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Figure 1. Chemical structures of polymerizable cationic gemini surfactant, 1, the corresponding monomer, 2, cationic gemini surfactant,

12—2~12, and the corresponding monomer, DTAB.

Scheme 1. Synthetic Route for Polymerizable Cationic Gemini Surfactant
anh. pyridine
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ammonium bromide), 1221214716 and DTAB,' which is a
monomer corrgsponding to 12-2-12,

Materials and Methods

Materials, The polymerizable cationic gemini surfactant,
CH;=C(CH;)COO(CH) i N*(CHa ) (CH N CH;)»(CHa by
OOC(CHay=CH,*2Br~, 1, wag synthesized according to Scheme
1. The reagents and solvenis used were 11-bromo-1-undecanol (98%),
NNN N tetramethylethylenediaming (99.5%), 2.2 -azobis(2-me-
thylpropionamidine) dihydrochlolide (97%) (all from Aldrich),
methacryloyl chloride (97%), anhydrous pyridine (99.8%), and THF
(99.9%) fall from Tokyo Chemical Industry). Bromoundecyl
methacrytate was synthesized by the reaction of 11-bromo-1-
undecanol with methacryloyl chloride in the presence of 4-meth-
oxyphenol and anhydrous pyridine in THF according to the usual
methad, 17 The polymerizable cationic gemini surfactant, 1, was
synthesized as follows. The mixture of NVN ¥ -fetramethyleth-
ylenediamine (2.1 g, 0.018 mol), bromoundeeyl methacrylate (13.1
£, 0,038 moly, 4-methoxyphenol (0.13 g), and anhydrous ethyl alcohol
(50'mt.) was stirred at 80 °C for 48 It. The solvent was evaporated
off under reduced pressure, The residuc obtained was purified by
column chromatography on a silica gel column using chloroform/
methanol (3:2, v/v) as a mobile phage. The polymerizable gemini
surfactant, 1, as a white solid was obtained (10.8 g, 80% yield, mp
139.9°C). 'H NMR (CDCls) 61.21-1.38 (br, 32H), 1.63~1.79:{m,
8H), 1.94(s, 6H), 3.42~3.51 (br; 12H), 3.69—3.75 (1, 4H), 4.11~
4,15 (1, 4H), 4,76 (s, 4H), 5.55 (s, 2H), 6.10 (5, 2H) ppm; PC NMR
(CDCl) 816743, 136.30, 125.12,65.78, 64.60, 56.54,50.90,29.26—
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(16) Pisarcik, M.; Rosen, M, L: Polakovicova, M.; Devinsky  F; Lacke, I £
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29.02 (m), 28.40, 26.09,25.75, 22.88, 18.19 ppm; FAB-MS (m/z,):
673, 675 (M-Br)~;Anal. Found: C, 57.20: H,9.53; N, 3.93%. Calcd.
for CasHyolNz: G, 37.45; H, 9.31; N, 3.72%. The chemical purity
checked by two-phase titration method is 97%. The polymerizable
monomeric surfactant, 2, was synthesized by the reaction of
bromoundecyl methacrylate with trimethylamine in the presence of
4-methoxyphenol aceording to the usual method. 17 The analytical
data are as follows: H NMR (CDCLY: 81.28-1.26 (br, 14H),
1.62~1.78 {m, 4H), 1,94 (5, 3H), 342351 (br, OH}, 3.56-3.61
{t, 2H),4.11-4.16 (1, 4H),5.55 (s, 1H), 6.10 (s, TH) ppm: PCNMR
(CDCl3) 8167.29, 136.19,124.95, 66.57,64.51,53.08,29,09~28.88
(1), 28.28, 25.87-25.64 (m), 22.92, 18.06 ppm; Anal. Found: C,
57.23; H, 9.89; N, 3.66%. Caled. for CigHuN: C, 57.14; H, 9.58;
N, 3.70%. The chemical purity checked by two=phase ttrationmethod
is 95%, mp 1174 °C. Tetradecyltrimethylammonium bromide
(TTABYand cetylrimethylammoniunt bromide (CTAB) from Tokyo
Chemical Industry werg récrystallized § dmes before use (CHCly/
ethyl alcohol mixture).

Surface Tension Measurements. The surface tensions were
measured with Withelmy plate technique (surfacetensiometer CBVP-
7, Kyowa Kaimenkagaku Co:, Lid., Japan). Measurements were
taken at 304 0.1 °C until constant surface wension vatues indicated
that equilibrium with an experimental error within 0.1 mN/m had
been reached. The cme values were taken at the intersection of the
lingar portions of the plots of the surface tension against the fogarithm
of the surfactant concentration. Solutions were prepared with ultrapure
water (30 L Diamond Storage Reservoir, Barnstead International,
U, §.A). NaBr was baked ina porcelain casserole at. 500 °C.

Transmission Electron Microscopy (TEM) Transmission
electron micrographs were obtlained using a standard tungsien
flament-type TEM (H-7630, Hitachi Science Systems, Lid ) operated
at an aceclerating voltage of 120 kV. A small amount of sample
solution was placed on the surface of a TEM copper grid covered
by a holey carbon film and dried under vacuum for Fday. The TEM
grid was then observed directly in the TEM. Images were recorded
digitally by a CCD camera equipped in the TEM.
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Table 1. Surface Properties of All Surfactants Investigated-and the Related Surfactants
surfactant media emic (M) Voo ONIM) plhy Awp (10 T x 10%(molfem®)  emd/Cp
1 water 5.0 % 107 32.1 4.8 220 07 30
12-2—]21ein8 waler 84 x 107% 32 4.8¢
2 water 1.8 1072 42.1 23 129 1.3 4.0
DTARBIE® water 1.6 x 107% 39e 2.1¢ 24
TTAB water 37 % 1073 37.8 2.9 63 2.6 2.8
CTAB water 9.0 % 107 37.6 3.7 73 23 3.3
i 0.05 M NaBr 4.0 % 107* 27.8 6.0 63 2.6 40
2 0.05 M NuBr 1.3 x 1077 41.7 2.8 90 1Y 82
TTAB 0.05 M NuBr 3.1 x 107¢ 35:2 4.1 47 3.5 64
CTAB 0.05 M NaBr 6.2 % 1073 331 5.1 48 34 T3
@ 25 °C.

Micelle Size Measurements, Micelle size distribution was
determined by the dynamic Tight scattering method at 304 0.1 °C
with 2 NICOMP380 ZLS (Particle Sizing System Co., US.A).
Measurements were continued up to & constanl micelle size
distribution values with an experimental -ervor within 1%.

Results and Discussion

Figure 1 shows the plots of surface @nsion (y) vs log molar
surfactant concentration {log C) at 30 °C for 1, 2, TTAB, and
CTAB in water and in 0.05 M NaBr solution. Saturation
adsorption values, Iayy, at'the air/water interface and values of
minimum area per molecule, 4y, were calculated using the
Gibbs equation’?

oty
Vs = 33030RT (a log C)'r )
Amm = (NArmax)-l X 10]6 (2)

where v is the surface tensfon in mN/m, T is the absolute
temperature, R = 8.31 J/(mol K), and Ny is Avogadore’s number.
T, 20d Apn are expressed in mol/em? and in 10% x nm?/
molecule, respectively. The value of n in the Gibbs equation i8
thenumber of fonic species whose concentration at the interface
varies witli change inthe surfactant concentrationinthe solution.
In the absence of added electrolyte in aqueous solation. the value
of nfor fonic surfactants decreases with increasein the surfactant
concentration, since thisincrease causes changes inthe counterion
concentration, For divalent gemini surfactants, » =3 (the gemini
amphiphile species and the two counterions)"™1%?! Since the
surfactant.concentrations for the Iy calculationinwater (below
the cmic) were all at <0.018 molarconcentrations, we can-assume
no significant effect change in the smfactani concentration on
the ionic strength of the solution. However, in the presence of
.05 M NaBr, there is nochange in the counterion concentration
in the agueous solution and conseguéntly at the interface with
a chiange in theconcentration of surfactant; therefore, n= 1,19-24
Table 1 lists the values of cne, Yeme, PC20 (—10g Cao); Tinar, and
Ain i1 water for all surfactants, together with some reference
values of cationic surfactants, 12—=2-1214-18 and DTAB.}* The
values of Agg in the absence of added electrolyte, in Table 1,
are based upon # = 3 for 1 and n = 2 for the monomeric
surfactants, respectively. The eme values of TTAB and CTAB
in water are in good accordance with literature values.’? It is

(18y Tajitha, K. Iinai, Y.: Nakamura, A Tsubone; K.: Mimura, Ko Nakatsuji.
Y. Ikeda, L J Oleo Sci. 200130, 433,

{19) Rosen, M. T.; Mathias, J. H.; Davenport, L. Langnmuiir 1999, 15, 7340,

(20) Song, L..D.; Rosen, M. I. Langmuiir 1996, 12, 1149.

21) Tsubone, K. Arakawa, Y.; Rosen, M. 1. I -Colloid Inerface-Sci. 2003;
262, 516.

(223 L3, F: Rosen, M. 1; Sultlang, 8. B, Langmuir 2001, 17, 1037,

(23) Devinsky, F.: Masarova, L.; Lacke, L 1 Colloid Interface Sci. 1985, 103,
236.

(24) Tsubone, K.: Rosen, M. J. J. Colloid Interface Sci. 2001, 244, 394,
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apparent from the data in Table 1 that 1 has cmc values 2 orders
of magnitude smaller and a Cyp value (the surfactant concentration
required to reduce the surface tension of the solvent by 20
mN/m, shown in Table 1 as the pCyy value, the negative log of
the: Cae value) 2 or 3 order of magnitude smaller than that for
2, This is in agreement with previous work?® %! showing that the
presence of two hydrophobic groups in the gemini molecule
results in greater surface activity. The values of yane, 32.1 mN/
m, and pCa. 4.8, in water of 1 are equal to 32 mN/m'* and
4,784 of 12212, respectively (see Table 1).meaning that a
methacryloxyundecyl group is equivalent to-12 CH; groups in
adsorbed film formation. On the other hand. the yee value in
water, 42,1 mN/m, of 2 is larger than that, 39.0 mN/m't, of
DTAB. The pCas value in'water, 2.3, of 2 i3 also larger than (hat,
2.1%, of DTAB. The reason for these behaviors is discussed
below. Additonally, the —CO“OCHCH;—(CHy)e— group is
equivalent to 10.27 CH; groups since the ester group —CO*
OCH,CH, = is eguivalent10 1.27 CHzgroups, This means that
the influence of the CH;=C(CHs)— group is equal to 1.7 CH;
groups. The larger ¢me/Cy ratio Tor 1 than 2 indicates that the
gemini surfactants have a greater preference to be adsorbed at
theair/water interface relative to thelr preference to form micelles
thanthe monomeric surfactant.'® This s due 10 the steric inhibition
of convex micelle formation by the two hydrophobic groups of
the gemini surfactant.® Note that the eme/Cag ratio for 2, having
amethachryloyl groupin aterminal hydrophobic group, is larger
thanthose of conventional monomeric surfactants, DTAB, TTAB,
and ‘CTAB, One explanation is some sterie factor inhibiting
micellization relative adsorption,'®?4222% The Jarger Amis value
of 2 than those for the conventional cationic surfactants, TTAB
and CTAB, isin agreement with this hypothesis.

Table 1 also lists the values of eme, Yeme. PCao (—log Csa),
T e and Ay in-0.05 M NaBr. In this case, the value of the
coefficient in the Gibbs adsorplion equation to ealculate the value
of Amin 18 one, Because of the low solubility just below the ¢me
the gemini surfactant, 1, shows no break in the y vs log Cplots
at 30 °C in 0.1 M NaBr solution. The values of ¢me, ¥eme, PCas,
Ty and A of 1-are comparable in both water and 0:05 M
NaBr. The polymerizable calionic gemini swfactant, 1, and the
polymerizable cationic monomeric surfactant, 2. have apparently
a lower Yeme value, a larecr pCy value, and a larger T e value
(and consequently smaller Any, value) in 0.05 M NaBrthan in
water due to increased ionic strength and shielding effect of
electrolyte jons which promote increased aggregation in the
volume and denser packing of surfactant monomers at the interface
which results in decreasing Yeme 141772922 The Yy values of
surfactants reflects their cmic/Cap ratio and A, according tol*

Tome = Vo™ Veme = 20 + oRIT , Inlemc/Cypy (3)

max

Therefore, the yume values involve both the eme/Cop ratios and
the Agn (0F Th) values. From the eme, Ty, and pCag (—log
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Figure 2. Surface tension vs log Cplots in water and 0.05 M NaBr
for all surfactants used:

Cy) values in 0.05 M NaBr in Table 1, the decreasing order of
T In{leme/Crp) for surfactants investigated is. 1 > CTAB »
TTAB > 2, and this order corresponds 1o the order of increasing
Yeme: The finding that the larger Aniq value of the polymerizable
cationicmonomericsurfactant, 2, than those forthe conventional
cationic sutfactants observed in water was also true in the salt
solution to give an additional evidence for the hypothesis
mentioned ‘above. The terminal location of the methacryloxy
group in a molecule of 2 is favorable to have a loop-like
conformation that the dipolar terminal group can optimize the
weak interaction with water molecules at the air/water interface
as suggested by Hamid et al.”* Hence, the molecules of 2 lie at
the interface in stich a way that oxygen atoms in a methacryloxy
group are in contact with the interface to form bolaform-type
amphiphile?® =27 such as RaN*—(CHy),—NTR, type cationic
surfactants®® and ferroceny] surfactants 27 that have the structure
FetCH)NT(CH 3 Br~, where Fe is a ferrocene group. The higher
cme value in water of 2 than that of DTAB is attributable to this
bolaform-type conformation at the selution/micelle interface.

{25) Nagarajan, R.:Chem. Eng. Commun. 1987, 35, 251.
(26) Menger, F. M.: Wrenn, S. J. Phys. Chem. 1974, 78. 1387.
(27) Abbott. N. L. Stied. Surf. Sci. Catal. 2001, 132, 49:
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Figure 3. TEM image of polymerized micelles of cationic gemint
surfactant, 1, dnd their size of distribution.

Noteworthy 18 the finding that the Ay, value of the poly-
merizable cationic gemini surfactant, 1, is significantly smaller
than that of the corresponding monomeric surfactant, 2. In general,
the Amin value of the gemini surfactants is smaller than double
the Ay value for the corresponding monomeric surfactants
because the hydrophobic groups of the former ¢an pack more
closely in adsorbed film at the air/water interface than those in
the tatter.)¥ 72 The smaller Ay, value of 1 than that of 2 0,05
M NaBr strongly suggests that molecules of the polymerizable
cationic gemini suifactant, 1. have no conformation of bolaform-
type amphiphile at the airfwater interface (no-loop conformation).
The Yeme (or pCao) value in water of 1 is equal to that of 12—
212, whereas the Yeme (01 pCoo) value in water of 2 is larger
(siraller) than that of DTAB, yielding additional evidence for
the no=loop conformation of 1.

Polymerization of gemini surfactant 1 was performed at its
coneentration of 20 mM in waler at 60 °C for 2 h in a sealed
vial using a water-soluble free radical initiator, 2.2%-azobis(2~
methylpropionamidine) diliydrochlolide at a concentration of
0.2 mM. The appearance of the sample obtained was almost
unchanged visually and kept its clearness after polymerization
even at room temperature though the sample viscosity increased.
The process of polymerization was monitored by checking the
dimination of vinyl signals in the 'H NMR spectrum of a sample
solution prepared in D»O. The completion of polymerization
was confirmed by the disappearance of vinyl protons gignals in
the NMR spectrum, Figure 3ais a TEM image of the polymerized
micelles in water after 20-fold dilution of the sample, showing
fairly small monodisperse, spherical particles with a mean
diameter of about 3 nm (Figure 3b). The micelle size distribution
was determined by the dynamic lght scattering method. An
important point to be noted is that the micelle size thus obtained
is smaller than 5 nm, the value for 2.3 The smaller size of the
polymerized micelles of 1 than those of the polymerized micelles
of 2 is not surprising, and we are encouraged to prepare
nanostructural and spherical architectures with a high surface
area in a near future.

In summary, we have synthesized a polymerizable cationic
gemini surfactant having a methacryloxy group at the terminal
of undecyl group and two methylene groups as a spacet in a
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molecule, 1, and investigated its intetfacial properties in water
and in 0.05 M NaBr. For comparison, the propertics of the
corresponding monomer, 2, a cationic gemini surfactant, 12—
212, and the conventional catfonic swfactant, DTAB, TTAB,
and CTAB, were also investigated. The resulis obtained are as
follows: (1) The unexpected smaller A,y value of 1 than that of
2 in 0,05 M NaCl suggesis that the gemini surfactant molecules,
1, have no bolaform-type conformation at the air/water interface,
whercasthe corresponding monemeric surfaciants moleculeshave
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this type of conformation. (2) The yremc or pCay) value inwater
of 1 is equal 10 that of 12-2~12, whereas the Ygne (or pCao)
value in'water of 2 is larger (smaller) than that of DTAB. vielding
additional evidence for the no-loop conformation of 1 in
adsorption film formation. (3) The polymerized micelles of the
gemini surfactant are fairly small monodisperse, and spherical
particles with a mean diameler of 3 nm.

LAOGOIS6Y
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Abstract

Colorectal cancer (CRC) is a common malignant disease
and the severe nature of cases in men and women
who develop colorectal cancer makes this an important
socio-economic health issue. Major challenges such as
understanding and modeling colorectal cancer pathways
rely on our understanding of simple models such as
outlined in this paper. We discuss that the development
of novel standardized approaches of multidimensional
(correlative) biomolecular microscopy methods facilitates
the collection of (sub) cellular tissue information in
the early onset of colorectal liver metastasis and that
this approach will be crucial in designing new effective
strategies for CRC treatment. The application of
X-ray micro-computed tomography and its potential
in correlative imaging of the liver vasculature will be
discussed.

© 2007 The WIG Press. All rights reserved.
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INTRODUCTION

Colorectal cancer (CRC) 1s 2 common malignant disease,
with the majority of deaths attributable to hepatic
metastass. In the Western world, 1t 18 the second cause
of cancer death in women after breast cancér, and the
theed cause of cancer death in men after lung and prostate
cancer, being responsible for about 492000 deaths paa.
worldwide and 4500 deaths pa. in Austzalia™. In addition,
the statistical data reveal that the risk of developing CRC
disproportionately strikes mdivaduals m the age group 65
years and older, dlustrating its health longevity impact on
the ageing -population. At the first diagnosis of CRC, 20%
of the patients already have liver metastasis and 30% of
the patients will develop mietastasis afterwards. 80% of the
patients who die. of CRC have inetastases m the liver and
proguosis is generally poor™.

It 1s obvious that once the tumour cells have
wmmigrated to the lver, they cross the hepatic sinusoidal
endothelial barrier and by the tune hiver metastases form,
most steps in the metastatic cascade have been completed,
Consequently, exploring the preceding stages of CRC
metastasss, proliferation and new blood vessel formation
as well as mechanisms to disturb cell survival are to
date of main mterest as they are largely unexplored, As
discussed m the following séctions, the avadlability of new
reconstructing and modeling techniques provade lwer
cancer biologists with an invaluable tool to bridge the gap
between bench science and the development of potential
novel liver CRC (immuno) thérapeutic strategies.

COLORECTAL CANCER AND THE HEPATIC
SINUSOIDAL IMMUNE SYSTEM

Whea the tumour cells mvade the vaseular bed and
metastasise to the hver, they encounter the liver specific
tmmune defence mechanisms. This hepatic sinusoidal
mmune system mvolves the hepatic-specific natural killer
cells (NK (pie cells)®, Kupfter cells (KC) (hver-associated
macrophages)' and hepatic endothelial cells (HECY™, and
1s proven to play an important role m protectng the lver
from invading colon carcinoma cells®. The conventional
paradigm of CRC hver metastasts 1s based on a mult-step
process characterized by 2 series of structueal, cellular and
molecular events, which give the tumour ¢ells the ability
to proceed through the many phases of hver metastasis.
Based on literature survey the following commeon sequence
of key-events within the liver sinusowds are mnvolved 1 the
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> 24h: escape Figure 1 Schematic representation of
the local hepatic sinusoidal immune
defence system in the different steps:of

CRC liver metastasis (Steps. [ to HI)
as.outlined in defall in the “Phagocylosis;
Apoptosis, Endothelial Retraction
and Tumour Survival'-section, The
subsequent steps in the metastatic
cascade as denoted by ‘question marks
illustrate that considerable work remains;
especially once CRC cells traverse the
sinusocidal endothelial lining and invade
the liver tissue.

Liver tissue

process of CRC bver meétastasis: Tumour cells approach
the iver tissue through finer branches of the portal vein,
where they will be trapped in either the finest branch of
the portal veins, or the portal hepatic siusoids. These
smusoids are narrow and tortuous. The diameter 6f
smusoids 13 much smaller than the diameter of CRC cells.
NK and KC are mobile cells and can be seen moving along
the hepatic smusotd in in 2ire microscopy experiments
(our unpublished data). At this stage, the NK and KC are
seen to be associated with the majority of the tumour
cells, resulting n eytolysis and subsequent phagocytosis
of the majority of the cancer cells'™, Subsequently,
specific adhesion of tumour cells within the hepatic
microcirculation and active extravasition of the surviving
cancer cells through the damaged hepatic endothelivum
takes place!™. Both are believed to be essential events for
cancet metastasis i the liver! l]; although others postulate
that tumour cells develop exclusively intravascularly durmg
the early stagesm. However, 1t has been demonstrated
that endothelial damage and gap formation occurs m
both scenarios, enabling large cellular surface interactions
between the tumour cells and the hepatocytes”™ !

In a later stage, matrix profeins derived from the
stellate cells (SC) (liver-associated fibroblasts) are believed
to provide a substiate for migradon of twmotr célls and
mfiltrating iumuno-competent cells, whereas later on tight
structures of matrix proteins surroundmg tumour nodules
provide a barwier for establishment of direct KC- and NK-
cell-to-tumour-cell-contact and/or targeted therapies”™.
This s supported by the observation that large numbers of
KC and NK cells were not activated at later phases m the
metastasis process' . Finally, CRC cells spread throughout
the liver, followed by the abdominal and peritoneal
cavitywﬁ],

PHAGOCYTOSIS, APOPTOSIS, ENDOTHELIAL
RETRACTION AND TUMOUR SURVIVAL

Our previous microscopy and fine structural
wnrnunochepustey studies significantly contributed to the
above model and as depcted m figure 1 we were able to
demonstrate that KC, NK and HECs all work together in
concert as one wmunce-surveillince guardian in the defence
against CRC hver metastasis (Figure 1)“ Furthermore,
1t was shown that phagocytosis and apoptosis are key
processes i three central steps i the complex CRC
liver metastatic cascade, briefly: (Step [) When CC331s
¢olon carcnoma cells encounter the hiver smusoid about
90% of the tumour cells are elmunated by a synergistic
action between KC and NK cells™; (Step 1) We have
proven that HECs express FasL and that about 5% of the
colorectal CC331s cell population express functional Fas
under nfluence of IFNy and NO teleased m the sinusoid
by NI and HECs, respectively. In this situation, the TFNy-
activated pathway supports the immune system by inducing
apoptosts m CC331s cells™; (Step ) Conversely, Fas
expressing HEC undergo apoptosis by PasL expressing
CC531s cells, As a result, about 3% of the CC331s cells
are able to escape the local immune system and provide
themselves a gateway towards the hiver tissue as the HECs
retracts. Next the CC531s cells have free access to the
Fas expressing hepatocytes (Hep) which undergo in turn
apoptosis by the FasL bearmg CC531s célls and as a result
invade the liver tissuel. Reconstruction data obtained 7z
the aid of confocal laser scanning microscopy mndicated
that surviving cancer cells are primarily confined to the
Space of Disse and to the Glisson capsule, suggesting that
metastass would mitiate from this extracellular matric-rich
region,
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Overall, based on our combined light-, laser- and
electron microscopie v wive and i site studses, we believe
that the majority of tumour cells entering the liver wall
be destroyed in this first confrontation with hepatic
siusotdal cells. The trouble 1s supposed to be the fact
that only a very few tumour cells need to escape from the
hepatic smusoids and after sertling in the Inver parenchymal
tissue, as depicted in the photograph (Figure 2), they
form metastases and start spreading new tumour cells m
the hepatic ussue (ie., secondary metastasts). [t 1$ also
supposed that after leaving the hepatic sinusowuds, the
mumour cells are not chased by the local hepatc smusoidal
mmimurie cells, and that the liver tissue has to rely from
that moment odwards on other cellular- and 1mmune
defence systems, such s those oftered by cytotoxic T cells,
monocyte-derived macrophages and others,

RECONSTRUCTING AND MODELING
COLORECTAL HEPATIC METASTASIS
WITH CORRELATIVE THREE-DIMENSIONAL
IMAGING TECHNIQUES

Int the past, mainly two-dimensional structural tissue
mformation has been generated about the metastasis
pathways of CRC tumour formation in the Heer
Attempts to target spectfic CRC pathwdys for therapeutic
mtervention, such as apoptosis by cell-death mediated drug
delivery and/or new blood vessel outgrowth by specific
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Figure 2 Transmission elestron microscopy
photomicrograph. at low magnification (6700 ¥}
of rat-liver one week after i.v: injection of one
million CC531s-colon cancer-cells, Tumour cells
{Te) carrbe recognized by a ribosome-rich, bulky
cytoplasm: containing few organsifes. Tumour cell
nuclei are large and contain mostly euchromatin,
In this picture, tumour cells have already taken
position in the fiver parenchyma and compress
or deform the parenchymat cells (Pct and Pe2).
In this stage, tumour cells are so numerous that
defending cells, such as Kupffer cells (K¢} and
monogytes (M) in the hepatic sinusoids (Sin) and
B lymphoeytes (B) seem to bie-no fonger involved
as'in eatlier stages. At this stage: of tumour cell
settlement, rebuilding of the hepatic tisste sets in
and soon small visible white spots of metastasis
will be:seen on the surface of the liver,

anti-angiogenic drug telease, partly failed because of our
limited structural and molecular understanding about the
turnour’s cotnplex cell- and tissue mucroenvironment using
two-dimensional imaging, New concepts and progress
i cell biology have been discovered thanks to improved
cortelative microscopy techniques that continue to rely
predominantly on advances in new, three-dimensional
(3D) reconstructing and modeling techniques"™"”.
Ideally, 3D correlative microscopy can be defined as an
mmaging platform auning to cross-correlate miformation
with multiple microscopy techniques on the same tissue(s)
and/or cellés). There is growing evidence from the
literature that this approach facilitates the understanding
of cellular and/or rare events by providing the possibility
to collect new gualitative and quantitative information
ina large sample volume™ ™ In the past our group
successfully applied different biomolecular microscopy
methods on our CC531s CRC model The data conferred
under the above section were obtained by combining

N - 9.22] : 23 : 24
confocal laser scanmng-[ I live cell™ | atomic force-! !
{15,107

scanning electron-""" and transmission electron*!
microscopy data. In line, we started up cotrelative
confocal laser scanning microscopy-""" and X-ray micro-
computed tomography (CTY™ studics as defined above
to quantitatively collect the spatial and temporal cell- and
ssue architecture at different resolution levels of CRC
hepatic metastasis (¢ide infra).

In a recent study” | we applied the tmpregnation
method m which en bloc staining of perfused-fised hepatic
tissue with osmum tetroxide and uranyl acetate was shown



824 ISSN 1007-9327  CHN 14-1219/R

to be: successful to reconstruct and model 2 large sample
volume of the macro- and microvasculature of hepatic
tissue with X-ray micro-computed tomography (Figare 3).
Furthermore, we demonstrated that correlative laser hght
optical tmagmg provided a lmit of confidence for X-ray
micro CT imagmg of the hepatic vasculature as the large
blood vessels such as the hepatic portal vews, and the
smaller blood vessels te., the hepatic sinusoidal vascular
bed could be visualized” . When applying the established
contrasting method to the CC531s CRC metastasis model”
itwas: observed that the dense array of blood vessels was
mterrupted in the hver tissue samples bearing the CRC
cells when compared to the controls” . This is in line with
the earlier observations made by Maehara™ who showed
mmour-induced reorganization of the auricular vascular
bed after bartum sulphate contrasting. Based on these
data we forth casting the ability to correlate information
m large tissue volumes from the X-ray micro CT models
with teconstruction data obmined from confocal laser
scanmung microscopy on the same sample and region of
mterest by usmg fluorescent- and Xoray dense fiductal
markers. This will definitely bridge the resolution gap from
the micromeétre to nanometre scale 1 studying cancer-
mediated events, respectively:

In conclusion. Advanced mulndimensional correlative
microscopy meéthods and modeling techniques will
feature heaxily 1n the future quest to understand and to
quantitatrvely define the spatial and temporal mechanisms
regulating the pathyways of CRC liver metastasis. There will
be no doubt that elucidating the subcellular and molecular
events of tumour-mediated cell-death processes (apoptosis)
and collecting simultaneously additional structural and
functional data 1 tumour-induced new blood vessel
formation (angiogenesis) will be of main miterest w future
combined imaging studies as this approach will most
probably resultin an accurdte correlative representation of
the lrver architecture and the tumour’s microvasculature.
One may hope that the combination of correlative
msights gathered will be a breakthrough in the study of
Iwer tumours and this will facilitate novel targeted cancer
therapies i the long-term.
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Figure 3 X-ray micro-computed-tomography (CT) image set-of hepatic tissue. For
detailed recording and subseqguentimage processing seltings we refer to Ananda
et al {27). A; Low-magnification data showing an overview of a glutaraldehyde
perfused-fixed and subsequently osmium tetroxide/uranyl acetate en bloc stained
liver lobule {arrow) versus the-unstained sample mounting support {arrowhead).
Note, inset shows the cofresponding Z-info at an ad random height of the
mairt image; B: Xray micra CT 3D reconstruction image. showing the pottal
venous blood vessels (arrow} and hepatic tissue (arrowhead); C: X-ray micro
CT reconstruction after density histogram image filtering, showing the intricate
pattern of hepatic sinusoids (arrow) in 3D context. Note the absence of liver
tissue information under this image processing condition (compare: with B for
the difference); D: Conversely, using different opacity- thresholds resulted in the
visualization of the hepatic cords, i.e.. parenchymal tissue, (arrow). (Courtesy to
Ms. 8. Ananda and Ms. V. Marsden). Scale Bars.(B-D), 500 um.

COMMENTS
Background

Major challenges suchas undetstanding and madeling colorectal liver metastases
pathways rely on the understanding of simple models derived from large
biomelectilar image data sets.

Research frontiers

This paper etegantly demonstrated that the development of novel standardized
approaches-of multidimensional (correlative) biomolecular microscopy methods
facilitated the collection of (sub) cellular tissue information in the early onset of
colorectal liver metastasis and that this approach-is crucial in designing new
effective strategles-for-colorectal cancer freatment;

innovations and breakthroughs

Advanced multidimensional correlative microscopy methods and modeling
techniques will feature heavily in the future quest to understand and to
quantitafively define the spatial and temporal mechanisms regulating the pathways
of colorectal cancer liver melastasis.

Applications

There is no doubt that the “correlative insighis’-approach, as discussed in depth
in this "Invitation expert review!-paper, will be a breakthrough in the sfudy of liver
tumours and will facilitate the design of novel targeted cancer therapies.

Terminology
Colorectal caneer is a common malignancy that frequéntly metastasizes to the
liver, Identifying the mechanisms regulating the nanobiology of colorectal liver
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metastasis, as well as gaining a better understanding of the interaction between
the Mmetastatic tumour cell and the- different types ‘of fiver calls, including the liver
vasculalure, is-a first when new therapeutic approaches wanted to be designed,

Peer review

How and why rolorectal cancer cefls metastasize (o the fiver has always been a
subject of continuing interest, The authors-describe this coricept nicely, supparted
by excellent pictures.
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