamic model to our data, we obtained values for
the free energies associated with loop formation that were con-
sistent with values reported for in vivo natively supercoiled DNA.
Our work provides crucial insight into how supercoiling changes
the dynamics of the lambda switch, the first epigenetic switch to
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be deciphered and the switch that has become a paradigm for 0.2 mM DTT). To remove nonspecifically formed triplex invasion complexes,
transcriptional regulaﬁon. the samples were incubated at 65 °C for 10 min in a water bath (23). A

rectangular perfusion chamber (~15 pL) was created by joining two cover
Materials and Methods slides by two melted strips of parafilm. We perfused 20 uL of 20 pg/mL
DNA. All plasmids were prepared as monomers in the recombination-deficient antidigox_igenin dissolved in PBS buffer into the chamber ar_\d incubated_ it
strain, 5574 (5). pSB4293, pSB4300, and pSB4312 all bear the BamHl to Ecorl  oF 30 min at room temperature. Then, the chamber was incubated with
fragment of A (nucleotides 34,500-39,168) containing the immunity region 20 “_L of 2 mg/mL a-casein in 2 F\uffer‘for 30 min :at room temperature to
and the early phage terminators replacing the BamHI-EcoRI fragment of passivate the surface. Hereaft.er, it was incubated with 20 pL of the prepared
pBluescriptKS(-) (Stratagene). The target for PNA1021, 5-AAGAAGAAAA-3, ~ DNA-PNA complex for 60 min at room temperature, allowing the digox-
was placed adjacent to A nucleotide 34,500 in pSB4293 and pSB4312. The igenin-labeled PN_A to bind t(_) the antldlgo%lgenm-coated surface. Fln_al_ly,
target of PNA3593, 5-AGAGAAAGAA-3', was placed adjacent to A nucleotide the chamber was incubated with 2‘O pL. contaml‘ng an excess of st‘reptawdln-
39,168 in pSBA4300 and pSB43412. pSBA4357 is similar to pSB4312 but bears s~ C0ated beads in 2 mg/mL a-casein dissolved in PBS for 30 min at room
DNA from 35,517-38,126, placing OL and OR closer to the PNA targets. The temperature. This allowed the biotin-labeled PNA end to bind to a strepta-
2.6 kbp linear DNA was prepared by PCR amplification of A DNA repre- vidin-coated bead. Between each exchange the chamber was washed with
senting nucleotides 35,501-38, 140, with primers bearing 5'-biotin and 5'- 90 plL of A buffer. In looping experiments, the chamber was filled with 20 of
digoxygenin. Oligonucleotides and methods are described in S/ Text. pL CI diluted to the required concentration before sealing the chamber.
Experiments were initiated after 10 min of incubation.
PNA. The bis-PNAs PNA1021 [Biotin-(eg1)s-TTJ TTJ TTTTLys-aha-Lys-aha-Lys-
TTTT CTT CTT-Lys-NH,] (23) and PNA3593 [Dig-(eg1)3-(DMLys)s-TJT JTT TIT Cl Protein. The A repressor protein (Cl) used in this work was expressed, pu-
T-(eg1)s-TTC TTT CTC T-Gly-NH, (DMLys = &-N,N-dimethyl lysine; aha = rified, and generously provided by Dale Lewis and Sankar Adhya (Laboratory
6-aminohaxanoic acid, eg1 = 8-amino-3,6-oxaoctanoic acid)] were synthe- of Molecular Biology, Center for Cancer Research, National Cancer Institute,
sized using solid phase Boc chemistry according to published procedures ~ National Institutes of Health, Bethesda, MD). Cl was stored in A buffer at -20 °C
(23, 33, 34). Digoxigenin was conjugated to the bis-PNA in solution using  in small aliquots and only thawed and diluted immediately before use.
Digoxigenin NHS-ester. PNAs were purified by HPLC and characterized by
MALDI-TOF mass spectrometry. Single Particle Tracking Experiments and Analysis Method. Images of the
tethered beads were recorded via a progressive scan camera mounted on an
Chloroquine Gel Analysis of Supercoiling. Samples were electrophoresed  inverted microscope equipped with a 100x oil immersion objective. Move-
through 1% agarose in Tris-acetate EDTA buffer supplemented with 3 pg/mL ~ ment of the tethered particle was examined by Principal Component Anal-
chloroquine-diphosphate as described by ref. 35 and stained with ethidium  ysis (PCA) to calculate the RMSD of a bead and its excursion symmetry (s) as
bromide (Fig. 2C and Fig. 54). detailed in S/ Text.
Preparation of DNA-PNA-Bead Complex and Flow Chambers. Triplex invasion =~ ACKNOWLEDGMENTS. The Cl protein was generously provided by Dale
of PNA and DNA was executed by incubating a 20-fold excess of PNA, 17 nM  Lewis and Sankar Adhya (Laboratory of Molecular Biology, Center for Cancer
DNA with 0.33 uM PNA1021 (biotin labeled) and 0.33 uM PNA3593 (digox- Research, National Cancer Institute, Natl_onal Institutes of Health, Bethe_sda,
igenin labeled), in (PEN buffer) 10 mM sodium Pipes pH 6.5, 0.1 mM EDTA, QAD)' The Matlab-based thermodynamic model was generously provided
or I X y Carlo Manzo (Single Molecule Biophotonics, The Institute of Photonic
and 10 mM NaCl for 14-15 h at 37 °C in an air incubator (23). After in-  cciances, Barcelona, Spain) and Laura Finzi (Department of Physics, Compu-
cubation the DNA-PNA complex was diluted 25-fold in PEN buffer and  tational and Life Science Core Faculty, Emory University, Atlanta, GA). We
stored at 5 °C until use. Before use, the DNA-PNA complex was further di-  also thank Thomas Bentin for advice on handling PNAs. This research was
luted (25-fold) in A buffer (10 mM Tris-HCl pH 7.4, 200 mM KCl, 0.1 mM EDTA, funded by the Excellence Program at the University of Copenhagen.
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