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Introduction

Gold nanoparticles (AuNPs) are ubiquitous in the field of
nanomedicine. About 50% of all publications concerning the
medical applications of nanoparticles concern those with a gold
core. Considered to be both biocompatible and chemically
versatile, AuNPs afford functionalization routes through the
addition of biologically active groups that confer specific
biological function(s) to the nanoparticles. Use of AuNPs across
a range of applications has been covered in a Nature special
edition [1] while their use in cancer therapeutics is outlined in

[2].

It is of interest to learn how parameters like the surface coating,
nanoparticle size and nanoparticle morphology affect the
cellular uptake. Clearly then, techniques to image such
nanoparticles efficiently within cells are important and need
development. Fluro-tagging the nanoparticle and then inferring
the subcellular distribution from the corresponding fluorescence
signal is one means commonly used to this end. However
detachment of the fluro-tag can AuNPs are observed to form
clusters inside various cell compartments [3]. In such cases the
resultant image does not report the gold distribution but instead
only reports the fluorescent group’s distribution.

In comparison, the approach we are investigating images the
gold core directly - the nanoparticle’s surface plasmon
resonance is used instead providing an intrinsic detection
method. Furthermore since the peak wavelength of the plasmon
resonance depends on the nanoparticle size [4] it is possible to
make inferences about the degree of clumping taking place.

Method

For mechanisitic studies into the relationship between gold
uptake and mitochondrial function cells were seeded onto 4-
Chamber Slides (Sigma Aldrich) and left to attach for 4-6 hours
before treatment. Once incubated with GNPs for various times
the cells were treated with 10 nM MitoTracker Red CMXRos
(Invitrogen) in cell media for 30 mins prior to fixing with
paraformaldehyde solution for 10 mins. In other studies aimed
at comparing uptake of different nanoparticles a similar
procedure was used although MitoTracker was not used.

In MPR microscopy, a short pulsed (~200 fs), tightly focused
laser beam (typ. A= 600 nm) excites the localised surface
plasmon resonance of the gold nanoparticles [5]. The decay of
the plasmon resonance results in UV photons, which after
passing through a UV band pass filter were detected using a
photomultiplier tube. The lifetime of the decay was measured
and time-correlated with the time information being used to
separate the non-linear excitation of gold nanoparticles (fast
component) from that of the cytoplasm or nuclear DNA (slow
component).

The UV photons were detected after passing through a UV band
pass (U340, Comar UK) filter and focused using a Hamamatsu
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R3809-U photomultiplier tube. The characteristic lifetime of the
decay was measured using a Becker and Hickl time-correlated
single-photon counting system (SPC830) and software
(SPCImage version 3.7). This process was repeated many times
as the laser was raster-scanned across the sample with the
fluorescence lifetime decay collected for each separate x,y
location. For each location the lifetime decay was analysed in
terms of a fast and slow component. Images were created
showing the amount of fast-component present in each pixel
and these images were co-registered with conventional confocal
images that showed the immunofluorescent stain uptake. Such
images provide a means to correlate AuNP uptake with cell
structure and/or function, depending on the stains used.

Live cell imaging is also possible with this set up. To achieve
this, the fixed cells were replaced with live cells held in dish
with both thermal and atmosphere control. This was done with
alternate confocal and MPR microscopy images being taken
every few minutes for several hours.

Results
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Fig.1 Colocalised MPR and confocal images of MDA-MB-231
cells were treated with GNPs for various times (indicated),

MitoTracker (red) shows mitochondrial membrane polarization,
( ) shows an early endosomal antibody, while DAPI shows
the nuclei (blue) and GNPs are shown in (orange). In the second
column the same images are shown but with only the (blue) and
(orange) channels showing to make it easier to discern the gold.




Figure 1 shows examples of the results taken to look at the
correlation between mitochondrial activity and gold uptake.
Many similar images have been measured for three cells lines
and taken together and supported by other measurements made
in our own laboratory they support the conclusion that a key
players in the mechanism is radiosensitisation of cells by GNPs
are oxidative stress and the mitochondria [6].

Figure 2 shows how the uptake of GNPs with Citrate, PEG and
PEG-RME coatings. The Citrate coating is commonly used in
the synthesis of GNPs. Whilst citrate coating leads to good
cellular uptake, it is not considered suitable for in vivo work,
where Polyethylene Glycol (PEG) coatings are more commonly
used. As is shown in figure 2, the PEG coating acts to
compromise the cellular uptake. However this uptake can be
rescued using targeting peptides such as RME. This study
shows the benefit of MPR-microscopy for developing new GNP
formulations as it provides a rapid assessment of their uptake.

Citrate GNP PEG-GNP PEG/RME-GNP

Fig.2 MPR and confocal images of MDA-MB-231 cells were
treated with GNPs with various coatings (indicated) for 6 hours
prior to fixing. DAPI shows the nuclei (blue) and GNPs density
is shown in a heat-map (low density: green to high density
orange).

In a third experiment we preformed live-cell imaging from 10
minutes after addition of the GNPs to learn more about the
uptake dynamics. Alternately single MPR and confocal images
were taken every few minutes. Although we were successful in
seeing the gold and its very rapid uptake, we were unable to
track discernable features across significant periods. The laser
used for the MPR microscopy has a tight waist that only
extends for a short distance along the beam (z) direction. This
means that the gold is only detected in a narrow slice, perhaps
only 500 nm thick. A cluster of GNPs moving with a velocity
component perpendicular to this slice will only appear in one or
two frames as they pass through this plane. Whilst the frames
we acquired provide proof of principle for the live-cell imaging
capability of MPR microscopy, we believe that new data
acquisition modes will allow us to use this technique to properly
track uptake dynamics.

Ongoing/Future developments

Clearly MPR microscopy is proving a valuable tool in both
clucidating mechanism of GNP action on cells and in
developing suitable bio-functionalised coatings able to facilitate
high intracellular uptake. We hope to extend these studies in the
near future, considering the effect on uptake of factors such as
PEG linker length and amount of coating agent per
nanoparticle.

We also expect the live-cell imaging to be a valuable asset in
learning about mechanism of uptake, provided we can
overcome the issue that the nanoparticles are only visible in the
thin horizontal slice. To this end we will implement two new
data acquisition methods. Firstly, we will asynchronously scan
the Z-position of the microscope, thereby integrating over a
wider range of Z (effectively making the PSF in that direction
several microns). The resultant MPR image will thus be a
projection of this range of Z-positions, allowing for tracking of
the nanoparticles in 2-D. More ambitiously, we will implement
Becker and Hickl’s FIFO imaging mode [http://www.becker-
hickl.com/pdf/fifo-imaging05.pdf] whereby for each photon

detected a full record is created, including the x-y-z position of
the laser focus in the sample and detection time relative to the
laser pulse. This data-recording technique (commonly known
as ‘list mode’ in particle physics) allows one to perform off-line
reconstruction of the data, performing projections and cuts of
interest. Collecting data in this way whilst scanning the laser
focus position in x-y (galvanometers) and z (microscope
objective position) will then allow us to reconstruct 3-D data
sets showing the dynamics of the GNPs in living cells. As well
as significantly advancing our own project, we expect this new
acquisition mode will be of significant benefit to other users of
the facility.

Conclusions

MPR is a powerful approach to imaging gold nanoparticles and
the clusters the form in fixed cells. The ability to co-register
multiphoton (gold location) images with traditional confocal
images is useful for both mechanistic and uptake studies. Future
developments should allow these benefits to be extended to
shorter times and with more comprehensive dynamical
information through the implementation of new data acquisition
modes to be used alongside live-cell imaging.
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Introduction

Metal complexes are widely used in medicine for both imaging
and therapy. Many of these depend on intracellular processes to
achieve selectivity but since the majority of analytical methods
focus on the metal, little is known about the speciation of such
species in living cells. The resolution limit for nuclear medicine
of 1-2mm means that it is not applicable at the cellular level.
Confocal fluorescence microscopy has been used extensively to
track compounds and follow processes in cells and we have
designed a series of fluorescent metal complexes which can be
followed in cells by virtue of their 1 or 2-photon fluorescence.
While the emission wavelength of a ligand may not change
when a metal is coordinated the emission lifetime does and this
provides a potential method to determine when and where
dissociation of a metal complex occurs within a cell. We have
explored the use of this approach to determine if and when
intracellular demetallation of biologically active metal
complexes occurs. The work described here has recently been
published (ChemSci, 2013, 4, 1430-1441) with the cover
picture shown at the top right of this page.

Copper, nickel and zinc bis(thiosemicarbazone) complexes

The  studies  described  here are  focussed on
bis(thiosemicarbazone) complexes as copper(Il) complexes
such as CuATSM are in current clinical use for the imaging of
hypoxia'? and have been investigated for the treatment of
Alzheimer’s disease.” The hypoxic selectivity is proposed to
depend on the reduction of the complexes in hypoxic cells
followed by dissociation of the copper and subsequent cellular
metabolic trapping.* It has been proposed that the analogue
without methyl groups on the backbone (CuGTS) under aerobic
conditions liberates copper which inhibits formation of amyloid
aggregates. However nothing is known about the dissociative
mechanism in living cells for this class of complex and as the
simple complexes are not fluorescent we have attached
fluorophores to the CuATSM core in order to follow the fate of
the complexes in cells. The structures of the complexes used in
this study are shown in Figure 1.
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Figure 1: Structures of bodipy appended ligands and complexes used in this
study
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Following detailed studies in solution the behaviour of the
complexes and ligands in living cells was followed using 2-
photon fluorescence and FLIM measurements. We elected to
use two photon excitation to minimize autofluorescence within
the cells and the data obtained was of significantly higher
quality than with single photon excitation. Solutions at
concentrations of 10pM were added to suspensions of HeLa
cells in glass bottomed Petri dishes in serum free EMEM
medium and fluorescence studies carried out after ca. 20
minutes of incubation in air.

Figure 2 shows the fluorescence lifetime maps and sample point
decay curves for L1, CuL1 and NiL1.

* Lig=112 — L1t
1000 (v =4.273 1)

Intensity

Time / ns

© cuL1y?=113 — Cultfit
(1 =0.071 ns (76%).

v = 2.923 ns (24%))

Intensity

Time / ns

© NiL1yg2=102 — NiL1fit
(7 = 0.258 s (84%),
7 = 3.030 ns (16%))

Figure 2: Sample point decay curves and lifetime cell maps for ligand L1 and its
complexes with copper and nickel. The colours in the cell map are representative
of the lifetime distributions at each point in the cell.

The point decay curves for the free ligand could be fitted to a
single decay process whereas there were two distinct processes
for the Cu and Ni complexes. The short lifetime process was
associated with a metal being present and suggested that under
aerobic conditions the complexes remain essentially intact
inside the cells. The global lifetime distributions (GLD) within
the cells are summarized in Figure 3 (top) and show that the




lifetime distributions are quite distinct for the free ligand and
the complexes
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Figure 3: Overlays of global lifetime distributions for L1, CuLl, NiLl
and ZnL1 (top) and showing the effect on GLDs of the addition of
various ratios of CuLl to ligand to cells (lower).

To confirm that it was indeed possible to detect the free ligand
in the presence of intact complexes we investigated the lifetime
maps in HeLa cells for free ligand L1 and various ratios of
CuL1 to L1. The presence of free ligand causes a shift of the
GLD from that of the complex towards the value for the ligand
alone (see Figure 3). There was also little or no loss of
fluorescence intensity or change in the GLD for CuL1 after the
treated cells were allowed to stand for two hours, suggesting the
complex was stable over this time scale. The analysis of the
data for the ZnL1 complex was less straightforward as intact
metal complex even in solution did not show the short lifetime
decay of the Cu and Ni complexes perhaps due to the closed
shell d' configuration of Zn(II).

The behaviour of the Cu(II) complex of ligand L2 was entirely
different. The point decay curves and the lifetime maps of the
ligand and Cu complex in HeLa cells were recorded as before
and are shown in Figure 4a and 4b.
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Figure 4: Point decay curves and lifetime maps for L2 and Cul2 in
HelLa cells.

The point decay curve shows no evidence for the short lifetime
decay characteristic of the presence of the Cu(Il), as was seen in
the solution measurements, and the lifetime maps, GLD and
decay curves appear virtually identical for complex and ligand.
We conclude that the Cu complex of L2 is completely
dissociated in cells.

Conclusions

We have demonstrated that 2-photon FLIM measurements can
be used to show for the first time that complexes of the type
CuL1 remain largely undissociated in HeLa cells under aerobic
conditions. This complements the data obtained under aerobic
and hypoxic conditions for 64-Cu radiolabelled CuATSM and
has contributed to a major revision of the mechanism of
hypoxic selectivity.’ There is a dramatic change in cellular
stability of the bis(thiosemicarbazonato)Cu complexes when
there are no methyl groups on the ligand backbone and the
complex Cul2 is completely dissociated. This provides
definitive evidence to support the proposal based on solution
measurements that these complexes liberate copper ions in cells
and thereby act as inhibitors of amyloid protein aggregates.

This study focused on thiosemicarbazones as there were
specific questions about their mechanisms of biological action
that could be addressed. However we have preliminary
evidence to suggest that this technique is also applicable to
range of other metal complexes. The use of near IR emitting
fluorophores also offers the possibility of determining metal
complex stability in whole blood and we plan to continue to
investigate the scope of this approach in biology and medicine
in the future.
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Introduction

The plant cell Golgi apparatus is a key organelle that modifies,
sorts, and packages proteins. Its structure and mobility are
thought to determine its function. Protein and lipid
modifications, sorting of molecules as well as the biosynthesis
of cell wall polysaccharides, all take place in the small stacks of
flattened cisternae that make up the Golgi apparatus in plant
cells. Among the various post-translational modification
reactions on proteins, the biosynthesis and processing of
protein-bound N-linked oligosaccharides (N-glycans) is the
most common. N-glycans play a crucial role in protein folding,
endoplasmic reticulum quality control (Liu and Howell, 2010),
biotic (Saijo, 2010), and abiotic stress response (Koiwa et al.,
2003; Kang et al., 2008) and are considered essential for the
physico-chemical properties and Dbiological functions of
glycoproteins. All Golgi-resident plant N-glycan processing
enzymes are so-called type II membrane proteins with an N-
terminal region comprising a short cytoplasmic tail (C), a single
transmembrane domain (T), and a luminal stem region (S),
together called the CTS region, which orients the C-terminal
catalytic domain (CD) into the Golgi lumen. To date it is not
known which signals or mechanisms define their strict intra-
Golgi location. One suggested mechanism is the formation of
enzyme complexes which leads to their retention in the Golgi
membranes. There is evidence for the formation of
glycosyltransferase complexes involved in various aspects of
plant cell wall biosynthesis, but it is uncertain whether enzymes
involved in N-glycan processing assemble into similar
complexes. To address this question, we have tested the
properties of several glycosidases and glycosyltransferases with
distinct  intra-Golgi locations to form protein-protein
interactions when expressed transiently in tobacco (Nicotiana
spp.) leaves.

In this report we describe the use of two-photon (2P)-excitation
Forster resonance energy transfer (FRET)-fluorescence lifetime
imaging microscopy (FLIM) to determine the interaction of N-
glycan processing enzymes with differential intra-Golgi
locations.

Two cis/medial-Golgi enzymes MNS1 and GnTI form in
vitro and in vivo interactions: Using the two cis/medial-Golgi
residents MNS1 (A4rabidopsis thaliana Golgi a-mannosidase I,
Liebminger et al., 2009) and GnTI (Nicotiana tabacum p1,2-N-
acetylglucosaminyltransferase I, Schoberer et al., 2009) as
putative candidate proteins we tested whether plant N-glycan
processing enzymes are able to form glycosyltransferase
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complexes using GFP and mRFP fused to full-length clones of
MNSI1, designated as MNS1-G (G standing for GFP) and
MNSI1-R (R standing for mRFP), and GnTI, designated as
GnTI-G and GnTI-R. Both enzymes are known to be involved
in the processing of oligomannosidic to hybrid N-glycans and
hence act early in the N-glycan processing pathway. These
fusion proteins were transiently expressed in tobacco leaves
under the control of the 35S promoter.

Table 1. Fluorescence lifetimes of full-length cis-

and medial-Golgi enzyme pairs

donor acceptor T+ SD (ns) T range n
MNSI1-G 22+0.1 1.8-2.4 343
MNSI-G  MNSI-R 1.9+0.1 1.7-2.2 195
GnTI-G 22+0.1 1.9-2.4 283
GnTI-G MNSI-R 1.9+0.1 1.6-2.2 342
GnTI-G 22+0.1 1.9-2.4 283
GnTI-G GnTI-R 1.9+0.1 1.6-2.1 275

Abbreviations: 1, average GFP lifetime; SD, standard
deviation; range t, range of lifetimes observed for the respective
sample; n, number of analysed Golgi stacks.

Subcellular location of MNS1 and GnTI

Expression levels and efficient targeting of the fusion proteins
to the Golgi were confirmed by live-cell confocal imaging.
Merged confocal images show considerable colocalisation of
co-expressed protein pairs MNS1-G/MNSI1-R (Figure 1A-C),
GnTI-G/GnTI-R (Figure 1D-F), and GnTI-G/MNS1-R (Figure
1G-I) in Golgi bodies of tobacco leaf epidermal cells.

Confocal images of representative tobacco leaf epidermal cells
co-expressing fluorescent-protein tagged full-length protein
pairs MNS1-G (A) and MNS1-R (B), GnTI-G (D) and GnTI-R
(E), and GnTI-G (G) and MNS1-R (H). Images C, F, and I
show a merge of green (GFP fluorescence) and magenta (mRFP
fluorescence) channels. White in merged images indicates areas
of co-localisation. Abbreviations: G, GFP; R, mRFP. Scale = 5
pm.




In vivo 2-photon-FRET-FLIM

To determine whether the interactions previously found by co-
immunoprecipitation (co-IP) also occur in live plant cells, we
used 2P-FRET-FLIM to confirm the interaction. Tobacco leaf
cells expressing MNS1-G or GnTI-G alone were used as
controls to establish the unquenched lifetime of GFP in the
context of the fusion proteins (serving as donors). Figure 2

merged

Figure 1. Golgi localisation of full-length cis/medial-Golgi
protein pairs in tobacco leaves.

shows representative confocal and pseudo-coloured lifetime
images of a control cell expressing the donor MNS1-G alone
(Figure 2B-D) or a cell expressing the donor in the presence of

the acceptor MNSI-R (Figure 2E-G). We determined an
average excited-state fluorescence lifetime of 2.2 + 0.1
nanoseconds (ns) for MNS1-G (Figure 2D) following FLIM
measurements in the absence of an acceptor. Co-expression of
MNS1-G and MNSI1-R led to a significant quenching of the
donor lifetime to an average of 1.9 + 0.1 ns (Figure 2G), which

intensity map color-coded map lifetime
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Figure 2: B-D control cell showing expression of a donor
fusion protein MNS1-G. E-G self-interaction of MNSI1-G

with MNS1-R showing reduced lifetime of (1.9 compared

with 2.2 for B-D).

indicates that the fluorophores of the analysed protein pair were
close enough in Golgi membranes to undergo FRET and that
MNSI1-G likely interacts with MNS1-R. For GnTI-G, the
average fluorescence lifetime was 2.2 + 0.1 ns in the absence of
the acceptor, but decreased to an average of 1.9 £ 0.1 ns in the
presence of GnTI-R or MNS1-R (data not shown), indicating
interactions between GnTI-G/GnTI-R and GnTI-G/MNSI-R.

Altogether, the established FRET-FLIM data are consistent with
the co-IP data and we can conclude that at least the two tested
N-glycan processing enzymes MNS1 and GnTI homodimerise
and additionally form a GnTI/MNSI heterodimer. It is worth
noting that the excited-state lifetime of GFP-tagged proteins
alone in live cells (plants and animal) is around 2.5 ns. Here this
is further reduced due to self-quenching by possible
homodimerisation.

Conclusion

Using the non-invasive 2P-FRET-FLIM biophysical method,
we have observed the formation of several homo- and
heterodimers between cis- and medial-Golgi enzymes, namely
MNS1, GnTI, GMII and XyIT, , whereas only one heterodimer
between GALT1 and GMII was observed among the late-acting
enzymes GALTI1, FUT13 and ST (a non-plant Golgi marker).
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Introduction

The advent of single particle optics has had a profound impact on a large variety of fields ranging from genetics all the way to
quantum optics.l For truly nanoscopic particles and single emitters all current detection techniques rely exclusively on the efficient
detection of fluorescence. Therefore, fundamental questions, such as the fate a quantum dot or a fluorophore, when it ceases to emit
light (blinking or bleaching), still remain unsolved. Extinction of light, on the other hand, is largely independent of excited state
relaxation and can detect particles even in their 'dark’ state. The long-held notion that detection of the absorption of a single molecule
is impossible was recently disproved.”* Extending such experiments from mere detection to broadband spectroscopy will provide a
completely new view on single particle properties beyond the limitations of fluorescence spectroscopy.

Dark-field scattering microscopy directly detects the photons, which are elastically scattered by a particle away from the excitation
beam. As fluorescence, the technique is in principle background-free, and therefore provides the ideal starting point for the
development of an ultra-sensitive extinction spectrometer. Here, we have developed a detection geometry for dark field
microspectroscopy that allows us to collect white light scattered from a particle with 95% of the numerical aperture of the objective.
Losses in the detection arm are minimized with the use of a prism for dispersion. We present preliminary experiments on gold
particles with 40 nm diameter are presented and show that the background suppression is large enough to measure the fluorescence of
a single quantum dot in a scattering environment without the use of any filters.
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Figure 1: Setup of the dark-field spectromicroscope

Experimental approach

The achievable brightness of the collected scattering signal and the spatial resolution depend critically on the numerical aperture with
which scattered photons can be detected. In conventional dark-field microscopy, background photons are avoided by blocking the
transmitted or reflected illumination beam after the objective, at the expense of inherently reducing the effective numerical aperture.
A classic example is annular illumination, which cropping of a relatively large part of the detection cone. Here, we illuminated the
sample instead with a 75 mm focusing mirror under normal incidence from the front and block the narrow collimated beam after the
objective with a small aperture stop. The 10 um wide illumination spot is ideal for wide-field imaging of the sample. This allows us
to measure the signals of a particle and its surroundings simultaneously.

The setup is illustrated in Fig. 1: The sample is illuminated with white light from a SuperK Extreme supercontinuum source (NKT
Photonics), covering a spectral range from 430-800 nm. Transmitted and scattered light is collected with a 1.42 NA objective
(Olympus PLAPON 60x). The aperture stop for blocking the illumination beam is only 1-2 mm in diameter, so that up to 95 % of the
numerical aperture of the objective are used. The magnification is adjusted with a 3:1 telescope to optimize the imaging system for
the relatively large pixel size of the CCD camera. A slit in the focal plane selects a single vertical slice of the 2-dimensional image,
which is then dispersed with a fused silica prism and detected with a CCD camera (Rolera Thunder, QIMAGING). The use of a
prism as the dispersing element reduces the losses to a minimum. The prism can be moved out of the beam path with a motorized
translation stage (Agilis, Newport), opening an alternative imaging path (dashed black in Fig. 1). In this way the particle can be
selected and precisely positioned with respect to the slit, ensuring reproducible detection with sub-nanometer spectral accuracy.
Scattering cross section spectra were corrected by comparison with reference measurements of non-resonant scattering from latex
beads.



Sample Preparation

Streptavidin-functionalized gold particles (BBI solutions) and Latex bead samples (Sigma, 100 nm diameter) in aqueous solution
were deposited onto the cover slip by spin coating. Streptavidin-functionalized quantum dots with an emission maximum at 655 nm
(Invitrogen) were immobilized on a cover slip surface by binding to biotinylated bovine serum albumin bound non-specifically to the
surface of the coverslip.

Results and Discussion

Colloidal gold particles have been used for centuries for the staining of glass panes. Their color originates from a surface plasmon
resonance around 530 nm and, in contrast to organic chromophores, they do not saturate upon illumination nor are subject to
photobleaching. Together with their large scattering cross sections and stability this makes them ideal probes for a number of
challenging applications in imaging and high-speed particle tracking.>® We used single gold particles with an average diameter of 40
nm on a glass coverslip for a first experiment. Typical measured scattering spectra of individual particles are shown in Fig. 2, left.
Although the size variation of the investigated particles is only around 8 %, large differences in the scattering cross-section were
observed. Dark-field microscopy is highly sensitive to size variation, because the signal strength scales with the sixth power of the
particle diameter, so even a 10% reduction in particle size decreases the amount of scattered power by half. We remark that the
collected images and spectra represent the highest signal-to-noise ratio dark-field images ever obtained of nanoscopic particles
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Figure 2: Scattering spectra of single gold particles with 40
nm average diameter (left) and histogram over the band
maximum o(max) and the band integral (right).

The spectra in Fig. 2 also exhibit a red shift of the resonance band with increasing particle scattering cross section. The 2D histogram
in Fig. 2 summarizes the spectral scattering properties of 190 single gold particles. The orientation of the distribution along a
diagonal demonstrates the correlation between scattering intensity and resonance band position. This result agrees with Mie theory,
which predicts a red shift of the resonance for larger particles due to retardation effects and higher-order multipole contributions.’
Given the excellent images obtained for 40 nm particles, we believe that the detection limit will approach 10-20 nm particles, a
several order of magnitude improvement in terms of scattered power of existing techniques.

The ultimate goal is to reach the sensitivity necessary to characterize luminescent particles in their dark state. One requirement is that
fluorescence and scattering detection of a particle are synchronized, which is ideally achieved by measuring both on the same
detector. For fluorescence measurements, the excitation light is commonly removed with a filter, but this is not necessary in
spectrally resolved detection As a model fluorophore we studied single quantum dots with an emission maximum around 655 nm,
which were immobilized on a cover slip. As before, the sample was illuminated with white light, which was passed through a 600 nm
short-pass filter. Fluorescence of the quantum dot can be seen as a bright line in the spectrally dispersed image in Fig. 3, top. Even
without the use of filters, any background light is completely suppressed in the fluorescence region. At wavelengths below the
excitation filter cut-off around 600 nm scattering signals are visible, mainly from non-fluorescent scatterers around the quantum dot.
By forming the difference image between detection with the quantum dot in its 'on' and 'off' state, the pure quantum dot signal is
isolated, see Fig. 3, bottom.
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Figure 3: Dispersed Images of a single quantum dot in a
scattering surrounding: Raw image (top) and 'on' minus
'off" difference image of the blinking quantum dot (bottom).



The semiconductor core of the measured quantum dots has a diameter of around 8 nm, and scattering of the quantum dot could not be
identified at this stage. The strong size dependency of the scattering signal with the square of the volume renders the detection of
small particles particularly demanding. However, when mixing the scattering field with a reference light field, the signal is only
linearly dependent on the particle volume.® Based on this technique the first direct detection of scattering from a single quantum dot
was reported in 2009.° It will be a future challenge to implement a similar approach into our spectrally resolved detection setup.

Summary and Conclusions

We have developed a novel dark-field microscope for visible scattering spectroscopy of nanoparticles with unprecedented sensitivity.
Front illumation with a curved mirror allows us to use an aperture stop to block the transmitted excitation light, so that 95 % of the
numerical aperture are used for detection. Subsequent losses are minimized by the use of a prism for dispersion. Scattering spectra of
single gold nanoparticles with an average diameter of 40 nm were measured. The variation in the total scattering cross section was
correlated with the position of the resonance band, and was assigned to a distribution in the particle size. The efficient suppression of
background light was demonstrated by the simultaneous measurement of the fluorescence of a single quantum dot and scattering
from its surrounding. Scattering from the quantum dot itself still evades detection, but can become feasible by implementing a
heterodyne detection scheme, in future.
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Confocal imaging of Z-combretastatin induced apoptosis and two-photon activation

of E-combretastatin pro-drugs
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Introduction

Combretastatins are highly potent vascular disrupting drug
candidates used for the treatment of cancer [1] and potentially
also wet age-related macular degeneration (AMD) [2]. A
disodium phosphate salt of the natural product Combretastatin
A-4 is currently entering phase III clinical trials for the
treatment of advanced solid tumors [3]. The major drawback
associated with the highly active Z-combretastatins (~ 1 nM on
K562 cells) in clinical trials is their cytotoxicity towards healthy
tissues leading to severe side effects such as cardio toxicity [4].
It is proposed that these side-effects are minimized by
selectively localizing Z-combretastatin in cancerous tissues or
abnormal vasculature only. This may be achieved by
administering the E-combretastatin isomer as “inactive” pro-
drug which can be converted to the active Z-isomers by
selective irradiation using near-infrared (NIR) light (625 nm)
two-photon (2P) excitation [5] [6]. NIR irradiation will be
delivered by a fs-pulsed Ti:sapphire laser providing high peak
powers and allows deep tissue penetration of the light [7].
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Figure 1: Structures of £- and Z-combretastatins studied

Here Z-combretastatin induced cell death (apoptosis) and 2P
excited E-combretastatin activation on live cells leading to
apoptotic activity were studied. The structures of the
compounds of interest are shown in Figure 1.

Materials & Methods

CHO (Chinese Hamster Ovary) and HeLa cells were obtained
from the European Collection of Cell Cultures and maintained
according to standard tissue culture procedures. HUVEC cells
were purchased from TCS CellWorks and cultured following
their guidelines [8]. For imaging, adherent cell cultures were
grown in glass-bottom culture dishes (MatTek Corporation) and
incubated at 37 °C, 5% CO,. The apoptosis markers propidium
iodide and Annexin V AlexaFluor488 conjugate were
purchased from Sigma Aldrich and Invitrogen respectively.
Propidium iodide fluorescence was excited at 543 nm and
Annexin V AlexaFluor488 fluorescence at 473 nm using the
Nikon confocal microscope (20x objective) described in the

S.W. Botchway

Central Laser Facility, STFC, Research Complex at Harwell,
Didcot, OX11 00X, UK

A.W. Parker

Central Laser Facility, STFC, Research Complex at Harwell,
Didcot, OX11 00X, UK

literature previously [9]. All images show overlays of a
transmitted light image and the two confocal images obtained at
each excitation wavelength.

Z-combretastatin induced apoptosis on live mammalian cells

Cell killing (cytotoxic) effects of the Z-combretastatins Z-CA4
and Z-CA4F were investigated on CHO, HeLa and HUVEC
cells. These three cell lines were chosen to show the activity of
the Z-combretastatins towards normal (CHO), cancer (HeLa)
and endothelial (HUVEC) cells. Endothelial cells such as
HUVECs: are the main target cells for combretastatins in living
organisms since there are rapidly dividing within the tumor
vasculature and shutdown of capillary vessels formed by these
cells leads to tumor starvation.
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Figure 2: Apoptosis in HUVECs induced by incubation with increasing
Z-CAA4F concentrations for 24 h

Figure 2 shows a series of confocal images that were obtained
24 h after addition of increasing Z-CA4F concentrations (0, 0.1,
1 and 5 pM) to HUVEC cells at 37 °C. A small portion of the
untreated control cells stained positive for the apoptosis
markers, which is explained by a certain level of naturally
occurring cell death in live cell cultures. This effect is even
more prominent in primary cell lines such as HUVECs since
they are known to be particularly sensitive to environmental
changes compared with immortalized cell lines including CHO
and HeLa cells. At the lowest Z-CA4F concentration (0.1 pM) a
significant amount of cells displayed early apoptotic activity
(Annexin V AlexaFluor488 conjugate binding) and a few cells
stained positive for propidium iodide. At Z-CA4F
concentrations > 1 pM all cells stained positive for both
apoptosis markers. Furthermore the HUVECs that were
incubated at 5 uM presented spread out halos of membrane
debris surrounding them. Summarizing both drugs, Z-CA4 and
Z-CA4F, demonstrated significant activity towards all three cell
lines with an increasing effect at higher drug concentrations and
longer incubation times. The results confirm that HUVECs are
more affected by treatment with the Z-combretastatins than
CHO and HelLa cells as apoptosis marker binding was more
prominent and halos of membrane debris were observed.

E-combretastatin activation on live mammalian cells

After the use of propidium iodide and Annexin V
AlexaFluor488 conjugate as markers for Z-combretastatin
induced apoptosis on mammalian cells was shown to be a valid
approach the next step was to demonstrate two-photon excited
E-combretastatin pro-drug conversion to the active Z-isomer on




live cells. CHO cells were chosen for these experiments since
they are the most stable of the cell lines used for this work.
Monolayers of live CHO cells were incubated with the
E-combretastatins, E-CA4 and E-CA4F, respectively for 2 h to
allow uptake and accumulation of the pro-drug within the cells.
Then a small area (100 um?) of the cell monolayer was raster-
scanned with the pulsed beam output from a Ti-sapphire laser
(625 nm) for 10 min converting the E-combretastatin to its
highly active Z-isomer. After 24 h the markers for apoptosis
(propidium iodide and Annexin V AlexaFluor488 conjugate)
were added and selective cell killing (cytotoxicity) within the
irradiated areas was observed using confocal microscopy
(Figure 3).
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E-combretastatin to live
mammalian cells

3. Activation by rastered irradiation
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pulses (625 nm)
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Figure 3: Two-photon activation of E-combretastatins on monolayers
of live CHO cells and cell killing. 1. The E-combretastatin was added to
confluent live CHO cells at a concentration of 25 uM and 2. incubated
for 30 min. 3. A pulsed laser beam (625 nm) was raster-scanned over an
area of 100 um’ for 10 min (4.5 mW laser power). 4. Staining with
propidium iodide and Annexin V AlexaFluor488 conjugate showed cell
killing by the activated pro-drug within 24 h.
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Figure 4: CHO cells incubated with £E-CA4F (0, 10, and 25 uM) for2 h
before irradiation of a 100 um’ field for 10 min at 625 nm and
increasing laser powers at the sample (3.1, 4.7, 6.3 and 9.4 mW). 24 h
after irradiation CHO cells were stained with Annexin V AlexaFluor488
conjugate and propidium iodide to determine the extent of apoptosis.

Figure 4 shows a set of results for the pro-drug activation
experiment using E-CA4F as pro-drug candidate at different
concentrations (0, 10 and 25 pM) and activated at different laser
powers (3.1, 4.7, 6.3 and 9.4 mW). For both pro-drug

candidates, E-CA4 and E-CAA4F, only partial conversion of the
pro-drug to the active Z-isomer was observed by confocal
imaging of propidium iodide and Annexin V staining at the
lowest laser power (3.1 mW). The best results at all three pro-
drug concentrations (10, 25 and 50 uM) were obtained when
exciting with a laser power of 4.7 mW at 625 nm. At the two
high powers (6.4 and 9.4 mW) cell damage induced by the laser
light alone was observed. At the highest concentration (50 uM)
E-CAA4F started to precipitate from solution, so the actual
concentration on the cells was not known and it is hence
recommended to use lower E-CA4F concentrations to obtain
reliable results. This effect was not seen with £-CA4, which has
slightly better water-solubility. It was observed that 24 h after
drug activation apoptosis only occurred within the irradiated
areas, whereas surrounding cells were still alive.

Conclusions

In  summary the  experiments demonstrated  that
Z-combretastatins (Z-CA4 and Z-CA4F) induce apoptosis on a
range of mammalian cell lines at a rate that increases with drug
concentration and incubation time. The level of apoptosis also
varied depending on the cell type used, being higher for the
very sensitive primary HUVECs compared with CHO and HeLa
cells. Pro-drug photoactivation experiments using £-CA4 and
E-CAA4F on monolayers of CHO cells showed that the pro-drug
candidates are activated highly selectively by two-photon
excitation at 625 nm. The irradiation power needs to be chosen
carefully to achieve sufficient E—Z conversion. At the same
time it is important that the laser power is low enough to not
cause cell damage by irradiation alone. The apoptosis staining
procedure devised herein was shown to allow visualization of
the induction of apoptosis by Z-combretastatins by
distinguishing between live and apoptotic cells. A disadvantage
of this method is that reliable quantification is challenging.
Based on the initial success demonstrating cell killing after 2P
excited pro-drug activation on monolayers of live cells it is
suggested that future experiments should investigate the
photoactivation of E-combretastatins within three dimensional
(3D) tissue models, such as cell scaffold models (e.g.
electrospun or Alvetex), hydrogels and spheroids, to mimic real
tissues more closely. It is hoped that 2P E-combretastatin
activation may be demonstrated at depths > 1 mm in tissue
models or even within live tissues.
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