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Abstract—The efficiency of novel tumor
chemotherapeutics could be increased using targeted
drug delivery by hyperthermia. In this paper, the 3D
liposomal doxorubicin distribution in the tumor tissue
enhanced by local hyperthermia was quantitatively
studied in real time using laser confocal microscopy.
Results showed that the thermally induced liposomal
doxorubicin extravasation was non-uniform and more
excessive in the peripheral region than that in the tumor
center. The effect of the thermally targeted drug delivery
was also investigated. On the 1%, 3" day after the
thermally targeted drug treatment, histological
examination showed that many nucleolus were condensed
and collapsed in the peripheral region. But, in the tumor
center, there were no such changes found until the 3" day.
While on the 6™ day, tumor cells in both the peripheral
and center region were found necrotic. The enhancement
of the nanoparticle anti-tumor drug effect was significant.
A theoretical analysis of liposomal doxorubicin diffusion
to the tumor cells in vivo was performed. Results showed
that it took more than 40hrs for the doxorubicin to get
into the tumor cells in the center region from the
periphery region. The theoretical results well explained
the experimental observations.

INTRODUCTION

N chemotherapy, many anti-tumor drugs following oral or

intravenous administration have to cross many normal
organs and tissues to reach the tumor site [1], resulting in
large volume of anti-tumor drugs distributed in most of the
tissues of the body [2]. Because of their strong toxicity,
anti-tumor drugs can bring undesirable side effects on the
healthy organs and tissues.

Liposome has been proposed to be useful drug carrier for
targeted drug delivery system and is now considered to be a
mainstream drug delivery technology that improves drug
pharmacokinetics, and increases drug accumulation in tumor
[3,4]. PEG (poly-ethylene glycol)-coating of liposome
inhibits RES-mediated clearance, and has a prolonged
circulation time [5-8] and reduces drug toxic side effects.
Drugs encapsulated into PEG-liposome increase therapeutic
efficacy compared to free-drugs or drugs encapsulated in the
conventional liposome [9].
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To date, most studies have been performed on the
liposomalization of doxorubicin [10,11]. After injection,
doxorubicin immediately disappears in blood [12], causing
severe bone marrow suppression and cardiotoxicity [13].
Because doxorubicin has a strong anti-tumor effect and
severe side toxicity, it is one of the typical drugs used for the
drug delivery systems [14]. Compared to free doxorubicion,
liposmal doxorubicin brings dramatic reduction in cardiac
toxicity [15], reduces peak levels and sustains drug release
into the blood stream [16]. Moreover, doxorubicin
incorporated into long-circulating PEG-coated liposome
demonstrates excellent effects in tumor therapy [17] and
diminishes side effects, and is already used in clinical
conditions.

Liposmal doxorubicin combined with hyperthermia can
synergistically enhance anti-tumor -cytotoxicity [18-20].
Previous studies on drug effect mainly focused on the tumor
growth inhibition. To determine doxorubicin concentration in
tumor, extracting method and HPLC are used [21, 22], as well
as fluorescence spectrophotometry [23]. However, thru these
methods, only the total amount of drug deposited in the tumor
could be estimated but without any information of drug
distribution in tumor. The thermally induced liposome
nanoparticle extravasation has been found non-uniform and
much more in the peripheral region than that in the tumor
center [24], which would have different drug distributions in
tumor and lead to different drug therapeutic efficacy.

In this study, we have chosen doxorubicin as anti-tumor
drug model encapsulated by the PEG-coating liposome. Base
on the ruby red self-fluorescence of doxorubicin and
quantitave 3D method built thru our previous study [24], the
dynamic process of the liposomal doxorubicin extravasation
was quantitatively studied in different tumor regions using
confocal fluorescence laser scanning microscopy. Moreover,
the pathological analyses are performed of tumor tissues
exercised on different days after the liposomal doxorubicin
delivery combined with the local hyperthermia. Moreover, a
simple diffusion model of liposomal doxorubicin to the tumor
cells in vivo was used to well explain the experimental
observations.

I. MATERIALS AND METHODS

A. Experimental study
Mice with tumor implantation in the dorsal skinfold
window for 10 days were used. A total of 44 animals were
divided into four groups (11 each) to study liposomal
doxorubicin extravasation in the tumor center and periphery
at 34°C and 42°C, respectively. The temperatures of the tumor
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preparation and the water bath were monitored using
thermocouples during the experiment.

In each experiment, the animals were anesthetized with
ketamine-xylazine (5ul/g, i.p.). The 200ul suspension of the
liposomal doxorubicin was injected into the tail vein. The
scanning was performed every 10 minutes up to 1 hour after
the injection of the liposomal doxorubicin. Once all collected,
images at different depths of the tumor were studied to obtain
the quantitative change of fluorescence intensity in the
selected tissue volume with respect to time, which was
directly related to the 3D extravasation of liposomal
doxorubicin.

B. Liposomal doxorubicin preparation

Sterically stabilized long-circulating PEG liposome
was prepared by the lipid film hydration and extrusion
method. [25]. The final lipid concentration after hydration
was 10mg/ml. The liposome size was determined by
dynamic light scattering using a Zetasizer 3000HS,
(Malvern  Instruments Ltd., U.K.). Liposomal
doxorubicin  was  produced from doxorubicin
hydrochloride with the pH gradient method [26].

C. Animal and tumor model
BALB/c nude mice (20+2g) were bought from the

Animal Center, CAS, Shanghai, China. They were fed with

sterile food, acidified water with the pH value kept at 2.5-2.8,

and housed in the isolated cages with a 12-h light/dark cycle.

The window chamber was surgically placed on the dorsal

skin flap of the nude mouse [27], and a small volume (0.1mm?)
of murine mammary carcinoma 4T1 tissue was inoculated

into the skin tissue within the window chamber.

D. Study of liposomal doxorubicin extravasation using
laser confocal microscopy
Confocal laser scanning microscope LSM510 Meta
(Zeiss, Germany) was used in this study. To image the
liposomal doxorubicin distribution in tissue, argon laser
(excitation: 488nm; emission: 520nm) was used. The tumor
was viewed through the nude mice dorsal skin flap window
using a 10X objective. Optical slicing was performed to
collect 15-20 images throughout the tissue (approximately
150pum thick) every 10 minutes up to 1 hour after the
liposomal doxorubicin injection. Extravasation of liposomal
doxorubicin in the tumor center and the periphery was
quantified under two conditions (34°C and 42°C) using our
previous method [24].

E.  Antitumor activity of liposomal Doxorubicin

Immediately after, or on 1%, 3™ 6™ day after the
liposomal doxorubicin delivery combined with the local
hyperthermia (42°C, 1h), the tumor tissues inside the dorsal
skinfold window were exercised, fixed with 10% buffered
formalin, and embedded with paraffin. The tissue slice was
cut along a sagittal direction of skin tissue using Leica
RM2126. Correlative histological sections of Sum thickness
were prepared and stained with hematoxylin and eosin.

Tumor tissues in the tumor center and the periphery were
investigated using a 100X oil objective. Images taken under
the trans-illumination were collected.

II. RESULTS

A. Extravasation of liposomal doxorubicin in tumor
tissue

It was quite obvious that the liposomal doxorubicin
extravascular accumulation increased after 1 hour at 42°C.
More significantly, the liposomal doxorubicin extravasation
was heterogeneous inside tumor. In the tumor periphery with
active tumor angiogenesis, large amount of the liposomal
doxorubicin extravasated into the tumor interstitium, while in
other tumor regions with well developed vessels, the
extravasation was much less.

Extravasation of 100nm liposomal doxorubicin further
quantified using 3D fluorescence microscopic images. The
results were shown in Figure 1.

The relative self-fluorescence intensity of doxorubicin
in the tumor interstitium hardly changed at 34°C, but
increased significantly by the local hyperthermia at 42°C.
Further, the relative self-fluorescence intensity of
doxorubicin in the tumor peripheral region was more than 2.3,
as compared with 1.3 in the tumor center.
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Figure 1 HT-induced extravasation of 100nm liposomal doxorubicin (DOX)
at 42°C or 34°C for 1 hour in different tumor regions. The largest
enhancement of extravasation was seen in the tumor periphery. Values are the
mean and SE (n=11).

B. Histological analysis of antitumor activity of liposomal
doxorubicin after hyperthermia
Immediately after, or on 1%, 3%, 6™ day after the liposomal
doxorubicin delivery combined with the local hyperthermia
(42°C, 1h), histological examination showed that there was
no change found in both the tumor center and the peripheral
region immediately after the treatment (Figure3 (a)-(b));
many nucleolus of tumor cells were condensed, collapsed,
and disappeared in the peripheral region, but in the tumor
center, there was no change found on the 1% day (Figure3
(c)-(d)); On the 3™ day, many tumor cells nucleolus began to
condense, collapse (Figure3 (e)-(f)) in both regions; on the 6"
day, both tumor cells in the peripheral and center region were
found necrotic (Figure3 (g)-(h)).
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(b)the tumor periphery after liposomal
doxorubicin treatment combined with
local hyperthermia at 42°C for 1hr

(a) the tumor center immediately
after liposomal doxorubicin
treatment combined with local
hyperthermia at 42°C for 1hr hour

(c)the tumor center on the 1% day
after liposomal doxorubicin
treatment combined with local
hyperthermia at 42°C for lhr

(d)the tumor perlphery on 1* day
after liposomal doxorubicin
treatment combined with local
hyperthermia at 42°C for lhr

(e)the tumor center on the3rd day
after liposomal doxorubicin treatment
combined with local hyperthermia

at 42°Cfor lhr

(fthe tumor periphery on the 3 day
after liposomal doxorubicin
treatment combined with local
hyperthermia at 42°C for 1hr

(g)the tumor center on the 6™ day
after liposomal doxorubicin treatment
combined with local hyperthermia

at 42°Cfor lhr

(h)the tumor periphery on the 6™ day
after liposomal doxorubicin
treatment combined with local
hyperthermia at 42°C for 1hr

Figure 3 Drug effects of 100nm liposomal doxorubicin (DOX) treatment
combined with hyperthermia at 42°C for 1hr observed on the 1%, 3%, 6" days
after; viewed with 100X oil objective, Bar: 10pm.

III. THEORETICAL STUDY

According to the above study and a former paper from
our group, the liposomes hardly extravasate in the central
tumor region [24]. The radius of this region is about 60% of
the tumor radius, which is around Imm after 10 days. The
Imm tumor is thus divided to two cylindrical compartments:
the central cylinder of a 0.6mm radius and the remaining
annular peripheral region. The height of the tumor is about
0.15mm. The liposome extravasated in the periphery and free
drug released from the liposomes will diffuse into the central
region. Using a collective method, we have the following

formular describing the liposome and free doxorubicin
concentrations in the central compartment approximately,

c,,-C, dC,,
D, -~ g=—y Q)
’ r dt
Where C,;, C i are the concentration of liposomes or free

drug in the central and peripheral region, respectively. De,i

is the diffusivity of the liposome or free drug in the tumor. A
and V are the area of the interface between the central and
peripheral compartments and volume of the tumor central
compartment. The subscript i refers to the liposome or free
Doxorubicin. Thus, the time constant of the diffusion, the
time when the drug (liposome or free doxorubicin)

concentration of the central compartments reaches ( 1 —— ),
e

about 62.3% , of the peripheral region, is defined as,
N ALS @)
D, -4

The diffusion of the free drug inside the tumor should
mainly through the interstitial area [28]. The data was
reported to be1.2x107* cm’/s.

The diffusivity of the liposome may be near to that of the
macromolecules, whose diffusivity is about 1/10 of the small
molecules in tumor [29]. Therefore the 1iposome
diffusivity in tumor is assumed to be 1.2x10~* cm’/s.

By substituting the dimensional information and the
diffusivity data into Eq.(2), the magnitude of the time
constant to evaluate the drug delivery outcome could be
obtained. The values for the liposome and the free dox are
400hours and 40 hours respectively. Besides, the liposome
rupture time constant is about 12hours [30]. By comparing
these data, we could conclude that after the thermal liposomal
drug delivery, the diffusion of free drug released shall be the
dominant and determines the therapeutic index. At the
beginning of the delivery, most drug exists inside the
liposomes and very few diffuse into the central region. The
released free drug mainly accumulated in the tumor
peripheral region and caused excessive necrosis of tumor
cells in this region as shown in Fig.3c. Three days later, the
liposomes have all ruptured, and as the time constant of the
free Dox transport into the central region is about 2 days
(40hours), a significant mass of drugs have reached the tumor
central region. However as the therapeutic results of the cells
depends not only on the drug concentration but also the time
maintained at this concentration, or AUC, the area under the
concentration-time curves, there is still difference between
the peripheral and central regions as shown in Fig.3e and
Fig.3f. However, for 6 days after treatment (much longer
than 40hours), according to the theoretical analysis, adequate
drug should have been delivered to the central region, and the
tumor cells shall be destroyed. This explains the experimental
results shown in Fig.3g and Fig.3h.
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IV. CONCLUSION AND DISCUSSION

In this paper, real time 3D quantification of liposomal
doxorubicin distribution in different tumor regions was
quantified using confocal fluorescence microscopy.

The Results of the quantitative 3D study of the thermally
induced 100nm liposomal doxorubicin extravasation in tumor
was quite similar to that of the empty lipsome [24]. The
liposomal doxorubicin extravasation was also non-uniform.
The excessive liposomal doxorubicin extravasation mainly
resulted from both the increased vascular wall permeability
and vascular damage induced by hyperthermia in the
peripheral region [24].

The drug effect of the thermal targeting drug delivery
system was also investigated. The results showed that the
nanoparticle anti-tumor drug carrier delivery could be
significantly enhanced by the local hyperthermia and
thermally targeted liposome anti-tumor drug delivery system
be developed.

A theoretical analysis of the diffusion of liposomal
doxorubicin showed that it took more than 40hrs for the
doxorubicin to get into the tumor cells in the center region
from the periphery region. The theoretical results could be
used to well explain the experimental observations.

Considering the thermally induced liposomal doxorubicin
extravasation is non-uniform, it seems quite difficult to kill all
the tumor cells especially those in the tumor center region
where the drug dose is lower. It is suggested that longer
heating period be used to enhance the diffusion process.
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