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sessed using confocal in vivo microscopy and the Evans blue 

method.  Results:  SMA-pirarubicin reduced the microvascu-

lar index by 40%. Vascular occlusion and necrosis were ex-

tensive following treatment. Viable cells were arranged 

around tumor vessels. Tumor permeability was also in-

creased.  Conclusion:  SMA-pirarubicin damages tumor cells 

and the tumor microvasculature and enhances tumor vessel 

permeability. However, tumor necrosis is incomplete, and 

the growth of residual cells is sustained by a microvascular 

network. Combined therapy with a vascular targeting agent 

may affect residual cells, allowing more extensive destruc-

tion of tumors.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Doxorubicin, a commonly used chemotherapeutic 
agent, destroys tumors via several mechanisms, one of 
which involves the production of reactive oxygen species 
(ROS). However, nonselective accumulation of ROS leads 
to dose-limiting side effects such as cardiotoxicity  [1, 2] . 
Selective delivery of doxorubicin to tumors reduces side 
effects, thus allowing the administration of higher doses. 
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 Abstract 

  Background:  Doxorubicin is a commonly used chemother-

apy limited by cardiotoxicity. Pirarubicin, derived from doxo-

rubicin, selectively targets tumors when encapsulated in 

styrene maleic acid (SMA), forming the macromolecular 

SMA pirarubicin. Selective targeting is achieved because of 

the enhanced permeability and retention (EPR) effect. SMA-

pirarubicin inhibits the growth of colorectal liver metasta-

ses, but tumor destruction is incomplete. The role played by 

the tumor microcirculation is uncertain. This study investi-

gates the pattern of microcirculatory changes following 

SMA-pirarubicin treatment.  Methods:  Liver metastases were 

induced in CBA mice using a murine-derived colon cancer 

line. SMA-pirarubicin (100 mg/kg total dose) was adminis-

tered intravenously in 3 sep arate doses. Twenty-four hours 

after chemotherapy, the  tumor microvasculature was exam-

ined using CD34 immunohistochemistry and scanning elec-

tron microscopy. Tumor perfusion and permeability were as-
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Targeted delivery is achieved by exploiting the inherent 
differences between tumor vasculature and normal vas-
culature. Compared to normal vessels, tumor vessels ex-
hibit enhanced permeability and retention (EPR)  [3] . 
This phenomenon allows macromolecular drug conju-
gates ( 1 40 kDa) to selectively leak out of hyperpermeable 
tumor vessels and remain confined to the tumor inter-
stitium. Most chemotherapeutic agents have a low mo-
lecular weight (e.g. 580 Da for doxorubicin) and are in-
discriminately delivered to both tumor and normal tis-
sue. We conjugated pirarubicin (627 Da), a derivative of 
the anthracycline doxorubicin, to styrene maleic acid 
(SMA)  to form SMA-pirarubicin macromolecular mi-
celles (34 kDa). In vivo, SMA-pirarubicin binds to albu-
min and achieves a molecular weight of 94 kDa, thus al-
lowing it to selectively accumulate in tumors  [4] . Using 
a previously established murine model of colorectal can-
cer liver metastases  [5] , we have shown that higher doses 
of the free drug can be administered in the macromo-
lecular form without toxicity  [6] . Despite causing signif-
icant tumor destruction, however, necrosis is heteroge-
nous and incomplete  [6] . An intact blood supply is es-
sential for the growth and metastasis of tumors  [7] . 
However, there is limited evidence for the direct effect of 
chemotherapy on the tumor microcirculation. This 
study investigates changes in the tumor microcircula-
tion using scanning electron and confocal in vivo mi-
croscopy as well as changes in vessel architecture, blood 
flow and permeability. We hypothesize that residual tu-
mor cells following chemotherapy are sustained by a 
dense microvascular network which ultimately contrib-
utes to tumor recurrence.

  Methods 

 Experimental Groups and Drug Administration 
 Six- to 8-week-old male CBA mice (Laboratory Animal Ser-

vices, University of Adelaide, S.A., Australia) were housed in 
standard cages with access to food and water ad libitum. All pro-
cedures were performed with approval from the Austin Hospital 
animal ethics committee. Pirarubicin and SMA-pirarubicin were 
prepared as described previously  [4]  and supplied in powder form 
(Biodynamics Research Foundation, Kumamoto, Japan). The 
SMA-pirarubicin powder, containing 43% free pirarubicin equiv-
alent, was injected in 0.2 ml of sterile saline. Drugs were admin-
istered 14 days after tumor induction. SMA-pirarubicin, 100 mg/
kg, was administered via the tail vein (100 mg/kg in total over 
three divided doses on days 14, 16 and 18 post-tumor induction). 
Control animals received 0.2-ml saline injections via the tail vein. 
Free pirarubicin was administered by the same dosing regimen at 
10 mg/kg. All assessments were performed 24 h after the final 
drug dose.

  Liver Metastasis Model 
 Liver metastases were induced using a murine-derived di-

methylhydrazine-induced primary colon carcinoma cell line. 
This model of liver metastases was established previously  [5] . The 
cell line was maintained as solid tumors in the flanks of CBA 
mice. At the time of induction, tumors were excised and a cell 
suspension was prepared as previously described  [5] . Trypan blue 
exclusion was used to attain a cell concentration of 1  !  10 6  cells/
ml. Mice were anesthetized using a mixture of ketamine (100 mg/
kg; Pfizer, New Zealand) and xylazine (10 mg/kg; Troy Laborato-
ries, Australia). Liver metastases were induced via a 0.05-ml in-
trasplenic injection (50,000 cells). In this model, macroscopic liv-
er tumors are evident by day 10 following induction. This is fol-
lowed by a rapid exponential growth phase with the appearance 
of fully established tumors by day 16  [5] .

  Microvascular Architecture 
 Microvascular resin casting was performed to observe chang-

es in the microvascular architecture according to previously de-
scribed techniques  [8] . Briefly, the aorta was cannulated using a 
23-gauge intravenous catheter, and the vasculature was perfused 
with warm saline (120 mm Hg) containing heparin (10 U/ml; 
Weddell Pharmaceuticals, Sydney, Australia), papaverine (12 mg/
ml; David Bull Laboratories, Melbourne, Australia) and 6% poly-
vinylpyrrolidone (PVP40; Sigma-Aldrich, Melbourne, Australia). 
Following exsanguination, the vasculature was perfused with a 
mixture of 10 ml of Mercox blue CL-2B (Okenshoji Co., Tokyo, 
Japan) and 3.4 ml of methyl methacrylate (Sigma Chemical Co., 
St. Louis, Mo., USA) with 0.5 ml of a catalyst. The resin was left 
to polymerize overnight, after which samples were excised and 
the surrounding tissue digested in 20% potassium hydroxide so-
lution at room temperature. Casts were viewed using scanning 
electron microscopy (Philips XL30 field emission scanning elec-
tron microscope, School of Botany, University of Melbourne, 
Australia). The tumor microvessel index (total tumor area occu-
pied by microvessels/total tumor area  !  100) was calculated us-
ing image analysis software (Image-Pro Plus version 4.5, Media 
Cybernetics) to attain a mean percentage vascular index. Two 
groups were studied, i.e. control (n = 8) and SMA-pirarubicin-
treated mice (n = 8), counting at least 5 tumors per liver.

  Tumor Permeability following Administration of
SMA-Pirarubicin 
 Twenty-four hours following the final dose of SMA-pirarubi-

cin, mice were injected with 0.2 ml of Evans blue (Sigma-Aldrich, 
Sydney, N.S.W., Australia) at a dose of 30 mg/kg via the tail vein. 
Sixty minutes after injection, mice were transcardially perfused 
(with 50 ml of saline at 80 mm Hg for 2 min at 37   °   C) to remove 
any excess Evans blue that had not absorbed into tissue. Biopsies 
of tumor and normal liver were excised and placed in formamide 
(100 mg of tissue/ml of formamide). Tissues were homogenized 
and incubated at 60   °   C for 48 h to allow dye extraction. Following 
incubation and centrifugation (12,000  g  for 20 min), the superna-
tant was analyzed using spectrophotometry (Varian Bio UV-100 
visible spectrophotometer; Varian, Mulgrave, Vic., Australia) at a 
wavelength of 620 nm. Four groups were studied: (1) the control 
group, i.e. liver of non-tumor-bearing mice (n = 10); (2) surround-
ing liver (of tumor-bearing mice) and tumor (n = 10); (3) SMA-
pirarubicin-treated (100 mg/kg) surrounding liver and tumor
(n = 10), and (4) free-pirarubicin-treated (MTD 10 mg/kg) sur-
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rounding liver and tumor (n = 10). The amount of Evans blue 
(micrograms per gram) was calculated from standard solutions to 
determine the concentration of extravasated dye in the tissue.

  Assessing Real-Time Changes in Microcirculatory Patterns 
Using in vivo Confocal Microscopy 
 The effect of SMA-pirarubicin on tumor and normal liver mi-

crocirculation was assessed using confocal in vivo microscopy, 
which was performed 24 h after drug treatment. Mice were anes-
thetized and a laparotomy was then performed to expose the liver. 
An intravenous injection of fluorescein isothiocyanate-dextran 
(0.05 ml, molecular weight 160 kDa; Sigma-Aldrich, Australia) 
was administered and mice were placed on a viewing stage and 
examined under an Olympus BH-2 microscope (Olympus, Aus-
tralia) connected to a Five 1 confocal system (Optiscan, Mel-
bourne, Australia). Both tumors and normal liver were viewed 
over a period of 20 min. Still images were captured at different 
time points to demonstrate alterations in blood flow and extrava-
sation of the fluorescent dextran.

  Tumor Necrosis 
 Tumor histology was observed using hematoxylin and eosin 

(HE) staining with a standard protocol  [9] . Serial sections were 
examined using light microscopy to detect changes in tumor cell 
morphology, necrosis and any tumor vessel changes caused by 
drug therapy.

  CD34 Immunohistochemistry 
 The effect of SMA-pirarubicin on vascular endothelial cells was 

investigated by immunohistochemistry of paraffin-embedded sec-
tions with the commercially available monoclonal rat antimouse 
CD34 antibody (MCA1825GA; AbD Serotec, New Zealand). De-
tection was conducted using the Envision+ horseradish peroxidase 
detection system (K4011; Dako Cytomation, Denmark). Endoge-

nous peroxidase activity was firstly quenched using a peroxidase 
block (Dako Envision+ kit, K4011; Dako Cytomation). Antigen re-
trieval was performed using citrate buffer (1 m M , pH = 6) at 99   °   C 
for 20 min. Sections were incubated with the primary antibody 
(1:   500) for 2 h at room temperature. The secondary antibody, a 
polyclonal rabbit antirat antibody (E0468), was applied at a 1:   100 
dilution for 30 min. Following incubation with horseradish per-
oxidase complex for 30 min, sections were incubated with diami-
nobenzidine substrate/chromogen for 10 min. Sections were coun-
terstained with hematoxylin, dehydrated in ascending ethanol and 
mounted for viewing by light microscopy.

  Endothelial cells stained brown. The number of CD34-posi-
tive vessels per square millimeter of tumor tissue examined was 
calculated to attain a vascular index measurement. This was com-
pared with serial HE sections to correlate areas of viable tumor 
cells. At least 10 tumors were quantified per liver in each treat-
ment group (n = 10).

  Statistical Analysis 
 All data are represented as the mean  8  standard error of the 

mean (SEM). Statistical analysis was conducted using SPSS (Sta-
tistical Package for the Social Sciences TM , version 10, Chicago, Ill., 
USA) and ANOVA (followed by Tukey’s multiple-comparison 
test). Pairwise comparisons were analyzed using parametric (Stu-
dent’s t test) or nonparametric (Mann-Whitney) tests where ap-
propriate. All tests were two-sided, and p  !  0.05 was considered 
statistically significant. Animal numbers were based on pilot 
studies, from which we estimated a minimum requirement of 8–
10 animals per study group to detect a 20–30% reduction in tumor 
vessel index and a 10–20% change in permeability, each with a 
power of at least 0.8.

a b
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  Fig. 1.  Scanning electron micrographs of 
the parenchyma of aplastic versus neoplas-
tic liver sinusoids.  a  Normal liver sinu-
soids are uniform in pattern, showing de-
marcation of hepatic lobules.  b  Normal 
liver of tumor-bearing specimens is invad-
ed by micrometastases which displace the 
parenchyma, causing distortion of the 
structured sinusoidal network.  c  Normal 
liver (naïve) sinusoids at high magnifica-
tion are smooth with minimal leakiness.
 d  Sinusoids in tumor-bearing specimens 
are leaky. Rough bleb-like projections at 
the vascular surface are indicative of resin 
leakage.  e  The normal liver of SMA-pira-
rubicin-treated specimens displays re-
duced leakage and resembles naïve sinu-
soids. Scale bars = 500  � m ( a ,  b ) and 10 
 � m ( c–e ). 
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  Results 

 Effect of SMA-Pirarubicin on Tumor Microvascular 
Architecture 
 Alterations in the vascular architecture were assessed 

24 h after the last dose of SMA-pirarubicin. Two different 
comparisons were made: between the liver sinusoids of 
mice with and without (naïve) tumors ( fig. 1 ) and be-
tween tumor-bearing mice with and without drug treat-
ment ( fig. 2 ). Scanning electron micrographs of normal 
liver demonstrate a highly organized microvascular 
structure with sinusoids of regular shape and size ( fig. 1 a). 
No major filling defects were observed and there was 
minimal sinusoidal leakage of resin. Normal liver of tu-
mor-bearing mice had micrometastases distributed 
throughout the parenchyma, creating distortion of the 
sinusoidal network ( fig. 1 b). At high magnification, nor-
mal liver sinusoids were smooth, demonstrating minimal 

leakiness ( fig. 1 c). Sinusoids in tumor-bearing specimens, 
however, were leaky, with bleb-like projections on the 
vessel surface ( fig. 1 d). The sinusoids of SMA-pirarubi-
cin-treated specimens had fewer blebs on the vessel sur-
face and more closely resembled naïve (non-tumor-bear-
ing) sinusoids ( fig. 1 c vs. e).

  The vasculature of control tumors was highly dense 
and disorganized, with vessels of varying length and di-
ameter. There was evidence of sinusoid-derived angio-
genesis indicated by vascular continuity at the tumor-
host interface ( fig. 2 a, inset). Tumor vessels arising from 
the periphery were dilated and flattened, forming vas-
cular lakes of coalesced vessels ( fig. 2 a, c). Twenty-four 
hours after the final dose of SMA-pirarubicin, microves-
sels were fewer and shorter in length. Tumor vessels were 
discontinuous and tapered towards regions of complete 
vascular occlusion immediately beyond the tumor pe-
riphery ( fig. 2 b, d). This gave rise to large filling defects 

a b

c d

e f

  Fig. 2.  SMA-pirarubicin destroys the tu-
mor microvascular network.  a ,  c ,  e  Con-
trol tumors exhibit a highly aberrant mi-
crovasculature (T) with dilated and flat-
tened vessels (F). Vessels are continuous at 
the interface, consistent with sinusoid-de-
rived angiogenesis ( a , inset, arrows).  b ,  d , 
 f  Tapered ends (arrows) leading to filling 
defects were more common amongst SMA-
pirarubicin-treated tumors compared to 
control tumors. This was suggestive of ne-
crosis ( b ,  d ,  e ,  * ).  e ,  f  Differences in the 
microvessel index and vessel diameter 
were apparent at high power between con-
trol and treated tumors. Control tumors 
had numerous flattened (F) vessels. Treat-
ed tumors exhibited fewer and narrower 
tumor vessels. Scale bars = 500  � m. 
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identified as an absence of vessels or regions of necrosis. 
SMA-pirarubicin significantly reduced the tumor micro-
vascular index ( fig. 3 ) to 26.5  8  3.7% compared to the 
control group (46.8  8  4.4%; p = 0.003, Mann-Whitney 
test). Mean tumor vessel diameter decreased from 66.27 
 8  7.26  � m in controls to 53.64  8  5.46  � m in drug-treat-
ed animals; however, this was not statistically significant 
(p = 0.291, Mann-Whitney test).

  Altered Tumor Permeability following Administration 
of SMA-Pirarubicin 
 Changes in vascular permeability following adminis-

tration of SMA-pirarubicin and free pirarubicin were as-
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  Fig. 3.  Changes in the microvascular index following SMA-pira-
rubicin treatment after 24 hours. The microvascular index was 
calculated for each tumor (area occupied by patent vessels/total 
area of tumor  !  100). SMA-pirarubicin reduced the tumor mi-
crovascular index by 40% (27  8  3.7% vs. control, 47  8  4.4%; p = 
0.003, Mann-Whitney test). The mean vessel diameter was re-
duced, but this was not statistically significant (54  8  5.5                            � m vs. 
control, 66  8  7.3  � m; p = 0.3, Mann-Whitney test). Bars indicate 
means  8  SEM.  *  p  !  0.005: significant difference versus control. 
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  Fig. 4.  Changes in permeability following treatment with SMA-
pirarubicin and free pirarubicin.          a  Normal liver of control speci-
mens retained more dye compared to the normal liver of treated 
specimens.  b  Normal liver sinusoids of non-tumor-bearing spec-
imens (naïve) demonstrated minimal permeability. Sinusoids of 
tumor-bearing specimens exhibited enhanced permeability (al-
though not statistically significant). Free pirarubicin significant-
ly increased sinusoidal permeability.  c  Tumor vessel permeability 
was significantly increased with SMA-pirarubicin treatment 
compared to untreated and free-pirarubicin-treated tumors. Bars 
indicate means                        8  SEM.      *  p  !  0.05,  *  *  p  !  0.005: significant dif-
ferences versus control (ANOVA using Tukey’s method). 
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a b c

  Fig. 5.  Changes in the microcirculation of 
normal liver following SMA-pirarubicin 
treatment.          a  Normal liver (non-tumor-
bearing specimens) shows the sinusoidal 
network. This is distorted in control (tu-
mor-bearing) specimens.  b  There is in-
creased perisinusoidal extravasation of 
dextran after injection in control (tumor-
bearing) specimens (arrows).  c  Normal 
liver of SMA-pirarubicin-treated speci-
mens closely resembled the parenchyma of 
non-tumor-bearing specimens, with min-
imal sinusoidal leakage. Scale bars = 500 
                     � m.                 
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  Fig. 6.  Changes in tumor microcirculation following SMA-pi-
rarubicin treatment.          a  There was substantial extravasation of 
dextran at the tumor-host interface (arrows) of control tumors.
 b ,  c  Large quantities of dextran diffused into the tumor over the 
next 10–15 min, indicative of the EPR effect and demonstrating 
the dense microvascular network of untreated tumors. Outlines 
of the vessel walls can be seen, interspersed with regions of an 
absence of filling (               * ).  d  Further   extravasation at 20 min showed 
leakage of dextran from these vessels but the unfilled regions per-
sisted (         * ). This suggests that these regions were filled by tumor 
cells.  e ,  f  Little extravasation of dextran was observed at the tu-
mor-host interface of SMA-pirarubicin-treated tumors (arrows). 
 f ,  g  After 10–15 min, dextran had extravasated further into the 
tumor. Again regions of an absence of filling were observed (   * ). 
Two characteristics were unique to and consistent amongst treat-
ed tumors: firstly, clusters of dextran were commonly observed 
within the tumor ( g ) and, secondly, after 20 min, dextran showed 
diffuse extravasation across entire regions within the tumor 
without any absence of filling, indicating that these regions are 
void of tumor cells ( h ). Scale bars = 500  � m.     
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sessed 24 h after the final drug dose. All values are rep-
resented as the concentration of Evans blue dye (micro-
grams per gram of tissue) extravasated from vessels into 
tissues. Following drug treatment, changes in perme-
ability were observed in the sinusoids as well as the tumor 
vessels. Sinusoids of normal liver without tumors (naïve 
sinusoids) demonstrated minimal permeability. Sinusoi-
dal permeability was significantly increased in tumor-
bearing (control) specimens and free-pirarubicin-treated 
samples (90.8  8  0.3  � g/g compared to 23  8  0.8  � g/g in 
naïve sinusoids; p = 0.003, ANOVA using Tukey’s meth-
od;  fig. 4 b). SMA-pirarubicin-treated sinusoids had re-
duced permeability compared to control sinusoids (51.9 
 8  3.0  � g/g vs. control, 63  8  0.9  � g/g). Tumor vessels 
treated with SMA-pirarubicin had significantly enhanced 
permeability compared to untreated tumor vessels (77.5 
 8  2.5  � g/g vs. control, 62.5  8  2.0  � g/g; p = 0.03, ANOVA 
using Tukey’s method;  fig. 4 c). Treatment with free pira-
rubicin significantly increased sinusoidal permeability 
but did not alter tumor vessel permeability.

  Assessing Real-Time Changes in Microcirculation 
Using Confocal in vivo Microscopy 
 Microcirculatory changes 24 h after SMA-pirarubicin 

treatment were visualized by intravital laser confocal mi-
croscopy. Mice were injected with fluorescent dextran 
and observed over 20 min. Leakage of the dextran is sug-
gestive of increased vascular permeability, which may be 
due to vessel damage or the inherent leakiness of tumor 
vessels. Following administration of the fluorescent dye, 
naïve liver sinusoids (non-tumor-bearing livers) exhib-
ited maximum and homogenous fluorescence intensity 
with minimal dye leakage ( fig. 5 a). Sinusoids of control 
(tumor-bearing) specimens exhibited substantial extrav-
asation of dextran into the perisinusoidal space ( fig. 5 b, 
arrows). Following drug treatment, sinusoidal leakage 
was reduced and resembled naïve sinusoids ( fig. 5 c).

  In control tumors, dextran was observed (over 10–15 
min) throughout the dense microvascular network 
( fig. 6 a–d). Control tumor vasculature was interspersed 
with regions of an absence of fluorescence. After 20 min, 
these regions remained unfilled, suggesting that they 
were occupied by tumor cells ( fig. 6 d). The microcircula-
tion of SMA-pirarubicin-treated tumors showed altered 
characteristics. In some treated tumors, blood flow was 
occluded beyond the tumor periphery, leaving a large 
central area with an absence of filling ( fig. 6 e, f). In this 
case, minimal extravasation of dextran was observed at 
the tumor-host interface ( fig. 6 e, f, arrows). In other 
treated tumors, over the next 10–15 min, the dextran had 

homogenously extravasated throughout these regions 
( fig. 6 g, h), suggesting that these regions were void of tu-
mor cells and most probably necrotic matrices. Another 
unique feature of treated tumors was the presence of dex-
tran clusters heterogeneously taken up by groups of tu-
mor cells ( fig. 6 g).

  Tumor Necrosis and CD34 Immunohistochemistry 
 Control tumors were cohesive and moderately differ-

entiated, with minimal central necrosis ( fig. 7 a). Control 
tumors demonstrated a high degree of CD34 staining. 
Vessels were numerous and in close proximity to each 
other, allowing tumor cells to grow perivascularly ( fig. 
7 b, inset). In contrast, SMA-pirarubicin-treated tumors 
were smaller and exhibited a high degree of central ne-
crosis, with residual tumor cells restricted to a thin viable 
rim at the periphery in some tumors ( fig. 7 c). Overall, 
treated tumors demonstrated heterogeneous and incom-
plete necrosis. Some tumors demonstrated extensive cen-
tral necrosis, with viable cells restricted to the tumor pe-
riphery, while other tumors demonstrated patchy necro-
sis interspersed with viable tumor cells ( fig. 7 c, inset). A 
common observation was the close proximity of surviv-
ing tumor cells to a vessel ( fig. 7 d, e, insets). The number 
of CD34-positive vessels per square millimeter of  tissue 
examined was also quantified, to obtain the vascu lar in-
dex. The vascular index was significantly reduced 24 h 
after the final drug dose (47.1  8  0.7% vs. control, 93.6  8  
0.8%, p = 0.03, Mann-Whitney test).

  Discussion 

 Pirarubicin (tetrahydropyranyl-doxorubicin) is a de-
rivative of the anthracycline antibiotic doxorubicin. It in-
tercalates DNA, causing strand breaks, and interferes 
with DNA replication and repair by inhibiting topoisom-
erase II  [10] . One other main action of pirarubicin is the 
production of ROS, which are toxic to tumor cells. Pira-
rubicin has a low molecular weight (0.627 kDa) and is 
indiscriminately delivered to both tumor and normal tis-
sue, leading to dose-limiting side effects such as cardio-
toxicity  [1, 2] . Conjugation of pirarubicin to SMA forms 
macromolecular micelles (34 kDa). In circulation, these 
micelles bind albumin and attain a final molecular weight 
of 94 kDa  [4] . Molecules larger than 40 kDa selectively 
leak out of tumor vessels but remain confined to the vas-
cular compartment of normal vessels. We have previous-
ly shown that SMA-pirarubicin (50 mg/kg over 3 separate 
doses) significantly reduces the growth of colorectal liver 
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  Fig. 7.           a–e  Viable tumor cells (T) are supplied by tumor blood ves-
sels. Untreated tumors demonstrated minimal central necrosis
( a ,                  * ) and a high degree of CD34 staining. Tumor vessels were 
 arranged close to each other, providing a rich vascular supply to 
perivascular tumor cells ( b , inset). SMA-pirarubicin-treated tu-
mors had a high degree of necrosis (           * ), with residual tumor cells 
restricted to patches within the tumor or a rim at the periphery 

( c , inset). Surviving tumor cells were in close proximity to tumor 
vessels ( c, d  and  e , insets).  f  The number of CD34-positive tumor 
vessels per square millimeter of tumor tissue examined was cal-
culated to determine the vascular index, which was significantly 
reduced 24 h after the final drug dose (   *  p = 0.03, Mann-Whitney 
test). Scale bars = 200      � m ( a–e ) and 100  � m   ( e , inset).     
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metastases. Tumor necrosis, however, is incomplete  [6] . 
Using HE staining, we have shown that only patches of 
tumor cells survived 24 hours following chemotherapy. 
In some tumors, these patches are confined to the periph-
ery, while in others, the patches are distributed through-
out the tumor. Histologically, these cells appear to be vi-
able and not necrotic or apoptotic. Incomplete necrosis in 
the form of a viable rim has been reported as a major 
limitation of drug therapy by other studies  [11–13] . De-
spite the importance of tumor vessels, few studies define 
the direct effects of chemotherapy on the microcircula-
tion. This study investigated the changes in the microvas-
culature following SMA-pirarubicin treatment and its 
role in sustaining tumor growth after chemotherapy.

  Our collaborators have developed a more stable for-
mulation of SMA-pirarubicin. Using this new formu-
lation, we established the MTD of SMA-pirarubicin to
be 100 mg/kg, without toxicity. We firstly determined 
changes in tumor vessel ultrastructure following drug 
treatment, including effects on tumor vessel architecture, 
permeability and microcirculation.

  SMA-pirarubicin (100 mg/kg) had significant effects 
on the microcirculation of tumors with little effect on nor-
mal sinusoids. Sinsusoids of control specimens had an un-
even surface with vascular sprouts and bleb-like projec-
tions. These were indicative of regions where resin had ex-
travasated from the vessel lumen due to enhanced leaki -
ness. Large intercellular gap junctions are a unique feature 
of tumor vessels and form the basis for enhanced perme-
ability  [3, 14] . SMA-pirarubicin-treated sinusoids appeared 
smoother and resembled normal (naïve) sinusoids.

  SMA-pirarubicin reduced the tumor microvessel index 
by over 40%, as demonstrated by our scanning electron 
microscopy (SEM) studies. A similar reduction in the mi-
crovessel index following doxorubicin treatment has been 
reported previously  [15] . Following treatment, tumor ves-
sels were shorter, although vessel diameter remained un-
altered. Of particular interest from these studies is the 
number of tapered endings after treatment. Treated tu-
mors demonstrated vessels which ran into the tumor but 
underwent vascular occlusion before they reached the tu-
mor center, thus forming a tapered end. Vessel occlusion 
to this extent would undoubtedly reduce tumor blood 
flow (although this was not directly measured). Unlike 
vascular targeting agents which cause the death of tumor 
cells secondary to vascular shutdown, SMA-pirarubicin is 
not targeted to endothelial cells – although it has demon-
strated cytotoxicity against endothelial cells  [16, 17] . Our 
SEM studies showed that there were regions of absent fill-
ing after treatment. These regions were void of either ves-

sels or cells. It is possible that SMA-pirarubicin injected 
intravenously firstly affects tumor endothelial cells and 
then, once these cells die, the surrounding tumor cells are 
deprived of nutrients and also die.

  We know that pirarubicin intercalates DNA, inhibits 
the enzyme DNA-topoisomerase and induces lipid per-
oxidation via ROS production. These processes are toxic 
to both tumor and endothelial cells. This is also support-
ed by our histological studies, in which necrotic regions 
were also void of CD34 staining. Morphologically, resid-
ual tumor cells appeared enlarged and swollen at high 
magnification 24 h after drug treatment (data not shown). 
We therefore conclude that SMA-pirarubicin is cytotoxic 
to both tumor and endothelial cells.

  One of the suggested limitations of liposomal doxoru-
bicin is a lack of penetration into tumors  [15, 18] . Our 
data is in disagreement with this, since SMA-pirarubicin 
caused marked central necrosis in many tumors. The 
limiting factor in this case was incomplete and heteroge-
neous necrosis. Some studies have proposed that residual 
cells are supplied by oxygen and nutrients diffusing from 
the surrounding normal tissue. Although we accept that 
diffusion plays a part, our findings demonstrate that after 
chemotherapy, tumor cells survive in patchy regions not 
only at the tumor periphery but also at the center of some 
tumors. Our CD34 studies show that these tumor cells 
are in close proximity to tumor vessels. This raises the 
question of why these cells are not being destroyed. The 
problem may not be a lack of drug delivery but rather a 
lack of perfusion of tumor tissue.

  Drug delivery is limited by two physiological param-
eters. Firstly, interstitial pressure within tumors is elevat-
ed due to constant extravasation from hyperpermeable 
vessels coupled with defective lymphatic drainage  [19–
21] . However, vessel hyperpermeability and tortuosity in-
duce stasis of the blood flow. This creates a low-pressure 
gradient which ultimately limits the extravasation of 
macromolecules despite enhanced permeability. Second-
ly, the rapidly growing population of tumor cells puts 
pressure on the newly established vasculature, causing 
vascular collapse and occlusion  [19] . This is supported by 
our microvascular casts, which demonstrated dilated and 
flattened vessels at the tumor periphery.

  Using the Evans blue method, we showed enhanced 
sinusoidal permeability in livers containing tumors 
compared to naïve liver sinusoids. This is due to the in-
duction of vascular endothelial growth factor, which we 
have shown to be upregulated in normal liver following 
the induction of tumors  [9] . Sinusoidal leakage is a sign 
of endothelial damage, as the tight junctions between ad-
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