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Abstract
RAMAN — MICROSCOPY OF INDIVIDUAL CELLS
AND

APPLICATIONS MONITORING DRUG UPTAKE

by

Christian Matthaeus

Adviser: Professor Max Diem

Raman imaging of individual cells has become a quiteautsathnique providing
spectral information at very reasonable signal quallBsed on the spectral parameters
of a cell's components it is possible to image sublellicompartments such as nucleus
or nucleoli at micrometer spatial resolution. Apparedvaatages over conventional
staining procedures are the noninvasive character of the techagjueell as the
associated chemical information. Depending on the detap Raman microscopy can
be employed after cell fixation or on living cells. Oné&iguing application of Raman
microscopy is monitoring the uptake of cytotoxins that &e example used in
chemotherapy. The spectral information allows imagiegsubcellular distribution of the
drug as well as speculation about its chemical faigetban spectral changes. In chapter
3, the capability of Raman microscopy to image subcellldampartments is
demonstrated. First by univariate intensity imaging, foldwby introducing spectral
imaging based on multivaried statistical clustering amalyShapter 4 addresses the

potential of the technique to study drug uptakenvitro type cell cultures.
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Chapter 1: Introduction

The coupling of a Raman system to the optics of aasdope and thus, the
possibility of simultaneous optical as well as specwp& inspection on a micrometer
scale, offers a variety of applications. Recent pubdioat of biological studies can be
roughly divided into the areas of cell biology, tissuerabterization and typing of
microorganisms.

Raman microscopy has been used to observe metabblityacf single living
cells such as NADPH-oxidase activity inside granulocyiteportant for the activation
process of those cells,[1-3] lipid body accumulatioouad phagosomes in leucocytes[4]
or hemoglobin oxidation and heme aggregation in erythreg$leThe degeneration of
proteins during necrosis may be monitored by changes indbeasance of Raman
spectra.[6] There have been attempts to introduce Réabals, i.e. molecules that have
a high Raman scattering cross section, to detectae#ukzymes and receptors.[7]

In terms of cell imaging Raman microscopy has bemmpleyed to image
subcellular features such as the nucleus[8] and mitoctaof8]rFirst results have been
published to image the uptake of cytotoxins utilizing resoeaand pre-resonance
effects.[10, 11]

In general, differences in the texture and composiibany biological material
may be discriminated by its spectroscopic features. Qwerpast ten years, several
attempts have been made to establish Raman microsc@pyiadependent modality to
distinguish between normal and diseased tissue. Usuhdygrade and progression of

tissue altering diseases, such as various tumor typegratan misfolding in the brain,



are determined by histo-pathological inspection based on wcbowral staining
techniques. In several cases, it may be quite chatigrigi draw a line between normal
and affected tissue.[12] Raman spectroscopy could provide atoaddanalytic tool
that could help to quantify alterations in texture and masition of diseased tissue.
Several studies demonstrating the capability of Ranmsttoscopy to discriminate
between normal and diseased tissue have been publisecksting examples are the
detection of meningioma in dura matter[12] and the detectiovanbus cancer types
such as ovarian cancer[13] or oral squamous cell carcipfpdhdn some cases the
spectral differences are too subtle to be distinguiflyethere visual inspection. To aid
the analytical process several unsupervised statistiediaions have been developed
which may be visualized by pseudo-color representations, pngvididditional
information to the histo-pathology.[12] Spectral diffexes that have been classified by
those statistical algorithms may subsequently serven@ag data for artificial neural
networks (ANNS).

Several studies have been performed to utilize Ramenmoscopy as an analytical
implement to conventional typing methods to charamtemnicroorganisms such as
bacteria.[15-17] Again, statistical algorithms that havenbestablished in the field have

been proven to be reliable tools.



Chapter 2: Materials and methods

2.1. The Raman effect

If light hits a sample, the incoming electrical fiedg¢ts the electrons of the
molecules in motion, which induces a fluctuating dipole. Uguéhe induced dipole
emits electromagnetic vibrations of the same frequehbgt (in a classical sense) elastic
scattering is called Raleigh scattering. Howeverh@éndase that incoming photons excite
molecular vibrations, the emitted photons will haves lesergy. That inelastic scattering
event is called Raman scattering. Two scenarios argilf@dor the inelastic type of
scattering. Either a photon hits a molecule in the gratate and excites molecular
vibration or it hits a molecule already in the excitedtestand causes vibrational
relaxation. In the first event, the scattered photoiisbe red shifted with respect to the
Raleigh line in the second blue shifted. The lines are ustefidyred to as Stokes- and
anti-Stokes-lines respectively. Figure 2.1.1. shows theggneiagrams for all three

scattering events.

virtual State

b 4 ry

Energy

Raleigh scattering Stokes-Raman scattering Anti-Stokes-Raman scattering

Figure 2.1.1.: Raman effect: schematic presentation of Raleighokes-, and Anti-

Stokes scattering



Scattering of radiation is a fast effect (roughly*16ec) of interaction of a photon
and a molecule and takes place when the photon enmkrgy not correspond to the
difference between any two stationary states of thiecunle.

The intensity of the Raman scattering depends offlghebility” of the electron
cloud of a particular molecule, which is described bypatarizability a . If E is the

strength of the incoming electrical field, a dipole momenis induced:
U=aE.
If Eis the electrical field component of the exciting tighith frequencyv. one gets:
E = E,cos2rvt
M =aE,cos2m.t,
where t is the time. A molecule that vibrates with a frequemgychanges its normal
coordinates according to:
g =Q cos2nvt,
with g and Q representing the molecular vibrational coordinates #ied normal

coordinates at equilibrium position respectively. Chandgimg shape of a molecule,

changes its polarizability to:

where a, is the polarizability at the equilibrium position. Stitution into the second
expression for the dipole moment (and introducing thgomometric relation

2cosxcosy = cosx—y) +cos + y) results in:

U =a,E,co2mv t + %Z—G[COSZH(VE —v)t+cos2mv, +v))t].
q;



According to this equation, the dipole momemt oscillates with three superimposed
frequenciesv., v —v, and v +v,, corresponding to Raleigh scattering, Stokes-, and

anti-Stokes-Raman scattering.[18, 19]

If the excitation frequency of the exciting light beanoighe same energy as an
electronic transition, the molecule is excited intcstationary electronic state. The
emision of a photon may also result in a vibrationahkcited state. The phenomenon is
of the same nature as described in Figure 2.1.1., with iffe¥ethce that the emitted
photon does not result from a virtual state but from a eeflned electronic state. Light
scattering in resonance with an electronic transitanses an enhancement up to four
orders of magnitude in intensity compared with the coneeatiRaman effect. The
intensity enhancement of a particular Raman banelased to the nature of the vibration
and structural vibrations that are involved in the eteutrtransition. The dependence of

the intensities of resonance Raman bands may be lisgdy:

| D{(VE—V.)Z(v;ws)T

where v, is the electron excitation frequency, the frequency of the exciting light
beam andv, the vibrational frequency. IF, =v. resonance Raman scattering, and if
vV, <<Vg, V,>>p. conventional Raman scattering is observed. Enhanceeffeats

observed fowv, =v. are referred to as pre-resonance Raman effects.l{Jsunale than

one excitation have to be taken into account which makesinterpretation of the

enhancement of individual Raman bands complicated.[18]



2.2. Experimental setup

To obtain Raman signals from microscopic samples,ettciting laser beam is
coupled to a general microscope. A simplified setup is showFigure 2.1. The laser
beam first hits a half-dichroic mirror or beam dplit(BS). The reflected light is then
focused on the sample through an objective. The scatligtédthat again passes the
objective hits a notch filter (NF) that reduces theeRgdl intensity. Lens L2 focuses the
beam through a confocal pinhole (PH) before it entexgeatrograph or monochromator
and finally the detector. For imaging, the microscope lmarcoupled to an automated
X,y,z-stage. Alternatively, a scanning mirror can begdan front of the focusing lens
L1. To switch between observation and measurement usaiaiyinging-mirror is also

placed in the beam line.

= | I } I > spectrograph
CCD

BS

%

L1

eclive g

obj

Xy Z-stage
Figure 2.2.1.: Optical setup for Raman microscopes: NF = notchrfilBES = beam

splitter, L1,2 = focusing lenses, PH = pin hole



Since most laser wavelengths applied in the field atkarvisible spectrum of light, the
critical optical parameters are similar to thosedonventional microscopy. The spatial
resolution along the image field, perpendicular to thé&alpaxis is given by:

d=122 Ao ,
2N

bj

whered is the minimum distance of two point objects just restlby the microscopel,

is the wavelength of the incident light beam aNA the numerical aperture of the
objective.[20] For a 632.8nm HeNe laser and a numericattae of 0.9 for the
objective, the limiting resolution would then be 429nm. Tinelepth resolution DR)
along the optical axis is determined by:

nA

DR=22 _
;;(NAobj)

where n is the refractive index of the immersion imexl A again the wavelength of the
incident light beam andNA the numerical aperture.[21] For a 632.8nm excitation the
theoretical limiting resolution is 547nm. In general,rasolution along the optical axis
can be obtained because light is not only collectea fitze focal plane of the sample, but
also from adjacent layers. Light diffusion and sm@tg on uneven surfaces further
complicate this situation. In order to improve the ipteresolution Raman microscopes
are usually equipped with a confocal arrangement. In cahfamrescence microscopy
the setup allows sequencing a sample along the opticalaagishence 3D imaging.
Raman microscopy is very similar in this respect becansike in optical microscopy
the incoming light and thus the resolution are very weflned. In confocal microscopy
a pinhole is placed at the back focal plane of theaa@pe. The pinhole is conjugate to

the focal point of the lens. As shown in Figure 2.2. diglgt that is generated at focal



point A passes the pinhole, whereas light that origgwétrom B or C is blocked by the

aperture.

Figure 2.2.2.:Confocal optics, only light generated at focal point Ages the pinhole

All experiments presented in this study were carriedoouthe LabRam HR800
microscope by Jobin-Yvon Horiba. The system is equippekd avi632.8nm HeNe-laser
that has a power output of 20mW. An air-cooled CCD cameth 1024x256 pixels of
26um serves as detector. The spectrograph is a 800mm fegthl Czerny Turner
spectrograph with a 1800g/mm grating, which allows a spectalution of 1crit. The
coupled microscope is a high stability BX40 Olympus microseuigie 10x (NA=0.25),

50x (NA=0.7), and 100x (NA=0.9) objectives.

2.3. Data Treatment
2.3.1. Smoothing Procedures
Main sources of noise in Raman spectroscopy origimata fark current of the

detector, inelastic scattering from particles (Tyndatttering) as well as flicker noise



from the source.[22] In the case of low signal quahtgthematical procedures to reduce
the given noise level may be useful if not essential.
One simple way of reducing random noise is by a movingageeiGiven a set of

data pointsX, with assigned readoutS, the procedure averages a chosen number of
neighboring data point§,,,, C,,,, C_,, C,_, and replaces the center po@§ with the
mean averageC, is called a single convolute an@,,,,..., C_, are convoluting

integers. For the next point the set of convoluting integee moved to the next data
point and the procedure is repeated. In the end a newdnnxt, is obtained:
i=n
Zcixjﬂ
* i=—n

X, ==
! 2n+1

The set of convoluting integefS, is referred to as convolution function. In the cafsea o
moving average, all neighboring data points over the chogernval are assigned the
same weight. Other convolution functions introducéeady or exponential decay for the

weight of adjacent data points as illustrated in Fidgugel.

Xy Xy Xy

Figure 2.3.1.: Convolution functions for a moving average (A), a stedegay (B), and

an exponential decay (C)
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Savitzky and  Golay  suggested  using polynomials such as
y=a,+ax+a,x’+..a as convolution functions and fit them with partial sea
squares.[23] The fitting method first defines a residual plaiat r, as a distance between
an observed data poiryt and a fitted response valye:

=Y Y.

The residual data points are expressed as standard desziation

R? :zriz ZZ(Yi _9i)2 -
1 i=1

For a nonlinear fitR? is expressed as:

R? :Zn:[yi —(ag +ax +a2Xi2 +---+akxik)]2'

i=1

To minimize the deviation, all partial derivativegh respect to they 's have to be zero:

%Ffz) - _zizi;[yi — (@ +ax, +..+8,x)] =0,
%RZ) - _zizi;[yi (@ +ax +..+ax)]x =0,
%Fiz) - _zizi;[yi (@9 + 2% +..F B X)X 0.

After evaluating the values for the a’'s one subttg for the central data point and
precedes picking up the next data point on the righile dropping one on the left and so

forth.
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2.3.2. Cluster Analysis

Any vibrational spectrum provides qualitative and quantitatclemical
information about the composition of the sample tériest. The chemical information is
represented by characteristic peaks as well as by ittéiridual band shapes. For a
guantitative analysis, especially for large datasetsiraber of statistical procedures,
based on a comparison of the similarity of the individimectra have been developed.
Relatively well established for data analysis of vibraicspectra are procedures such as
principal component analysis (PCA), fuzzy c-means dluge or hierarchical
clustering.[13, 24] All methods search for spectral d#fferes that are not obvious by
mere visual inspection. For imaging of biological sammspecially the hierarchical
clustering procedure has been proven to be very usefigl.r@ain application has been
infrared and Raman spectroscopic imaging of diseasagt@sh as tissue from cancer
and various other illnesses.[25]

In hierarchical cluster analysis (HCA) the similaatithe spectra is expressed as

a matrix of correlation coefficient§,,, :

N JR— R
2.(S"-s")(s" -sY)
i=1

JZ(S.L —§)2J2(S.M -sV)?

Cwm = '
where St and S" are two individual spectra of the dataset. Theetation matrixC,,,
contains N entries, where N is the total number of specti® Torrelation coefficients

can be also seen as normalized vector dot prodaciging from zero to one, with

C.u =1 for identical spectra an@,,, = f0r spectra with no overlap.
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Mathematical algorithms then search for the cloggst terms and merge two

corresponding spectra into a new object. The correlahatrix is recalculated and the

merging process repeated until all spectra have been comhbtoed small number of

clusters.
- G Gy Gy Gy - Ca Gy Gy Gy - Cp G e Ca
- Gy Gy Gy - C,C,...C, E> - Cy....C,
Y O o :> - Cy .y

Each cluster can be assigned a color and displaying theidndivcolors at the
coordinates at which the spectra where collected cragissudo-color map based on the
spectral information. The maps also known as fal$eremages represent the similarity

of the chemical composition of the substrate.

2.3.3. Vector Normalization

In order to detect or image spectral differences indegggndf the sample
thickness it is in some cases necessary to scaleomnafize the collected spectra.
Especially for the above mentioned HCA routine, themadization of the datasets is
essential. The vector normalization was carried ouirby dalculating the average value
for the indicated spectral region. The average value tvas subtracted from the
particular spectrum setting the new average to zero.e§ubstly, the sum over all data

points of the spectrum was scaled to one:



13

Z(xi)2 =1.

2.4. Cell cultures

Mammalian cells can be cultured in Bmvitro environment under temperature
and pH controlled growth conditions. Cellular metigdm is maintained by essential
growth factors dissolved in the culture medium. Il Caltures may be initiated from
normal, embryonic and malignant tissues or cellsndgally, there are two categories:
Cells, which grow in suspension, and cells thateagllto substances such as glass or
plastic by mucoproteins and in some cases collayéhnerent cells are usually described
as fibroblast-like or epithelial-like. Fibroblastee connective tissue cells. In dilute
culture, they move around the surface of the satestavoiding each other. Epithelial
cells origin from the surface of an organ suchresdervix or kidney tubules. The cells
are tightly associated and divide to form sheetsedis. Somatic cells that adhere to a
certain substrate grow exponentially in monolayersil they reach confluence.
Attachment to the substrate is usually vital, aatisc¢hat form a second layer normally
die. Once confluence is reached, the cells habe tsubcultured, i.e. split over more than
one culture vessel. Non-adherent cells such a®dégtes require subculturing when the
medium rapidly turns acidic after feeding. SucH celtures are referred to as cell lines,
whereas cultures initiated from tissue are callesingry cultures. Cell lines from
embryonic cells normally live through some 50 gatiens. Adult cells may be
maintained for 20 generations.

During the early stages the cells remain eupicad,they have the correct diploid

complement of chromosomes. Associated with thes @aling process are mutations in
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the DNA, which may result in packing disorders and ababgane expressions. If those
transformed cells survive, the cell culture may becommembrtal”. Transformation may
also occurin vivo. Many cell lines that were originally derived from tuntissues grow
indefinitely in vitro. Transformed cells loose their density dependent regulat
properties and, in contrast to untransformed cells, grdivtbe medium is exhausted.

The growth medium usually contains some 30 essem@brds such as amino
acids, vitamins and glucose. Eagle originally developedotitenal composition for a
variety of cells in the 1950’s. Most cell lines also rely natural serum extracts, which
contain adhesion promoting components, trace mineredsisgort proteins, growth
factors and hormones. Bovine or fetal calf serum rsnatly added in amounts of 5% to
10%.

For subculturing, digesting enzymes such as trypsin mayltéed to the medium.
It reduces the amount of mucoproteins, which link the celth whe substrate. In
addition, complexing agents such as EDTA are often usednove divalent cations

particularly C&" and Md"*, which play a role in intracellular binding.

2.4.1. Adherent cells

Human epithelial cells from the HeLa CCL-2 cell Iwere obtained from ATCC
(American Type Culture Collection (ATCC), Manassa#)VThe cell line originates
from a cervical adenocarcinoma. Cells were grown imifdum Essential Medium
(Eagle) with 2 mM L-glutamine and Earle's BSS adjustedotatain 1.5 g/L sodium

bicarbonate, 0.1 mM non-essential amino acids, and 1.0adMm pyruvate, 90%; fetal
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bovine serum, 10%, and incubated at 37°C in an atmosph&=ofir with 5% CQ
Subculturing was performed according to the following praitoc
1. Removal of the culture medium.
2. The cell container was rinsed with phosphate buffeatides(PBS) solution.
3. For a 30ml flask, 2ml of a 0.25% (w/v) Trypsin- 0.53 mM ED3olution
were added and incubated for 5min until all cells were dethdrom the
surface of the flask.
4. 6ml to 8ml of medium were added. To avoid clumping theension was
repeatedly pipeted.
5. The suspended cells were centrifuged for 5min at 3000rpm.
6. After removal of the suspension medium the cells weoetexed and
subcultured with 6ml to 8ml fresh medium at splittingasf 1:2 to 1:5.

7. The growth medium was renewed every 2 to 3 days.

2.4.2. Non-adherent cells

Human T-lymphocytes from the Jurkat TIB-152 cell linegimating from acute
T-cell leukemia were obtained from ATCC. Cells werevgran RPMI 1640 medium
with 2 mM L-glutamine adjusted to contain 1.5 g/L sodiunatbonate, 4.5 g/L glucose,
10 mM HEPES, and 1.0 mM sodium pyruvate, 90%; fetal boverens, 10%, and
incubated at 37°C in an atmosphere of 95% air with 5% Tke cells were subcultured
according to the following protocol.

1. The cell suspension was centrifuged for 5min at 1500rpm.
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2. The exhausted medium was removed, the cells resuspendsdbandtured at
splitting ratios 1:2 to 1:5.
3. 6ml to 8ml of fresh growth medium were added to 30muceiflasks.

4. The growth medium was replaced every 2 to 3 days.

2.5. Sample preparation and cell fixation

Adherent cells were grown onto Galindows to avoid any background
scattering from the surface of usual glass slides. Ehalensity was kept at a low level
with roughly 10-20/mrhto allow mapping of individual cells and sustain large suefa
cytoplasm. Cells were fixed in 10% phosphate buffered dimsolution for 10min to
20min at room temperature, subsequently briefly washeddastitled water and quick-
dried under a compressed air stream. Aldehydes fix biologiegerial by introducing
cross-links between different cellular components sashprotein, nucleic acids and
lipids. The degree of cross-linking is proportional to thation time. Bonding is
generated between several reactive groups, i.e. thicdmomo-groups of cystein and
lysine residues. Cross-linking fixation methods with foimalsolutions or
paraformaldehyde were found to give best microscopic amttrgscopic results.
Alternative fixation methods in various organic compoundshsas methanol, ethanol
and acetone or freeze drying methods dehydrate the celldylaideis, shape and
particularly cell thickness are not always preserved.

Lymphocytes were grown up to a concentration betwiBfml and 5x1&/ml.

0.5ml of cell suspension were added to 1ml of 10% phosphé&trdd formalin solution.
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After fixation the cells were spun onto Gakindows using a Cytospin centrifuge for

15min at 400rpm with low acceleration.

2.6. Fluorescence Staining
Fluorescence microscopy is widely used to image celadastituents. Although
often difficult to reproduce, especially for site-spiecistaining with fluorescent
antibodies, a variety of protocols is available. Usu#iie staining procedures employ
surfactant solutions to increase the permeability ofcile membranes. In this study
fluorescence staining was mainly used for chromatin imagmgaying 4’-6-diamidino-
2-phenylindole (DAPI) applying the following procedure.
1. Cells were rehydrated in PBS solution for 30min at roonpezature.
2. Permeabilizing buffer, with 0.2% Triton X-100 in PBS, wdsded for 5min.
3. Cells were incubated in PBS with 0.02% Tween 20, 0.04% sodzide a
(PBST) and subsequently treated with DAPI solution for ZmiBmin.
4. After washing three times with PBST, the slides were dippéo distilled
water and quick-dried under a compressed air stream.
All images were acquired on a Nikon EFD-3 microscopegusi Texas Red emission

filter.
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Chapter 3: Imaging of cellular compartments

3.1. Introduction

The distinct biochemical composition of cellular gartments, such as the
nucleus, nucleoli or cytoplasm allows a classificabased on their spectral features. The
limiting spatial resolution is defined by the diffractibmit of the applied laser beam.
Whatever the chemical composition within the scattevimigme will be reflected in the
associated spectra. The aim of this chapter is to discesextent that Raman microscopy
can be used to image subcellular structures. Firstltseéeu normal cells growin vitro
are presented. The Raman spectra of the main celadturés are discussed in detail and
Raman imaging based on single wavelength intensitiestieduced. The plotting of
spatially resolved univariate intensities will be rederrto as spectral imaging. To
illustrate the potential of spectral imaging, the techniqaes \applied to monitor the
chromatin distribution during mitosis. The second parthef chapter will address the
possibility to image cellular features based on a congamd band shape similarities,
employing hierarchical clustering methods.

As cell model, human epithelial cells from the ldeCCL-2 cell line were chosen.
The cell line derives from a cervical carcinoma, whiem de easily subcultured. The
cells have adherent growth properties and vary in s@am fapproximately 30m to

10Qum in diameter.
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3.2. Spectral imaging
3.2.1. Results

Figure 3.2.3. shows HelLa cells grown onto a Calbstrate. Easy to recognize
are the nuclei, approximately 2% in size, with distinct nucleoli inside. Figure 3.2.1.
shows a typical Raman spectrum from the cytoplasi.drl.a the whole spectral range
from 4000crt to 500cnT is plotted, whereas in 3.2.1.b the most characteristjion
between 1800cthand 500cnt is enlarged. The Raman spectra of biological molecules
have been described in great detail.[26] For the randoretyawsf proteins inside the
cytoplasm only the main spectral features can be atttab Most pronounced are the C —
H stretching vibrations ranging from 3095¢mio 2800crt with a center around
2934cm. Also very pronounced are the C=O stretching vibrationshef peptide
linkages between 1600¢hand 1700cil. The band, usually referred to as amide I, is
centered at 1655chwith little variation. The small shoulder between 158Bcand
1600cn can be assigned to in-plane bending of the N — H bohtise peptides. Also
well pronounced are C —;Hvaging vibrations between 1420¢nand 1500c. The
intensities of the region between 1200tmnd 1360ci result from various C — H
deformations, centered at 1297tmas well as C — N bending modes, centered at
1267cmt referred to as amide Ill. The small peak centered ard@95cnt can be
assigned to symmetric stretching of phosphorous groupsotdcules such as ATP or
RNA. Also very typical for spectra of cells or biologl material in general, the sharp
peak at 1002cthattributed to the @ all symmetrical vibration of the phenyl group of
phenylalanine, which contributes roughly 4% to the overall amaitid contents of the

cell. The region below 1000¢his usually less characteristic. The peak at 716bas



20

not been assigned so far. Shape and appearance of theapeaksy distinct and vary

only little throughout the cytoplasm.
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1002cm !

1443cm!
1658cm-!

T1Gem!

S00crm!

1800cm-!

Figure 3.2.1.: Raman spectrum from within the cytoplasm. Pdoshows the whole

spectral range from 4000&nto 500cnt, b shows the main protein features between

1800cnt and 500cn?.

Figure 3.2.2. shows spectra from within the nucleus andutieali. Again, plots

3.2.2.al and 2 show the whole spectral region, wher@da18L and b2 show the region

between 1800cthand 500cii. The spectra of nucleus and nucleoli are very simildr

only little relative intensity variations. The protepeaks are still the predominant
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features in the spectra. The C — H stretching regi@uasn centered at 2934¢mThe
amide | and C — Hdeformations are found pretty close to the positionsidom the
cytoplasm at 1657cthand 1448cm respectively. The centers of the C — H deformation
and amide Il region have shifted quite a bit from 1297¢an1325crit and 1267ci to
1257cn. Apparently, the whole appearance or shape of that apeetfion between
1190cmt and 1380cm is different compared to the spectra of the cytoplaEme. same
statement can be made with respect to the shapes ofthé Lretching, amide | and C —
H, waging bands, which will be discussed in detail in thie¥dahg chapter. In addition
to the protein peaks, some DNA/RNA bands can be assignedtiing peak at 1575¢m
! results from a stretching of the double bonds of the pubases of adenosine and
guanosine. The intensity of the symmetrical P — O strajchif the PQ@ groups at
1095cnt increases due to the vibration of the phosphate esti&bduae of DNA and
RNA. Also well pronounced is apparently the band at 785amhich has been assigned
to the pyrimidine ring breathing of cytosine, thymine andioe. All other DNA/RNA
features merge with the protein spectra or cannotdsglglassigned at the given noise
level.

The signal quality was generally satisfactory, butesagreatly from nucleus to
cytoplasm. In mammalian cells, approximately 80% of tbk loody consists of the
nucleus. For adherent cells, the remaining 20% of cyapléhat grows onto the
substrate can get very thin. The cell also looses pé&its water contents due to fixation
and drying. An estimated value for the thickness of theemuokgion is pm whereas the
cytoplasm may beizn or less. The signal to noise of spectra form theemscVersus the

cytoplasm may vary by a factor ten. The signal quafliy also vary from cell to cell.
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Figure 3.2.2.:Raman spectra from within nucleus (al, b1l) and nuclealin2)

The protein features generally dominate the spectra ¥athin the nucleus and
nucleoli since the DNA/RNA content is still small. tEsated protein:RNA:DNA for
nucleus and nucleoli ar00:10:1 and 100:25:1 respectively.[9, 27, 28] Figure 3.2.3.b1-
b3 shows images reconstructed from the absolute inemf the pyrimidine ring
breathing at 785cth The images reproduce the location of the nucleoli hiltt6

contrast the nucleus from the surrounding cytoplasm.
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a3

Figure 3.2.3.:Microscopic images and Raman images reconstructed hemytrimidine

ring breathing at 785cm
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Given the fact that the DNA/RNA features are far lpssnounced than the protein
features the results may not be surprising. The DNARINA concentration within the
cytoplasm is too small to be detected.

Figure 3.2.4.al-a4 show HelLa cells undergoing the typiegest of mitosis.
During mitosis or M-phase the chromatin of the cellrearranged to result in two
individual nuclei. In the prophase the chromosomes becosieleviand start aligning
along the spindle of the cell. After alignment (metaphathe replicated sets of
chromosomes are driven apart towards the poles of théanaphase). In the telophase
cytokinetics is almost over and the nuclei are beingnéat. The fluorescence stained
images d1-d4 show the chromatin distribution using the BNécific fluorescence dye
4,6- diamidino- 2- phenylindol (DAPI). The chromatin is mosndensed during meta-
and anaphase. The Raman images bl-b4 were reconstmactethé overall intensity of
the 785crit DNA band. All DNA Raman features appeared to be mdsn#e during
meta- and anaphase. For both phases, the DNA Ranmahittansities reproduce the
chromatin distribution with great specificity. Inteliegly, this is not the case for the pro-
and telophase. As the comparison with the fluorescanagas shows, the DNA Raman
intensity plots do not reflect the chromatin diafitibn correctly. The shape of the cell
body can be easily reproduced by plotting any of the prgiestks as shown in figures

cl-c4.
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Phase-contrast visible
image in cell culture

Fluorescence image of

DNA intensity Protein intensity DAPI-stained chromatin

Anaphase Metaphase Prophase

Telophase

Figure 3.2.4: Photographs, Raman and fluorescence (DAPI stain) imaigidsLa cells

during various phases of mitosis. (top row) prophase] (@w) metaphase, (3rd row)
anaphase, (bottom row) late telophase. All imagesaliected at 40X magnification.

(Column 1) Phase-contrast images of live cells in cult{@@elumn 2) Raman scattering
intensity plots for the DNA scattering intensities786cni™. The colors range from black
(low intensity) to red to white (high intensity). (Cola 3) Raman scattering intensity
plots for the protein scattering intensities at 1656cithe colors range from black (low
intensity) to green to yellow (high intensity). (Cwolo 4) Fluorescence images of the

DAPI-stained cells.
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3.2.2. Discussion

The images reconstructed from the Raman data are afspeaficity contrasting
the chromatin against the cytoplasm for the meta- amagphase as well as for localizing
the nucleoli of the cells not in the M-phase. Apastirthat, the low intensity of the DNA
bands found inside the nuclei of the non dividing cell,ftegphase and the probably late
telophase are interesting. There may be two possiplamations. First, the distribution
of the DNA is not homogeneous. This may explain whgame regions, at least at the
observed signal quality, no DNA is detectable. Furtheemthe intensity of the peaks
may depend on the overall structure or density of thenedwio. Since there is a
correlation between the chromosomal arrangement angrttein/DNA ratio during the
different stages of mitosis this assumption seemsetoebsonable. The protein/DNA
packing ratio of the chromatin complexes for a cetlin mitosis is on the order of 40, as
compared to a metaphase chromosome with a packing @&tit0,000. Thus, the
chromatin may be too diffuse to yield detectable Rancaftteying signal in the volume
probed in Raman microscopy, which is on the orderpoh®l or about 18%g. For the
Raman scattering the overall density of the scatteriatemal is probably the most
crucial factor. During mitosis, the DNA/histone syst@in its most condensed form,
which may increase the signal intensities of the DM¥&guments about intensity
variations in correlation with chromatin density hdeen introduced to explain similar
observations employing IR-microscopy.[29, 30] Correlatiotwben Raman scattering
intensities and the chromatin packing may have potespiplications to distinguish the

individual stages within the cell cycle of proliferatinglic
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3.3. Cluster Analysis
3.3.1. Results

A similar comparison of the band shapes based owmrhldcal clustering was
performed for the spectral regions of the C — H stretchibrations from 2800cthto
3100cnt, the amide | band between 1525trand 1750cm, the C — H waging
deformations from 1400chmto 1525crt as well as for the amide Ill region between
1175cm and 1375cm. All spectra were smoothed using the Savitzky-Golay mhoee
with nine points. To avoid clustering artifacts from géemthickness, the spectra were
vector normalized over the amide | band for the lowavenumber region and from
2800cm’ to 3100crt for the analysis of the C — H stretching bands. Eseilts for all
four regions are shown in Figure 3.3.1. The first rowfadde color maps depicts the
number of clusters needed to image the location of ticéens in which the number of
colors equals to the number of clusters. For all spkeotgions only three clusters are
sufficient to contrast the nucleus against the cytoplaBhe location of the nucleus is
reproduced best by clustering in the amide Ill regiong&ba more detailed image, a
higher number of clusters or lower level of similantyas employed to reconstruct the
maps of the second row. The C — H stretching as wélleaamide | region reproduce the
location of the nucleoli with great specificity. Clustg over the C — Hwaging and
amide Il bands does not fail to localize the positidrihe nucleoli, but give a fuzzier
image. The most detailed image results from the C trdiiching region. Clearly regions
from the cytoplasm start to differentiate. The direcinity of the nucleus falls into a
different cluster than the bulk of the cytoplasm.alidition, the nucleic region appears

not to be homogeneous.
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In order to test the reproducibility of the cluster gs@l and to find out what
region would be most analytical, the clustering wadopered on more than one cell.
Figures 3.3.2. and 3.3.3. show the results for two othes. c&flain the spectra where
smoothed employing the Savitzky-Golay procedure using nine pa@ints vector
normalized over the amide | or C — H stretching bandsnAlse previous example, only
three clusters are needed to image the nucleus of tlse lcethost of the cluster images,
size and location of the nucleus correspond very wli the light microscopic images.
The clustering of the C — H stretching region slighilyderestimates the size of the
nucleus of the second cell whereas the clusteringpeofaitmide | band overestimates its
size. To image the position of an average of six clsstesre needed for all spectral
regions employed. The best results were obtainethéoamide | and C —Hleformation

bands.

3.3.2. Discussion

In general, the images of the cluster analysis argoiod agreement with the
microscopic images. As to be expected, the greatestasbnn the similarity of the
spectra lies between the cytoplasm and the nucleionmegmaging the nucleoli was
usually achieved by plotting an adequate number of clugteesparticular biomolecular
composition of the respective cellular compartments feand to be represented in the
band shapes of all four spectral regions that were ohoBee most reliable region

reconstructing the position and shape of the main celieddures, especially the
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C-H, waging

Arnide 1l

Figure 3.3.1.: Pseudo-color maps from the hierarchical cluster aaly$CA) for the
C — H stretching region 2800 — 3100trtb1, c1), amide | 1525 — 1750¢n(b2, c2),
C — H, waging deformations 1400¢hto 1525crit (b3, ¢3), and amide Il 1175¢hand
1375cn (b4, c4). Column 2 uses three clusters, the minimudistinguish the nucleus.

Column 3 uses six clusters, where the nucleoli becomeeampar
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Figure 3.3.2.: Pseudo-color maps from the hierarchical cluster aaly$CA) for the
C — H stretching region 2800 — 3100trtb1, c1), amide | 1525 — 1750¢n(b2, c2),
C — H, waging deformations 1400¢hto 1525cnt (b3, ¢3), and amide [111175¢hand

1375cn (b4, c4). Column 2 uses three clusters and column 3 uselsisters.
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Figure 3.3.3.: Pseudo-color maps from the hierarchical cluster amaly$CA) for the
C — H stretching region 2800 — 3100trtb1, c1), amide | 1525 — 1750¢n(b2, c2),
C — H, waging deformations 1400¢hto 1525cnt (b3, ¢3), and amide [111175¢hand

1375cn (b4, c4). Column 2 uses three clusters and column 3 uselsisters.
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nucleoli, proved to be the amide | region. By simplgking at the spectral features,
particularly comparing the spectra from figures 3.2rid 3.2.2. one would expect the
amide 1l region to be the most analytical. Howevemnsidering the signal to noise ratio
of both regions, the amide | band is apparently the negigyreater signal quality since
its intensity is at least twice as high. Noise cargéeerally seen as the main source of
inaccuracy of the cluster analysis. As mentioned befbeesignal quality can vary by a
factor ten due to the inhomogeneity of the sample thekn&he fact that the cluster
analysis not always delineates the nucleus/nucleolusrésatan also be attributed to the
relatively small number of spectra. Cluster analysiskedest for large data sets and
high signal to noise ratios. For the employed expenta setup between 500 and 1000
spectra can be collected per cell. The number of speatild be greatly increased, by a
factor four, if the apparatus was not limited by the sieg of the x,y- microscopic stage,
but allow data collection of the spatial resolutiontef taser light.

However, the clustering shows some remarkable resutfsat it recognizes the
main cellular features, which was not possible basesingte wavelength analysis. With
improved spatial resolution, one could also expect furthi#erentiation of regions

within the cytoplasm, which has a promising outlook.
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Chapter 4: Drug distribution inside cells

4.1. Introduction

The possibility to image subcellular compartmenta &im spatial resolution or
less offers some interesting applications. One obvioustigueis to what extent one can
use Raman microscopy to image the distribution or uptatkéiologically active
substances. Controlled by diffusion endocytotic processeb \arious transport
mechanisms, small molecules or larger ones such as ptbge or carbohydrates pass
the membrane. There is active transport, where mielecare pumped in and out
transforming energy, as well as passive transport goghra channel with the gradient.
Provided that the uptake is great enough it may be possdilehin targeted molecules
yield sufficient signal. One major advantage would besjectral information, which
allows speculation about the chemical integrity or Hicattion of a substance as well as
conformational changes. Many substances are metabahzel® the cell such that the
product structure differs from the original chemical. @ftaose chemicals are either
activated or inactivated due to metabolic activity. Rans@ectra would provide
important experimental evidence whether a certain comgpochanges its chemical
composition upon uptake. Also interesting are conformatiartenges of active
compounds, especially peptides, at their binding sides. Mwsepectroscopic data of
solution studies can be found in the literature. Ram@&noscopy would allow evaluating
data measured on isolated structures in solution agairistvodd experiments inside a

living cell organism.
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One major field of interest evaluating bioactivity letsearch for new lead
compounds for chemotherapy. Some 100000 compounds a yearesmeesl for potential
anti cancer activity. The first step in the screening ggsds usually the evaluation of the
cytotoxicity against various cell lines of certain typéscancer. A number of toxicity
parameters such as fC(inhibitory concentration, 50%) or L (lethal doses, 50%)
values, have been established for thosetro studies. Usually the dose for which half of
the cell population is affected is determined. An egech@mount of perhaps 2% of the
screened compounds shows results promising enough to bel pagseanimal studies,
where the number is again greatly reduced. Out of 74196 compsareined by the
NCI in 1997 only 5 qualified for clinical trials.[31] Any inforation about the mode of
action of potential substances is of great importéamdaecrease the number of qualifying
agents.

The most critical aspect applying Raman microscopyhéoatove issues is the
detection limit of the relatively weak Raman effecxpBriments in solution are usually
not accomplished at less then millimolar concemnat 1G, values are normally on the
order of micro-mols or less. Even at, from a pharmacal viewpoint, rather high
concentrations of 1QMM conventional Raman spectroscopy is at least one avfler
magnitude away from the desired sensitivity. In order tealesufficient signal it seems
necessary that a substance accumulates inside tlor gedide certain cell compartments
to a great extent. For what type of compounds and far rhany this may be the case is
difficult to estimate. Most promising may be DNA taiggtmolecules with high binding
efficiencies. DNA targeting drugs often bind to either thegomor the minor groove of

the helix or intercalate somewhere between the hazses. In solution binding
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efficiencies reach up to 90% which suggests a great potntatcumulation inside the
nucleus. Once bound to the DNA replication, topois@ses, and other enzymatic
activities are hindered.

Previous experiments have shown that it is indeed pedsilnletect DNA binding
structures inside cells using conventional Raman speopy$82] The deployed agent
belongs to the minor groove binding family and consista dfisbenzimidazole core
structure with head and tail side functionalities tiveistt the molecule to fit into the
minor groove. Those promising results were inspiring toesyatically test other DNA
binding systems. The most evident approach was testing tsaof the
bisbenzimidazole structure that had been subject to -cyitoxiexperiments.
Furthermore it was interesting whether other well knowroove binders such as
Distamycin can be detected. As intercalating systemscawycin D, amsacrine,
acriflavine, camptothecin and benzopyrene derivativeie wbosen. The first two are
established chemotherapeutic agents whereas benzopyreeePDNA damaging
compounds that cause cancer.

Another way of approaching the sensitivity issue lays essttattering intensities
of the individual vibrational modes. Isolated vibrations hwitrong intensities are
certainly more suitable. An ideal functionality is ttyano group. Its frequency appears
within a spectral region where there are no protein bandst has usually exceptionally
strong intensities. There are a number of cyano goompaining anti-neoplastic agents
described in the literature. One can roughly divide theno ithree families.

Cyanoguanidine compounds, cyanocarboxamine-aziridines, ankfilneomid (LFM)
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family. All of them have different mode of actionsdanone of them shows particular
affinity for DNA.

In the following, the results for the individual compourae presented. Almost
all of the tests were performed on the HelLa cell ineymphoma cells. The self adherent
HelLa cells have the advantage that the main celluddurfes can be clearly distinguished
without complicated staining techniques. Also the cytoplasmelatively large. Hence,
distribution issues can be addressed in greater detabughhthe cytoplasm gets very
thin which causes the signal quality to decrease drdgticeymphoma cells are
suspended cells that give generally better signal due éwr ®pherical shape,
unfortunately they show less cellular features.

The results are first discussed for each individual grotigompounds and

compared in the following discussion section.

4.2. Experimental

Cells were grown as previously described. Cytotoxins \added to the growth
medium from refrigerated stock solutions. Substanceshwivere not sufficiently water
soluble were administered from solutions in 100% dimetlfgisiadl (DMSO) to reach the
desired concentration, not exceeding a final DMSO coretamtrof 1%. Hoechst 33258,
actinomycin D, amsacrine and acriflavine were purchaseadn fidigma-Aldrich
(Milwaukee, WI). Camptothecin was available from Calbem (La Jolla, CA). The
benzopyrenes were kindly provided from Professor Lakshata@ity College — New
York. All other compounds were synthesized as describetitanChemistry sections.

Cells were treated at ¢gconcentrations found in the literature. InoculatioreBrmvaried,
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depending on the compound used. In the case, no spectigesheould be detected after
inoculation overdoses up to 100 fold were applied. Diffeexposure times with usually
1h distance were tested. All cells were fixed after exp® and dried with compressed

air.

4.3. Bisbezimidazoles

Bisbenzimmidazole derivatives are well known for tHeMA binding activity.
The planar benzimidazole groups bind into the minor grod¥ieeodouble helix forming
hydrogen bonds specifically at AT sequences. As minor g@rodsinders
bisbenzimidazoles exhibit cytotoxic and anti-tumor activitgad compound for the
search for chemotherapeutic agents has been a subktoowe as Hoechst 33258)(
which was introduced as a fluorescent stain for chromadsanalysis. The compound
slows DNA replication and prolongation of the G2 phas¢hefcell cycle. It has been
tested for chemotherapeutic potential in clinical trilase 11.[33]

In order to enhance the efficiency of Hoechst 33258 vadetigatives have been
synthesized and evaluated against the lead structurecadmmon approach to increase
the toxicity of potential structures is to attach DNRyéating groups. Very common here
are derivatives of mustard agents such as chloro-diethiplean@) which form covalent
bonds with nitrogen of the nucleic bases. Bielawskaktmodified the Hoechst 33258
structure by attaching chloroalkyl and bromoalkyl moiete@e#s phenoxy-functionality.
They report an increased binding affinity for DNA and amaase in cytotoxicity against

a breast cancer cell line.[34] Another approach to fuitharstigate the binding nature of
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Hoechst compounds was testing derivatives of the synmmmetersion of its
bisbenzimidazol core structure, which also showed a pitogniacrease in cytotoxicity
up to two orders of magnitude with respect to thg 1@lues.[35]

To further investigate the potential of Raman spectrostmpyage the uptake of
cytotoxins two chloroalkyl-carbamate derivatives3, (4) and one symmetric

dibenzimidazole&) were synthesized.

OH R

OR

3R=

PO
4R = kNH
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4.3.1. Results

A spectrum of 10mg/ml Hoechst 33258 in agueous solution is rslmoviigure
4.3.1. Very characteristic are the C=C and C=N stregcfeatures of the benzimidazole
moieties at 1554cth 1575cnt and 1610ci), 1634cni respectively. One may assume
that the peaks of higher intensities and lower wavdrausn originate from the
benzimidazole next to the piperazine ring, becausa afaeased electron density due to
electron donation from the nitrogen. The 979chand can possibly be associated with

thev; ayq ring breathing of the phenol group, which is usually welhpoced for phenyl

derivatives. All other peaks are more difficult to gasi
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Figure 4.3.1.:Raman spectrum of Hoechst 33258 in aqueous solution [10mg/ml]

Figure 4.3.3. al-5 shows HelLa cells inoculated with Hoe@3&58 at a
concentration of 5@M for 30min (al-2) and 2h (a3). 4&values reported in the literature
range from 9.pM (96h exposure) for ovarian cell lines[36] to®6ZuM (48h exposure)
for breast cancer cells[34]. Compared to untreated Hellathe degradation of the cells
is clearly discernible. The nuclei as well as the eniclare less differentiated and the

cells loose their affinity for the substrate. Aetthosen concentration of 8@, 100% of
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the cells showed similar abnormalities after 30midjdating that 50M is well above
the 1Gs tolerance for HelLa cells. After 2h, only 20% of tledlcremained attached to the
substrate showing further degenerated features.

Figure 4.3.2. shows a spectrum from within the nucleus, wiejgtesents an area
of high concentration. The spectra from within the egdpear to be more or less a
superposition of the spectrum of the compound and a typathkpectrum. The peak
positions of the characteristic C=C and C=N stretchindeaao not vary by more than a
few wavenumbers. There are also no particular chamgethe relative intensity
appearance of those peaks. The amide | band is still ad@&%tn. The protein C — H
bending region between 1500¢nand 1425ch and the amide Ill region are now
dominated by the peaks of the Hoechst compound at 1458nth1237cil. There are
intensity variations of the benzimidazole peaks whighest intensities around the
nucleoli. However, the spectral features were foundutnout the whole cell body.
Although the compound has a high affinity for DNA it app#sedoes not exclusively
accumulate inside the nucleus. For a substance thamisaoly used for chromosomal
analysis this may be surprising. However, standard protocolsHoechst staining
procedures are applied after cell fixation which may be akfmi its application.

The images 4.3.3. b1-b5 are reconstructed from C=C singt&taman intensities
between 1530cthand 1590cm. The overlaid pictures c1-c5 show the distribution ef th
compound inside the cell. Because of its high affinity ©NA the compound
accumulates inside the nucleus more than in the cytopladtar two hours the

accumulation extends all over the cell body.



41

1486cm!

1610cm!

=
o
-+
Lo
[yl

800crm! 1800cHm !

Figure 4.3.2.: Raman spectrum from areas with high concentration adcHst 33258
(bottom) in comparison with a spectrum of the pure paund (top) and a typical

spectrum from the cytoplasm of an untreated cell (rejdd|
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Hela cells at 50ph after 30min C=C stretching intensity Superimposed image

Figure 4.3.3.: Microscopic pictures of HelLa cells treated with Ho¢@8258 at 50M
for 30 min (al-5) . Images bl1-5 are reconstructed from §r&€Iching Raman intensities
between1530cthand 1590cr). The overlaid images c1-5 show the distribution of the

compound inside the cells.
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We now turn to the results of the bisbenzimidazolevdgves. The Raman
spectra of the derivatives with alkylating functioriast 3, 4) were very similar to the
Raman spectrum of the Hoechst structure. Neither tifea- chlorine stretching modes
nor any of the phenyl vibrations of the 2-chloroethyl-phenyivdére have pronounced
Raman intensities. HelLa cells treated at a concemraif 5QuM showed similar
sensitivity and the analysis of the spectral pararseiad the drug distribution were no
different than for the original Hoechst compound.

HelLa cells were less sensitive against inoculatiorth withe symmetric
bisbenzimidazoles, which is in contrast to cytotoxicity experiments oraigan cell
lines.[35] Cells were treated with concentrations betwsaM and 10M administered
from 10mg/ml DMSO stock solutions. After 10h for 8@ and 2h for 100M
approximately half of the cells were detached fromdinestrate and cells still attached
showed similar signs of degradation. However, no spechahges were detectable at
any concentration or time. Spectra of cells incubated Svdid not show any additional
peaks or substantial derivations from spectra of cedls were not treated. Given that
both structures are chemically related the resultssargrising. Both compounds have
similar cytotoxicity parameters.[35] The minor groove hmdactivity has been well
established and crystallographically characterized.[36] Mddeanodeling also suggests
similar binding affinity for both structures.[37] It is isle that the compounds although
chemically related may have different biochemical progerand different bioactivity.
Therefore the amount that accumulates inside the rmalf be much less for the
symmetric derivative and hence not detectable. Oneatidit may be the great contrast

in water solubility. The symmetric bisbenzimidazole lis@st not soluble in water and
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the inoculationin vitro has to be administered from DMSO stock solutionsadilgh, in
this case the presence of a low percentage of DMSneanctlture medium rather
supports the uptake of the compound since it increasesutitepibility of the cell
membranes.

To further elucidate the possibilities to monitor the ketaf minor groove
binding systems similar experiments were carried out distamycin which also gave

negative results.

4.3.2. Chemistry

The carbamate derivatives of Hoechst 33258 were syngigelsiz simple addition
of an appropriate isocyanate at the phenol functiohetbre structure. (scheme 1).[34]
The symmetric bisbenzimidazoles are accessible via aeosation of 3,3',4,4-

tetraamino-biphenyl with benzaldehydes in the presencdrobanzene (scheme 2).[35]
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Scheme 1:Synthesis of the carbamates
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Scheme 2:Synthesis of symmetric bisbenzimidazoles

2-[2-(4-((2Chloroethyl-)carbamoyloxy)phenyl)-6-benzimidazohj6-(1-methyl-4-
piperazinyl-)benzimidazole: 500mg (0.93mMol) of Hoechst 33258 were dissolved in
25ml anhydrous DMF. 5.2m\,N-diisopropyl-ethylamine and 1.31ml (18mMol) of 2-
chloroethyl-isocyanate were slowly added. The mixture stiased for 27h. The solvent
was distilled under reduced pressure at 60-80°C and the produiftt
ethylacetate/methanol (1:1) chromatographically purified.

'H-NMR (400MHz) (DMSO-dg): & = 8.68 (s, 1H, Ar-H), 8.30 (d, 2H, Ar-H), 8.25 (d,
2H, Ar-H), 7.88 (d, 2H, Ar-H), 7.72 (d, 1H, Ar-H), 7.32 (d, 1H, WJ); 7.21 (s, 1H, Ar-
H), 7.17 (d, 1H, Ar-H), 3.58 (t, 2H, -GFCl), 3.35 (m, 4H, N-Cht), 3.14 (m, 2H, N-

CHy-), 2.86 (m, 4H, N-CHt), 2.75 (s, 3H, N-Ch)
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2-[2-(4-((4-Chloromethylphenyl-)carbamoyloxy)phenyl)-6-beninmidazolyl]-6-(1-
methyl-4-piperazinyl-)benzimidazole: As above using 2.763g of 4-chloromethyl-
phenyl-isocyanate.

'H-NMR (400MHz) (DMSO-de): 8.65 (s, 1H, Ar-H), 8.29 (d, 2H, Ar-H), 8.23 (d, 2H,
Ar-H), 7.86 (d, 2H, Ar-H), 7.71 (d, 1H, Ar-H), 7.56 (d, 2H,-A), 7.45 (d, 1H, Ar-H),
7.30 (d, 2H, Ar-H), 7.20 (s, 1H, Ar-H), 7.16 (d, 1H, Ar-H), 4.741l, -CH-CI), 3.60

(m, 4H, N-ChH-), 3,10 (m, 4H, N-Ckt), 2.63 (s, 3H, N-Ch)

2,2-Bis-(4’-methoxyphenyl-)-5,5-bi-H-benzimidazole: 2,14g (10mMol) of the
tetramine and 2.72g (20mMol) of the p-anisaldehyde were diskoime 30ml
nitrobenzene and heated between 150-200°C for 16h under AQ@ah.of hexane were
added to the cooled solution and the resulting pretgpitavith silica gel
chromatographically purified.

'H-NMR (400MHz) (DMSO-de): 5 = 8.29 (d, 4H), 7.71-7.81 (m, 6H), 7.56-7.70 (m,

4H), 3.85 (s, 6H)

4.4. Actinomycin D

Actinomycin D @) is one of many biologically active molecules exteacfrom
the streptomyces species. Introduced in 1957, it was the first antibiotidoéoused in
cancer treatment.[38] Although the substance is highly tasiasing severe side effects
it has been applied against a variety of tumors sucidas¥k germ cell and bone tumors.
Actinomycin D belongs to the phenoxazine/phenoxazonelyfamth a phenoxazone

chromophore and two identical penta-peptide lactone rirgs planar phenoxazone core
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intercalates into the DNA base pairs, preferably betwGpC sequences while the penta-
peptide rings rest in the minor groove. Actinomycin D atderacts with single stranded

DNA as well as RNA, which may contribute to its toxicit
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4.4.1. Results

The Raman spectrum of actinomycin D shown in figure 4igddominated by the
skeleton vibrations of the phenoxazone moiety of théecate between 1200¢hand
1600cnt. The C — H bending modes of the cyclic oligopeptide residmay also
contribute to the intensities around 1456cnThe carbonyl stretches appear around
1635cnT. The spectrum shown is in good agreement with previoeglgrted resonance
Raman and pre-resonance Raman spectra in methanobsg&fj 40] Based on Raman
excitation profiles the following bands have been assighe two most intense bands
at 1502crit and 1481crfresult from the C — C=N and C — C=C asymmetrical dtietc
modes, whereas the symmetrical vibrations appear at 1263and 1213cm
respectively. The bands at 1454tis associated with &9 phenyl deformation. The
other strong intensity at 1402¢nhas been assigned to a C — Nbénd. The main
differences to the spectra in methanol solution dditianal peaks at 1591¢m1573cm
! and 1555cm as well as 1425 cmand 1238cm which could either arise from
conformational changes or the penta-peptide lactone ringshatecout of resonance for

the excitation wavelengths employed in the previous studies
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Figure 4.4.1.:Raman spectrum of solid actinomycin D

Figure 4.4.4. al-a5 shows Hela cells treated witiML&ctinomycin D for 20h
which is within the effective range of concentration ifovitro experiments. The nuclei
of the cells are still in shape whereas the cytoplasemingly looses its density. The
nucleoli are no longer visible. All cells showed thenge feature changes.

Figure 4.4.2. shows a typical spectrum from within the musckfter treatment
with actinomycin D in comparison with a spectrum fronthim the cytoplasm and a
spectrum of the pure compound. The spectra from within yt@plasm do not show
signs of drug accumulation or any other deviations fronc#spectra of the cytoplasm.
The spectra appear to be not just a superposition of apsgltrum and the spectrum of
actinomycin D, but differ drastically with respect to tginal spectra. The C — C=N
and C — C=C asymmetric stretches of the phenoxazmiety at 1502ci and 1481cnl
loose much of their intensity and are now found at 1506and 1487cm. Instead the
intensities at 1456cmand 1436¢cm increase and become the predominant peaks in the
spectra. Also very pronounced now the peak at 1575efrich is found at the same
position. The C — Npbending at 1402cthand the symmetric vibrations at 1263tm

and 1213cni loose their intensity and disappear.
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The spectral changes are quite dramatic and likely dtieetotercalation of the
phenoxazone fraction of the molecule into the DNAebpairs. That the spectra of
actinomycin D are very sensitive to conformational chanigas been noticed in the
earlier studies in solution.[39] Changing the solvent frmethanol to water has a great
impact on the intensities of the spectra. Figure 4.43ws a spectrum of acinomycin D
in aqueous solution in comparison with the solid stpectsum and again a spectrum
from within the nucleic region. The strongest intensihows the peak at 1482¢m
whereas the one at 1502¢ndrastically drops. The peak at 1453trs still well
pronounced but not as strong as in the spectrum fromuttieus. The origin of the peak
has been assigned to an in plane vertical deformatiothe phenyl fragment of the
chromofore.[40] If one subtracts the underlying C — H begdintensity of the proteins
the peak is still the most dominating feature of thetspet

In addition to the spectra of actinomycin D in sauatthe impact of DNA as well
as oligo- and mononucleotides has been reported.[39] Theraufind very little
influence of the presence of nucleotides on the sp@ctaqueous solution. The spectra
do not significantly deviate from pure solution spectra. apparent differences of the
spectra from within the nucleus may indicate that thetswl structures do not reflect the
structures inside the chromatin.

The images bl-b5 show the intensities of the skeletatatwwns of the
phenoxazone moiety between 1400crand 1500ci in contrast to the amide |
intensities. The spectral region is overlaid by thelbending modes of the proteins but
appeared to be clearly enhanced. The intensity images rsppsad on the microscopic

pictures show the distribution of actinomycin D insitle cells. Based on the distribution



50

images one can see that the compound accumulatesiesfsiusside the nucleus, which

is in contrast to the distribution found for the Hosatompounds.
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Figure 4.4.2.:Raman spectra from the nucleic region after treatméhtactinomycin D
(bottom) in comparison with a spectrum from the cydepl (middle) and a spectrum of

actinomycin D (top)

900cm! 1800cm!
Figure 4.4.3.: Raman spectrum of actinomycin D in aqueous solutiorddli®) in

comparison to a solid state spectrum (top) and a spectaimwvfithin the nucleus of a

cell after exposure (bottom)
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Hela cells at 10uh after 20h Phenoxazane skeletan intensity Superimposed image

Figure 4.4.4.: Microscopic pictures of HeLa cells treated with maethycin D at 10M
for 20h (al-5). Images B1-3 are reconstructed from the phenog skeleton vibrations
between1400cm-1 and 1480cm-1. The overlaid images C1-3 showstheudion of

actinomycin D inside the cells.
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4.5. Acriflavine

Acriflavine (7) also intercalates into the DNA inhibiting replicatiofts
complexed structure with dCpG was first determined in 1980.[4hpAgh it has found
its main applications for its anti-bacterial and antalvactivity it has also been evaluated
for potential tumor treatmemh vivo.[42] Its structure is relatively simple and considts o
an acridine core with two amino substitutions at 3hand 6 positions and one methyl
substation at the nitrogen. It is similar to that of #tctinomycin D chromophore, but

because of increased aromaticity more planar andlégslé.

X
F
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4.5.1. Results

The Raman spectrum of acriflavine in aqueous solutionog/shin figure 4.5.1.
A solid state spectrum could not be obtained becauserarig fluorescence. Since the
molecule is relatively rigid the solution spectrum wdonot differ from the solid state
spectrum as much as in the case of actinomycin D.eTasr obvious similarities in
comparison with the spectrum of actinomycin D. The barbba6cnT shifts slightly to
1640cm® and appears at equal relative intensity. The acriflayieetsum also shows a
peak at 1570cth The most dominating features are between 1500and 1300cm.
Again, there are three pronounced intensities between 13080ch1100cm located at
1231cnt, 1217cnt and 1180cm. Spectra of close derivatives of acriflavine have been

reported in the literature.[43] Structurally very similare aB-aminoacridine and
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guinacrine which has a secondary amino-substitutionadlite 9 position. According to
the assignments of the spectra of the two structinedatilowing interpretation of the
acriflavine spectrum is possible. The band at 1640isniikely due to a C — Niiin-plane
bending, whereas the band at 1578dsdue to the C — Nistretching mode. The bands
between 1500cthand 1300ci can be mainly attributed to the in-plane ring streighin
vibrations. The spectra of 9-aminoacridine and quinacriree sdlsw intensities between
1300cm® and 1100cr similar to those in the spectra of acriflavine andnachycin D.

The authors interpret them as C — H in-plane bendingibatibns of the acridine, which

differs from the assignments, made for the actinomicore. [43]
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Figure 4.5.1.:Raman spectrum of 10mg/ml acriflavine in agqueous solution

Figure 4.5.3. al-a5 show Hela cells treated witllM@f acriflavine for 30min.
Apart from enlarged nucleoli the visible cellular featusts/ in shape. Most of the cells
stayed adhered to the substrate. Longer exposure times gber hiacriflavine

concentrations resulted in further signs of degraddiutrresulted in high fluorescence

disturbing the Raman signals.
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Figure 4.5.2. shows a spectrum from within a cell treateth acriflavine
compared to an untreated cell spectrum and the spectraanifiévine. All spectra from
within the cell body differ from normal cell spectigain, the spectral changes are quite
dramatic. The spectral region between 1408cand 1200ci is most affected. The
intensities at 1387cmand 1228ci obviously originate from the same intensities found
in the spectrum of the pure compound. The new spectrairéebetween 1345¢mand
1280cnt* is more difficult to interpret. It may originate froan increased intensity of the
acriflavine peak at 1320ch which also appears to be at the same position. Tld sm
peaks at 1340cthand 1298c also seem to reappear. The first is at the sameiquosit
whereas the second is shifting to 1308cwith an increase in intensity. The peaks at
1640cm’ and 1424cr probably merge with the peptide amide | and C — H bending
bands respectively. The strong peaks at 1488znd 1361cm disappear.

As mentioned above, all spectra from within the cel\bdiffer from the normal
cell spectra. The images b1-b5 in figure 4.5.3. show thagities of the spectral region
between 1345cthand 1280ci which reflect the distribution of acriflavine in thoell
shown in the overlaid images c1-c5. Although the compoundshimdNA it does not
exclusively accumulate in the nucleus. Furthermome sgfectra deviate only little among
each other. Spectra from within the nuclei, nucleoli eyiwplasm are very similar. In
other words, the spectral changes do not arise fromntieeaction with DNA. One
possible explanation is that far more acriflavine molles penetrate the nucleus than
actually end up binding to DNA and that the spectral charagesr reflect interactions

with proteins.
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B00cr! 1800cm !
Figure 4.5.2.:Raman spectrum of a cell treated with acriflavine (negldhi comparison
with a normal cell spectrum of an untreated cell (tapyl a spectrum of acriflavine

(bottom)

The experiments with amsacrine, camptothecin as welthasbenzopyrene

derivatives did not give any positive results.
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: Intensity between 1345cm! . .
Hela cells at 20ph after 30
eLacells at Ul aiter almin and 1280cm ! Supetimposed image

Figure 4.5.3.: Microscopic pictures of HelLa cells treated with daviine at 2QM for
30min (al-a5). Images b1-b5 are reconstructed from inemdigtween 1345¢hand

1280cn. The overlaid images c1-c5 show the distribution offlasine inside the cells.
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4.6. Cyanoguanidines

The cyanoguanidines that have anti tumor properties gpelona group of
guanidine-pyrimidines of which m-iodobenzylguanidine (MIBGgres to be the most
prominent. Lowering of the pH of cell culture medium &mehor tissue upon inoculation
suggests that MIBG disturbs the mitochondrial respiratsygtem.[44] Employing
electron spectroscopic imaging it was possible to show MHBG accumulates
exclusively in mitochondria.[45] Mitochondria inhibitionn®t a common feature among
anticancer drugs and thus potentially interesting againdti mirug resistance. Cells
treated with cyano-derivatives of pyridyl-guanidines shawilar reactions in terms of
progressive acidification of cell culture medium. Amgoseveral derivatives a reagent

bearing the code CHS 828) furned out to be the most effective.[46]
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Apart from mitochondrial inhibition, CHS 828 shows instneg activity patterns that
differ from well established cancer drugs. CHS 828 inducdgeath features such as
chromatin condensation, nuclear fragmentation and memlskebbing that are typical
for apoptosis. It was also possible to show p53 acbimata key event in triggering
apoptosis.[47] On the other hand the process of celhdeas found to be unaffected by
caspase-3 inhibition. With the caspase cascade playingtealcesle in apoptosis, the

activity mode of the drug can not be described as singaptatic.[48]
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4.6.1. Results

The Raman spectrum of CHS 828 is shown in figure 4.6.1. claeo-band
located at 2188cthis clearly one of the most prominent features ofsghectrum. Also
well pronounced is the C=C stretching of the guanidine maietl601crt. Thev, ag
ring breathing of the chlorophenyl and pyridyl group apparerdlly ifito the same
position at 996cim The band at 819cheould also originate from the chorophenyl

fragment since ring vibrations of para-substituted beszappear within that range.

99Gcm!

2M88cm!

B19cm-!

B00cm-! 2400cm!

Figure 4.6.1.:Raman spectrum of CHS 828

Figure 4.6.3. al-a5 are microscopic pictures of lymphonia tehted with CHS
828 at a concentration of 50 for one hour. All cells show deformation of the Icel
membranes indicating an advanced stage of cell degradation.

Figure 4.6.2. shows a spectrum from within the cell in commparwith a
spectrum of CHS 828. The cyano-stretching mode is cleanlyopinced and has shifted
from 2188cnit to 2178crt. No other bands of the compound contribute to the spettr

the treated cells. The resulting spectra are not a gogigon of the spectral features of
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the cells and the compound itself. The C=C stretching @gtianidine-fragment is not
pronounced in the resulting spectra. Thephienyl breathing merges, if it is present, with
the a4 phenylalanine peak. The shift of the cyano-band of about 1@esignificant and
may be due to a change of the structural arrangemehieicellular environment. It is
also possible that the compound metabolizes upon uptakeshithéurther into the red
would involve a more extended delocalization of the triptend into the guanidine-
fragment. That is possible if one of the amino-linkagesffected.

Figure 4.6.3. bl-b5 are images reconstructed from the ityemisthe Raman
band of the cyano-stretching and c1-c5 reflect the bligian of the compound inside the
cells. The distribution is not homogeneous and therer@as where the compound can
not be detected. Figure .4.6.4. shows the spectra repngsthd intensity variation with

respect to areas of high and low concentration.

900! 2300crm!
Figure 4.6.2.:Raman spectrum of a cell treated with CHS 828 (toppmparison with a

spectrum of the pure compound (bottom).
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Lymphaora cells at S00ph
after Th

Cyano-intensity Superimposed image

Figure 4.6.3.: Microscopic pictures of lymphoma cells treated withSC828 at 500M
for 1h (al-a5). Images bl-b5 are reconstructed from the @Nclsihg vibration at

2178cnt which reflects the distribution of the compound insideciis.
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Figure 4.6.4.. Raman spectra corresponding to high and low cyano-itteimside

lymphoma cells.

4.6.2. Chemistry

One possible pathway to synthesize cyano-guanidinets stéth dimethyl-N-
cyanodithio-iminocarbonat®) as key intermediate. Under basic conditi@nsndergoes
an Sy type coupling with primary amines. The reaction with dipidinyl-analine @0)
is selective at the stereochemically favored positidhe remaining thioether is
deactivated and thus (22)-3-(methylthio)-3-(pyridin-4ylaminoyaitril (11) the main
product. The final compound is then readily obtained bycargkcoupling reaction with

6-(4-chlorophenoxy)hexan-1-amin2j.

+
N
N A S 4 \\N
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Scheme 3:Synthetic pathway for CHS 828

(22)-3-(methylthio)-3-(pyridin-4ylamino)acrylonitril:  5g (10mMol) of NaH (in 50%
oil suspension) were slowly added to an ice-cold solubioh8g (123.43mMol) of the
dithioether in DMF. After adding 10g of the 4-aminopyridn30m| DMF, the reaction
mixture was cooled for six hours and stirred over niglhbam temperature. The product
was precipitated with 50ml ether and 150ml ice cooled nwaidter filtration, the
aqueous phase was treated with glacial acidic acid andtdd. The precipitate was
washed twice with acetone/ether (1:5) and finally rinséd ether. The yield was 8.36g
or 43.5%.

IH-NMR(400MHz) (CDCl5) : § = 8.35 (d, 2H), 7.39 (d, 2H), 2.58 (s, 3H)
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6-(4-chlorophenoxy)hexan-1-nitril: The nitrile was prepared according to a standard

Williamson-ether-coupling reaction[49].
OH EtOH/Na o cN
\/\/\/
/©/ + BT N N Ny —>=
Cl al

7.71g (60mMol) of the 4-chloro-phenol were dissolved in 25imhmdl and added to a
solution of 0.29g (12.5mMol) of sodium in 100ml anhydrous ethahbé bromo-
hexanitrile was also dissolved in 25ml of ethanol on adited wise under argon. After
the reaction mixture was refluxed for six hours, etthamas separated by distillation.
35ml ether were added to the mixture and washed with 30M&0H for three times.
The aqueous phase was again treated with 30ml of ethetriaddover CaGl After
distilling the ether 1.59¢g (7.11mMol) or 71.1% product wereveied.

'H-NMR (400MHz) (CDCl3): & = 7.25 (d, 2H), 6.80 (d, 2H), 3.95 (t, 2H), 2.41 (t, 2H),

1.50-2.00 (m, 8H)

6-(4-chlorophenoxy)hexan-1-amineTo 150ml anhydrous ethanol 0.4g (10.66mMol) of
LiAIH ; were added at 0°C. 1.59g (7.11mMol) in 50ml ethanol wemslgladded and
stirred under argon over night. Any remaining hydride wdsged by 10ml ethylacetate
in 20ml ethanol. Roughly 7ml saturated,8@&, were added to precipitate Al(OH) H,O
from the emulsion. The white precipitate was filtratieel solution dried with N&Oy and
the ether evaporated. After ten hours drying under vacli@61.g were recovered, which

is equivalent to a yield of 84.1%.
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'H-NMR (400MHz) (CDClg): § = 7.20 (d, 2H), 6.82 (d, 2H), 3.90 (t, 2H), 2,70 (t,

2H)1.70-2.20 (m, 8H), 1.7-1.1 (m, 2H, NH)

N-(6-(4-chlorophenoxy)hexyl-N’-cyano-N"-4-pyridylguanidine: 1.36g (5.98mMol) of
the thioether and 1.15g of triethylamine were dissolved in 4fymidline. The amine was
added drop wise with 20ml pyridine. The reaction mixture hwe@ated under argon at 55-
70°C for seven hours and stirred over night. Pyridine distilled and the remaining 5-
10ml were treated with 30ml ice cooled ether. The pitatg was filtered and washed
with ether for three times.

H-NMR (400MHz) (DMSO-de): & = 8.31 (d, 2H), 7.29 (d, 2H), 7.20 (m, 2H), 6.91 (m,

2H), 3.95 (t, 2H), 3.22 (m, 2H), 1.71 (m, 2H), 1.58 (m, 2H3,(br, 2H, NH)

4.7. Cyanoaziridines

The cyanoaziridines described in the literature deneenfa substance called
imexon (L3) which showed potential activity in a variety of anirsaldies and is now in
clinical trials phase 1. In water, imexon undergoes lawsconversion into 2-

cyanoaziridine-1-carboxamidé4).

~ZN
NH =
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N P N
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4 o NH,
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Since the chemistry of both compounds seems to beslgloglated a number of
derivatives of the carboxamide have been tested in.v&ll of which had reasonable

ICs0 values.[50] Imexon is believed to act in a number ofsathat are likely related to
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an opening of the aziridine ring. Aziridine rings are canmomponents in a number of
cytotoxins such as mustard agents or mitomycin C. Usultige structures bind to
cellular and nuclear DNA by alkylation of the purin andimidine bases. However, no
DNA alkylation was found after lethal incubation withexon. Instead, aqueous solution
studies show alkylation of sulfurhydryl groups of cysteisidees and glutathione an
important non-enzymatic antioxidant. Depletion of gli@te could be demonstrated as
well as reactive oxygen species increase which leadxittative damage of cellular
DNA.[51] Furthermore, Imexon causes swelling of mitoch@ndesulting in cytochrome

C release into the cytoplasm, triggering apoptosis.[52, 53]

4.7.1. Results

Figure 4.7.1. shows the Raman spectra of imexon as wiikasvo synthesized
derivatives. The imexon spectrum is dominated by twoobyilane ring vibrations at
651cm® and 682cri which are surprisingly strong. The C=0 and C=N as wethas
amide vibrations lie between 1665¢mand 1755ci and the cyclopropane and
cyclopentane ring breathing modes are at 1188@nd 866cri respectively. The
spectrum of 2-cyanoaziridine-1-(N-(ethyl-))carboxamide hasry strong cyano-band at
2253cnt. The carbonyl-band is at 1660¢nfar less pronounced and the cyclopropane
ring breathing at 1146ch The strongest peak of the phenyl derivative is theiag
vibration at 997cm. The cyano-stretching is unfortunately far less pronadinee

2251cnt. The carbonyl stretch is at 1670tmnd the amide stretch at 1598tm



66

Figure 4.7.3. al-a5 shows lymphoma cells treated with 1@ncyanoaziridine-1-
(N-(ethyl-))carboxamide for 2h. The cells do not show apparent features of

degradation but further treatment eventually led to cethdea
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Figure 4.7.1.. Raman spectra of imexon (top), 2-cyanoaziridine-1-(Ry{et

))carboxamide (middle) and 2-cyanoaziridine-1-(N-(phenythogamide (bottom)



67

Figure 4.7.2. shows a spectrum of a cell treated withakagziridine-1-(N-
(ethyl-))carboxamide. The cyano-band appears at 2253om has, in contrast to the
cyano-guanidine experiment, not shifted indicating thattimepound is not metabolized.
Again, no other bands of the cyano-drug contribute to thetrsme. Interestingly, the
spectra of the cell itself have a different appearafbe.additional peak at 1753¢nis
usually associated with ester carbonyl-stretches of gitudipids. Normally they
construct the membrane of smaller vesicles, whichtacethin or too small to be
detected. However, due to metabolic changes it is postiale phospholipids are
produced by the cell and thus accumulate to a great extend.

The distribution of the cyano-compound is shown id figu/z3. b1-b5 and cl-
c5. Again, the distribution is not homogeneous and thereegions where it can not be
detected.

The experiments with Imexon did not show positigsults. Neither the cyano-
region had any additional peaks, which could have beenbfmskie to the conversion
mentioned in the introduction. Nor did the two strong peads) fthe ring deformation
contribute to the spectra. The experiments with the phagtwative also gave negative

results.
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IR

S00cr! 2400crm!

Figure 4.7.2.: Raman spectrum of a cell treated with 2-cyanoaziridh(i-

(ethyl-))carboxamide (top) and Raman spectrum of tingpound (bottom).
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Lymphaorna cells at 10mM
after 1h

Cyano-intensity Superimposed image

Figure 4.7.3.: Microscopic pictures of lymphoma cells treated with Mnof

2-cyanoaziridine-1-(N-(ethyl-))carboxamide for 1h (al-aSmages bl-b5 are
reconstructed from the CN stretching vibration at 2178arhich reflects the distribution
of the compound inside the cells. C1-5 Are the superimposeemegions of al-5 and

b1-5



70

4.7.2. Chemistry

Aziridine-carboxamides can be synthesized by a relgtiginple addition
reaction of the aziridine and an appropriate isocyanstbe(ne 4.1.). The cyano-
aziridines are accessible via a successive substitatio@,3 dibromo-propanenitril

(scheme 4.2.). The desired isocyanates are commeraiailable.

N

R—N—C=—0 e
P

(o] NH

2 il
N
N
H
Scheme 4.1.Synthesis of cyanoaziridine-carboxamides

CN

CN 1. MeOH/NH3 -
/ : N
H

Br Br
2. N(CH2CH20H)3, reflux

Scheme 4.2.Synthesis of cyanoaziridine

2-Cyanoaziridine: To 80ml of ice-cooled methanol, saturated with gaseousania

25¢g (0.117mol) of the 2,3 dibromo-propanenitril were slowly adddter 1h 35g of

triethanolamine were dissolved and the mixture refluxddr 4h. The

triethanolhydrobromide was filtered, washed with methaam the solvent distilled
under vacuum. The solution was mixed with 7ml 2pE&, and adjusted to pH 6 with
NaHSQ After extraction with ethylacetate the product was clatmgraphically purified
over AbOs. 2.94g (37%) of the aziridine were recovered.

'H-NMR (400MHz) (CDCl3): & = 2.53-2.63 (m, 1H, CH), 2.15-2.25 (m, 2H, §H

1.05 (br s, 1H, NH)
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2-cyanoaziridine-1-(N-(ethyl-))carboxamide:To 1g (0.015mol) of the aziridine in 20ml
ice-cooled toluenel.42g (0.02mol, 1.57ml) of ethylisocyamatee added. The mixture
was stirred for 5h and refrigerated over night. The pitetg was filtered and washed
with toluene. 2.08g (99%) were recovered.

'H-NMR (400MHz) (CDCl3): & = 6.15 (br s, 1, NH), 3.19 (g, 2H,), 2.97 (dd, 1H), 2.50

(d, 1H), 2.40 (d, 2H), 1.10 (t, 3H)

2-cyanoaziridine-1-(N-(phenyl-))carboxamide:As above yielding 91%.
'H-NMR (400MHz) (DMSO-dg): & = 10.20 (br s, 1H, NH), 7.40 (d, 2H), 7.30 (d, 2H),

7.12 (t, 1H), 3.12 (dd, 1H), 2.68 (d, 1H), 2.55 (d, 1H)
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4.8. Discussion

For the groove binding bisbenzimidazoles as well asaforintercalating systems
it was possible to show that Raman microscopy isasible technique to study drug
distribution inside cells. The conventional Raman sdagefrom the active agents is
apparently strong enough to perturb the signals from tedular environment. In the
case of the Hoechst agent, the spectra of the trealisdappear to be a superposition of
the spectra of the compound itself and the spectra fnencell. The interaction between
the compound and the DNA or any other cellular matéaal virtually no effect on the
spectra. For the intercalating systems the spectral epmeachanges drastically and the
resulting spectra can not be seen as a superpositidheotirugs and the cellular
components. The intensities and positions of the iddali peaks are affected. Some
peaks completely disappear. Interestingly the spedtealges associated with the uptake
do not seem to be caused by the interaction with DNA.Agtinomycin D the Raman
studies in solution do not reflect the spectral changeeroed inside the cells. For
Acriflavine the spectra from within the nucleus and frdm tytoplasm are too similar.
Given that most of the nucleus consists of proteingdhbelts may not be too surprising.
It is by all means possible that more of the compoundraatates than actually binds to
DNA. So that changes due to the interactions with Da¥é not detected. Two different
distributions were found. The Hoechst compounds and Awnfta are distributed
through the whole cell body whereas Actinomycin Dxslesively detected in the nuclei.

With respect to the concentration inside the cellsaaresay that it is far greater

than in the surrounding medium. The detection limittfeyse compounds was roughly
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50uM. At the applied concentrations of @M to 50uM no Raman signal could be
obtained from the medium.

Apart from the three cases with astonishing resultsetlae a variety of
experiments with compounds that could not be detected. $hmmetric
bisbenzimidazole and Distamycin as groove binding systesmwedl as Amsacrine,
Camptothecin and the benzopyrenes as intercalatorsotigdald suffitient signal inside
the cells. The negative results are especially sungrigi the case of the symmetric
bisbenzimidazole and Amsacrine since both structuregeasyesimilar to those that gave
positive results. There are two reasonable explamatibor one it is possible that not
enough of the substances accumulate inside the ceflsasthe concentration is too low
to be detected. The other possibility is that the comg®tihat could be detected have
unique electronic properties, which allow resonance efféltte. detectability in the
submillimolar range certainly supports that argument. Aleoicompounds did not give
enough signal at concentrations lower than 10mM.

The imaging experiments were also successful for twth@fcyano drugs. The
observed shift of the cyano peak position of the guanidimepound can possibly be
explained by metabolic activity after the uptake. The gesition of the cyano-aziridine
did not move indicating that its structure does not ghain both cases the distribution
of the compounds in the cell was not even. The expersmaisb show the limits of
conventional Raman microscopy. It is only possibledatect vibrations, which are
extremely isolated. All other peaks of the compounds bletwdthe spectra of the cells
components due to the coupling of the vibrational modes. Yerplematic are the

applied concentrations which lie roughly hundredfold abibwecritical concentrations.
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From the pharmaceutical point of view, this is hardlgegtable. At this overdose the
mode of action which determines the faith of the celsy be different than for lower
exposure concentrations and the distributions may rtectrecertain affinities of the

compounds for certain cellular compartments.
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