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Table 3

Strategies to overcome the heterogeneity of the EPR effect, and augmentation of the

EPR effect to enhance tumor drug delivery.®
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Methods® Mechanism Remarks

1. Use of angiotensin Hydrodynamic; Drug is infused into the
ll-induced vasoconstriction induced tumor-feeding artery via
hypertension hypertension — mechanical = cathether.

2. Use of angiotensin
I-converting enzyme
(ACE) inhibitor such
as enalapril

3. Use of nitroglycerin
given topically by
dermal patch, or by
infusion via the
tumor-feeding artery

4, Use of prostaglandin
(PG) I> analogue,
beraprost sodium

5. Use of TGF-3-inhibitor

6. Use induction of HO-1,
or a CO generator
(ruthenium tri
carbonyl, CORM2")

opening of endothelial cell-
cell gaps passively.
Selectively elevates the
kinin level only in tumors,
by inhibiting kinin
degradation by ACE-
inhibitor, which occurs in
the tumor tissue.
Generates NO in hypoxic
tumor issue selectively. See

analogy to angina pectaoris.

PG agonist effect (with the
t;,» more than 100 times
longer in plasma) when
given orally.

TGF-B is tumor growth and
differentiation factor.
Facilitate productive of
extracellular matrix. The
inhibitor counteracts to
restore vascular maturation
and normalization, which
may be affected by vascular
mediator.

Zn protoporphyrin or

Given orally, very safe,
clinically proven.

Nitroglycerin, isosorbide
dinitrate (ISDN, Nitrol®),
nitroprusside, and others;
clinically proven (see
text).

Shown effective in the
pancreatic cancer in vivo
maodel.

No data available for in

hemin-polymer conjugates
induce HO-1 in tumors; use
of CORM2 generates CO.

vivo therapeutic efficacy.

See text.

For both cases, we infused SMANCS/Lipiodol i.a. under conditions of
angiotensin [I-induced high blood pressure (e.g., from 100 mm Hg to
150 mm Hg) [25]. The blood pressure of 150-160 mm Hg was achieved
via slow iv. infusion of 0.5 pg/ml angiotensin II, that is set in a 20 ml in-
fusion syringe-pump. This method offers not only an improved thera-
peutic effect but also a diagnostic value, given the highly sensitive
detection, by means of computed tomography (CT), of the tumor-
selective uptake of Lipiodol, even in small tumor nodules with diameters
of 3-5 mm. Another advantage of using angiotensin Il-induced high
blood pressure is application to more types of tumors that may be treat-
ed by this method. In fact almost all cases responded very well (25).
Under normotension, as SMANCS/Lipiodol was originally used, the
drug was most effective for primary liver cancer (hepatocellular
carcinoma) but was less effective for metastatic liver cancer and
cholangiocarcinoma. The reason for this difference may be poor drug de-
livery to the tumor because of the heterogeneity of the EPR effect. As
Fig. 1 shows, the improved delivery method that utilizes angiotensin
l-induced high blood pressure indeed makes SMANCS/Lipiodol highly
effective. Another benefit of this method is the reduced time required
for tumor regression (e.g., to achieve 50% of tumor volume), perhaps be-
cause of increased targeted drug delivery, and with less frequent drug
administration needed.

4. Heterogeneity of the EPR effect, which hinders tumor delivery,
and the method of circumventing this heterogeneous drug delivery
[16-18]

Although the EPR effect offers the first step in the process of delivering
drugs to tumor tissue or near tumor cells, solid tumors in clinical settings
frequently have heterogeneous characteristics as described in Section 1,
and some tumors impede drug access to tumors because of necrosis,
fibrosis, clot formation, or interference by stromal tissue [16,17,26,27].

* These strategies will be effective only with nanoparticle or polymeric drugs.
b Carbon monoxide-releasing molecule.

concentration in plasma [15-21]; (iii) no immunogenicity [ 15]; and (iv)
higher lipophilicity, which enabled solubilization and formulation with
alipid contrast agent (Lipiodol®) as a carrier (i.e., the SMANCS/Lipiodol
formulation) [14,18,21-25]. This lipid formulation allowed truly selec-
tive tumor targeting and tumor delivery by infusion into the tumor-
feeding artery via a catheter under X-ray guidance of angiographic tech-
nique as viewed on the monitoring screen [21-25]. A drug concentration
in the tumor as much as 2000 times the concentration in blood (2000:1)
can be achieved by using this method [22]. The EPR effect is now known
to allow most macromolecular drugs to be selectively delivered to solid
tumors, where they remain for very long periods, several weeks or
months or even more [16,18,21-25]. This sustained drug activity will re-
sult in a marked therapeutic effect [18,22-24].

3. Advancements in tumor targeting with SMANCS/Lipiodol via the
ia. route

We have now extended the application of SMANCS/Lipiodol therapy,
administered via i.a. infusion, to advanced, difficult-to-treat solid tumors
such as massive and multiple metastatic liver cancers, bile duct carcino-
mas and cholangiocarcinomas, and pancreatic cancers and their meta-
static nodules in the liver [24]. We also successfully treated massive
renal cell cancer similarly, by infusion into the renal artery. Descriptions
of these examples have been published [18,25]. In this article, we provide
examples of such augmented drug delivery, by means of angiotensin
Il-induced high blood pressure, to advanced, difficult-to-treat tumors:
pancreatic cancer with metastatic liver cancer (Fig. 1A and B), and met-
astatic liver cancer that had originated from gastric cancer, which had
previously been removed (Fig. 1C and D).

However, in the past several years, we have devised ways, by means of
different techniques, to improve this process of drug delivery to such tu-
mors, as described below and as shown in Table 3.

4.1. Induced hypertension by using a slow iv. infusion of angiotensin Il

Inducing hypertension via a slow iv. infusion of angiotensin II
[21,25,28,29] is more useful for macromolecular drugs and drug/
Lipiodol formulations given during arterial infusion than for low-
MW drugs. This method was briefly described above (Section 3). Low-
MW drugs offer little advantage in this method, perhaps because of
rapid diffusion or washout [29].

4.2. Using nitroglycerin or other nitric oxide (NO)-releasing agents

Nitroglycerin and other NO-releasing agents generate NO from NO3
selectively in hypoxic tumor tissue compared with normoxic tissues
[30,31]. Thus, such nitro agents facilitate the EPR effect via local NO gen-
eration in tumors, with drug delivery enhanced 2- to 3-fold and an im-
proved therapeutic effect. Yasuda et al. [32,33] and Siemens et al. [34]
also demonstrated the beneficial effect of NO-releasing agents used in
combination with conventional low-MW drugs. In this review, I describe
clinical cases of bronchogenic lung cancer for which isosorbide dinitrate
(ISDN), an NO-releasing agent, was administered 50-100 pg in 1-2 ml of
physiological saline, bolus, via the bronchial artery immediately before
SMANCS/Lipiodol infusion into the same bronchial artery (see Section 6).

4.3. Using an angiotensin-converting enzyme inhibitor (ACEI)

Solid tumors generate bradykinin, which would aid the EPR effect.
ACEIs inhibit the degradation of bradykinin, thus raising the local bra-
dykinin concentration in tumor tissue more than in other tissues in
the body [16,17,26]. For example, use of the combination of an ACEI
and hypertension improved monoclonal antibody delivery 2- to 3-fold
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Fig. 1. Cases 1 and 2. Therapeutic effect of SMANCS/Lipiodol against advanced, difficult-to-treat cancers, The drug was infused via the tumor-feeding artery (hepatic artery) under
angiotensin ll-induced high blood pressure. A and C are abdominal CT scans 2 days after drug infusion. B and D are CT scans taken 2 and 1.5 months after drug infusion, respectively.
Case 1. Pancreatic cancer with metastatic liver cancer (A) regressed significantly after 2 months. (B) Remarkable reduction in the size of the metastatic liver cancer (top, right). Case 2.
Gastric cancer had metastasized to the liver (C). The two visible large tumor foci evidenced a marked size reduction after 1.5 months (D). White areas in the CT scans, other than
bones, indicate where SMANCS/Lipiodol was selectively taken up by the tumors; other (normal) areas did not take up the drug (see the text for a description of the procedure).

From Ref. [25].

in a xenograft mouse model of human gastric cancer [26,35]. This meth-
od was also validated effective by Dr. F. Kratz of Freiburg in different
tumor model (personal communication).

4.4. Generating carbon monoxide (CO)

Fang et al. in our laboratory described the important role of heme
oxygenase 1 (HO-1) in the EPR effect which is upregulated in most
solid tumors; its product, CO, was also a factor influencing the EPR
effect. CO has a physiological role similar to the vasodilator role of
NO, so it will also have a key function in the EPR effect [36]. Thus,
upregulation of HO-1 by HO-1 inducers such as pegylated hemin or
similar agents, or CO-releasing agents (e.g., carbon monoxide-releasing
molecule, CORM2), can facilitate the EPR effect [17,36].

5. Drug access to tumor cells and cellular drug uptake, followed by
reaction of active drug with target molecules in tumor cells

Although nanoparticles can get to tumor tissues by means of the
EPR effect, other issues complicating efficient drug uptake remain to
be cleared. These issues include access of drugs to tumor cells and in-
ternalization of drugs, followed by release of the free or active drugs
from macromolecular formulations composed of liposomes, micelles,
or polymer conjugates such as polyethylene glycol (PEG), N-(2-
hydroxyproply)methacrylamide (HPMA), or SMA. Achieving efficient
drug uptake requires knowledge of tumor biology, such as targeting to
unique receptors, making use of higher lipophilicity, and utilizing a
unique ligand with high affinity to tumor cell receptors of a particular
tumor. With regard to uptake of nanoparticle-drugs into tumor cells,
in many cases cancer cells have more active endocytic uptake than do
dormant normal cells.

Cellular drug uptake is more efficient with SMA micelles than with
PEG-micelles [37 and our unpublished data]. For example, when we eval-
uated SMANCS and NCS, SMANCS was much more toxic to tumor cells
than to normal cells [38]. Also, to kill 80% of the cells, NCS required
more than 1 h at 30 nM, whereas SMANCS required only a few minutes
at 15 nM [38]. Furthermore, a recent comparison of SMA-Zn protopor-
phyrin (PP) micelles and PEG-ZnPP micelles showed a more rapid cellu-
lar uptake for the former [37]. SMA-ZnPP micelles also demonstrated
rapid uptake by tumor cells, with very quick disintegration of the micellar

structure in the cells. Thus, release of free drug, ZnPP upon rapid
endocytic uptake of SMA-ZnPP into tumor cells is anticipated [37].
Then, the free active drugs would be expected to react with target mole-
cules in the cells (unpublished data).

6. Obstacles in drug development, drug promotion, and
decision-making in business: dilemmas for science and business

6.1. Novel drug administration technigue for use at the bedside

The first obstacle that we encountered in clinical drug development
concerned the method of drug administration: the route via the tumor-
feeding artery. In cardiology, the angiographic technique for imaging,
which utilizes arterial infusion of a contrast agent to visualize an occlud-
ed artery and damaged tissue, is a routine practice in major hospitals.
The same technique has been used much less frequently or very rarely
in cancer treatment, although interventional radiologists utilize it, pri-
marily for embolization of the tumor-feeding artery so as to achieve
tumor necrosis, with limited effects [39].

In SMANCS/Lipiodol therapy, the lipid formulation of SMANCS is
infused into the tumor-feeding artery—the hepatic artery for hepato-
ma, the renal artery for cancer of the kidney, and the bronchial artery
for lung cancer or bronchogenic cancer (Figs. 1-3) [18,23,25]. This infu-
sion occurs simultaneously with angiographic imaging of the tumor,
with identification of the tumor-feeding artery. This technique requires
adequate skill to manipulate the catheter under X-ray guidance, more
skill than that needed for the commonly used i.v. infusion, and not
every health care professional can perform such drug administration.
Also, some pharmaceutical companies do not view such an elaborate
method favorably, so it becomes a negative incentive for a business un-
dertaking. However, this perception may be reversed when members of
top management of a company carefully examine and investigate the
positive clinical outcomes. For example, organizing a task force to pro-
mote this therapeutic modality using SMANCS/Lipiodol may encourage
opening of a new market.

6.2. Market size: n xT dominates the corporate decision

The second obstacle to developing new candidate drugs, which is
usually the first question that people ask us, is, how big will the market
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Case 3

Rt. bronc. art.

i.a. infusion of SMANCS/Lipiodol
immediately after i.a.
Infusion of ISDN

58 F
Surviving, Oct. 2011

Fig. 2. Case 3. Lung cancer (adenocarcinoma). A and B are angiograms showing infusion of contrast agent into the right bronchial artery (A) and left bronchial artery (B). These X-ray
images indicate that the tumor is fed by two different arteries. (C) Initial CT scan at the start of treatment { arrow shows tumor area). (D) CT scan showing considerable tumor regression
(arrow) after 1 year. SMANCS/Lipiodol, about 0.5 ml (mg), was infused into each bronchial artery immediately after infusion of a microdose of Nitrol {10-50 pg/dose). (D) One year after
treatment, the tumor in the pleural cavity is considerably smaller. White areas indicate remaining drug, (E) Graph showing the decrease in the tumor marker CEA (carcinoembryonic

antigen); C and D in [E] correspond to the CT scans in C and D.

be? When we began the clinical application of SMANCS/Lipiodol to treat
hepatoma in Japan in the 1980s, about 20,000 cases occurred per year,
which by 2010 had increased to about 33,000. In the United States,
the corresponding number in the 1980s was about 10,000, although it
is much larger now, which was not a favorable size for drug develop-
ment. In addition, not all of 10,000 patients would be using SMANCS
so that actual market size would be far smaller.

Case 4

Today in Japan, almost 500,000 new cancer cases arise annually. How-
ever, in contrast to the number of cancer patients, the number of patients
in Japan with diabetes mellitus, hypertension, hypercholesterolemia, and
osteoporosis, which are the primarily chronic diseases, exceeds several
million. In addition, cancer patients require a much shorter period of
drug administration compared with patients with those chronic diseases.
Therefore, for anticancer drugs, the product of n (number of patients

Fig. 3. Case 4. Lung adenocarcinoma. (Top left) Initial chest X~-ray showing multiple tumors A, B, and C (circled areas, arrows). The patient underwent Nitrol infusion followed by
SMANCS/Lipiodol infusion of 0.5 mg/0.5 ml into both bronchial arteries, as in Case 3. (Middle) CT scans from the subscapular to the lower pleural cavity at the time of initial infu-
sion. (Right) Both chest X-ray (top) and CT scan (bottom) show remarkable tumor regression after 1.5 years; and the patient had no subjective complaints during this period.
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eligible to use a drug for the approved tumor type) x T (time period dur-
ing which the drug will be used) is far less than that for antihypertensive
drugs, for instance. Furthermore, for any anticancer drug, a regulatory
agency will approve its use by clinicians for only a specific type of cancer,
e.g., brain, esophageal, pancreatic, or bile duct cancer individually, and its
use for other types of cancer is not permitted. If a clinician in Japan pre-
scribes the drug for another, unapproved type of cancer, the national
insurance will not cover any related medical expenses, so that the patient
must pay all medical expenses. In other words, use of a drug for an
unapproved disease is not permitted—no off-label drug use is allowed
in Japan. Therefore, in view of the 10,000-20,000 patients per year with
many of these types of cancer in Japan, i.e., not much more than 50,000
patients per year, the market size (nxT), may be about 1/1000-1/
10,000 for each cancer type, compared with, for example, that for statins
(anticholesterol agents). Antihypercholesterolemic drugs, for instance,
were obviously more lucrative because several million patients would
use them for far longer than, say, 10-20 years. Many large pharmaceuti-
cal companies are therefore less enthusiastic about getting involved in
anticancer drug development, which for them is not a high priority. A
market size of half-a-million may be moderately interesting. A related
issue concerns development of drugs for childhood cancer, in which
there is not much interest. The development of orphan drugs also lags be-
hind need, so society needs some system to support orphan drug devel-
opment as well in Japan and elsewhere.

When SMANCS/Lipiodol was first demonstrated to be very effective
against liver cancer, the market size in the United States was small,
about 10,000, and the potential market for this drug was not so lucrative.
The company that was developing SMANCS/Lipiodol in Japan also did
little to promote the drug, regardless of its advantages—remarkable clin-
ical benefits and very few adverse effects. Such decisions depend on the
policies of each individual pharmaceutical company, and unfortunately,
the executives of the company developing SMANCS/Lipiodol did not see
the potential impact of this drug in Japan or elsewhere. In addition, this
therapeutic strategy, which would have stimulated a paradigm change
in solid tumor treatment as described earlier herein, would have stimu-
lated the growth of a new market for use of this agent to treat other solid
cancers.

With regard to the cost/benefit issue for cancer patients, many con-
ventional anticancer drugs usually produce severe side effects but have
marginal therapeutic efficacy and high costs. High drug prices mean
that the drugs will be highly profitable and lucrative for the pharmaceuti-
cal companies. SMANCS/Lipiodol, however, is usually administered three
to five times in the first year, and then two or three times the next year.
This administration schedule means that the number of sales is quite
small, which thus impedes drug development.

We have discovered very interesting therapeutic drugs or new modal-
ities for treatment of cancer and other rare diseases [39-42], but making
such drugs or modalities available for patients with chronic granuloma-
tous disease [41] or fulminant hepatitis with hyperbilirubinemia [43]
requires enthusiastic physicians, pharmaceutical scientists, and indus-
trialists. In practice, development of such drugs is indeed quite difficult
or almost, if not completely, impossible.

6.3. Regulation in drug development

The third obstacle to developing new drugs concerns regulatory
agencies. SMANCS consists of two parts: NCS (protein) and a synthetic
copolymer of SMA. Both parts are chemically conjugated, so the drug
is a single chemical entity. For its administration, we developed a new
formulation with the lipid contrast agent Lipiodol, as described above.
However, a regulatory agency in Europe required all data related to tox-
icity, pharmacokinetics, and pharmacodynamics, as well as clinical data,
to be provided separately for each component: NCS, Lipiodol, and SMA
copolymer, (the latter two have no cytotoxic or anticancer activity).
Our preclinical data in rodents showed that only the SMANCS in Lipiodol
formulation demonstrated the far greater therapeutic benefit as well as

diagnostic value. If a company had carried out such experiments for each
separate component in humans, the cost would have been prohibitory,
so no such experiments were done. In addition, my colleague physicians,
with no reason to believe that clinical benefit would ensue, objected to
doing such unethical clinical studies of humans, with legal actions fol-
lowing as the worst outcome.

Therefore, during the filing for approval process, regulatory agencies
should require and examine only preclinical and clinical data of the drug
being used. The agencies should be concerned with the formulation of
the drug as used in the clinical setting, not each separate component.
To conduct experiments that are not directly relevant to clinical practice
or patient benefit will delay drug development and create great financial
burdens on companies and society. In fact, cost reduction in drug devel-
opment is now becoming a critical issue. Not only in the United States
but also in Japan and Europe, huge national financial debts are causing
difficulties, and medical expenditure is indeed partly responsible for
this; reduction in medical cost is thus a requirement in every aspect of
medical care, including drug development [7-10,44). Therefore, impos-
ing unreasonable requirements for filing for drug approval should be
avoided [7,8].

7. Conclusion

In this article, | describe my personal experiences with the EPR effect
and development of macromolecular therapeutics (SMANCS), including
marketing issues. Essential focal points of development of such drugs
involve the cost of the drug and its efficacy. Price setting is a complex
issue: if a price is too low, a company will lose interest, but if it is too
high, society will suffer. Furthermore, in the current arena of anticancer
drug development, the need for a wide range of knowledge about can-
cer genomics and cancer biology is not fully appreciated. Drug develop-
ment based on the EPR effect is certainly an important first step, but
some problems still remain. Even after a drug is delivered to cancer tis-
sue, it must be taken up by tumor cells, and free active drug must then
be released and interact with target molecules. The case of SMA-ZnPP
micelles serves as an example of such a drug in development. Also,
the heterogeneity of the EPR effect must be overcome. | have addressed
this heterogeneity and achieved realistic in vivo solutions that have no
obvious adverse effects, and [ will be excited when clinicians adopt
these solutions. The enthusiasm of scientists as well as industry is by
far the most important key for successful drug development.

I also discuss how regulatory agencies should act responsibly, with
prudence and wisdom, not only with regard to safety issues, even when
the remotest possibility of any harm may exist, but also with regard to
economic burdens to society at large. Clinical efficacy is, of course, the
most important issue, and in addition, patients should display a high de-
gree of satisfaction with their treatment.
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Protease (1 pg) +
inin antagonist

@ 2. A shows extravasation of an Evans blue-albumin complex
induced by intradermal injection of serratial protease (top), however
when a kinin antagonist in addition to the protease (bottom) were
injected similarly, the extravasation was inhibited almost completely
(ref. 6,7). B shows two tumor tissues exhibiting extravasation of the
Evans blue-albumin complex only in tumor. No Evans blue-albumin
leakage occurred in the normal skin seen in the background.
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inin [kallikrein-kinin]/coagulation/MMP

(prostaglandins, cytokines/interleukins)

Proteases

Reactive oxygen species _
(0,7, H,0,, "OH, ROO", CIO~) Infection/

Reactive nitrogen species inflammation
(NO", ONOO™, NO,, etc.) (Viruses/vacteria/fung)

Inflammatory mediators

(TNF-a, NF- & B, IL-2, IL-8, IL-18, TGF-B, VEGF, EGF, etc.)

Cancer tissue

No lymphatic
clearance

Retention
in tumor

3.

Normal tissue

EPR effect
‘ Lymphatic
Macromolecular clearance
Drug Delivery N
No retention

in normal tissue

Various vascular mediators commonly found in inflammation and

cancer that contribute to the EPR effect. These mediators also affect normal

blood vessels.

A major difference between the two pathological phenomena

is that the slower clearance rate of extravasated macromolecules, ie. a
prolonged retention time, in tumor tissue compared with that in inflamed

tissues.

# 1 Factors affecting the EPR effect of macromolecular
drugs in solid tumors.*

Mediators Responsible enzymes and mechanisms”®
Bradykinin Kallikrein/protease

NO iNOS

VPFNVEGF Involved in NO generation

Prostaglandins Cyclooxygenase 1

Collagenase (MMPs)

Peroxynitrite
Carbon monoxide (CO)

Induced hypertension

Inflammatory cells and H,0,

Activated from proMMPs by peroxynitrite, or
proteases

NO+ 0, ™

Heme oxygenase (HO)-1

Using angiotensin |1
Neutrophil/NADPH oxidase, etc

Transforming growth factor

(TGF)-B inhibitor

Tumor necrosis factor (TNF)-a

Anticancer agents
Heat

“Extensive production of these vascular mediators that facilitate the extravasation
from normal and tumor vessels. "The enzymes or mechanisms involved in each

mediator are shown.
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{a) Normal vasculature; *

Normal
tissue

=1

(BP: 100 mmHg) (BP: 160 mmHg)

+++

EPR effect +

(b) Tumor vasculature:
leakage

Tumor
tissue

Passive dilatation

Bl4. Diagrammatic representation of the EPR effect and the effect of
AT-ll-induced hypertension accompanying the enhanced EPR effect
and drug delivery in tumor tissue (b). Compare the effects in normal
tissue (a). Under AT-ll-induced hypertension (e.g. 100 — 160 mmHg),
normal vessels and tumor vessels behaved differently. The normal
blood vessels (a, right) have a smooth muscle cell layer that contracts
and tightens the cell-cell junctions, and a namowing of the vascular
diameter that results in less drug leakage. In tumors (b), the vasculature
endothelial cell-cell junctions open hydrodynamically (b, right).
AT-ll-induced hypertension thus leads to increased tumor-selective
delivery of macromolecular drugs due to gap opening as demonstrated
in clinical settings.
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B 5. Tumoritropic uptake of the biocompatible macromolecule
N-(2-hydroxypropyl)methacrylamide (HPMA) polymer containing
radioactive '*'|-labeled tyrosine. The EPR effect leading to higher
uptake of the HPMA polymer into tumors is seen for polymer sizes
larger than 40 kDa. The amount of uptake at 6 h is compared with
that at 5 min. That is, tumor uptake increases with time.
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3 2 Characteristics needed for the EPR effect of nanomedicines and macromolecular

drugs.

Biocompatibility

No interaction with blood components or blood vessels, no antigenicity, no
clearance by the reticuloendothelial system, no cell lysis. Biologically inert.

Molecular size Larger than 40 kDa (larger than the renal clearance threshold).

Surface charge Weakly negative to near neutral.

Time required to achieve

Longer than several hours in systemic circulation in mice, with distinct
accumulation seen at 30 min.

Usually days to weeks, in great contrast to passive targeting, in which

Drug retention time

minutes.

low-molecular-weight contrast imaging agents are rapidly accumulate in
tumor, but cleared by diffusion into the systemic circulation in a few

# Compare with low-molecular-weight contrast agents in angiography, which is taken up in the tumor tissue
by passive targeting, but not retained. Arterial injection of low molecular weight anticancer agents, though
they hit tumor by the first path effect, is not retained in tumor tissue, and so not much benefit clinically.



# 3 Plasma clearance times of selected modified and native proteins in vivo.”

Proteins Species difference, Probe pl MW (kDa) t1 o
original/test modification

Albumin Mouse/mouse None 4.8 68 72-96 h
Mouse/mouse DTPA (*'Cr) <4.8 — 6h
Cow/mouse DTPA (*'Cr) <4.8 - 1h

Formaldehyde- Human/rat %] labeled <4.8 — 25 min

modified albumin formaldehyde

az-Macroglobulin Human/mouse = 5.3 180x4 140 h

ax-Macroglobulin-  Human/mouse 125 - 180x4 5 min

plasmin complex

Interferon (IFN-a) Human/human None - 18 8 h (sc)

PEG-IFN-g2a Human/human PEG - 52 80 h (sc)

*DTPA, diethylenetriaminepentaacetic acid; IFN, interferon; PEG, polyethylene glycol; sc, given
subcutaneously. (Data modified from ref. 12 (a) and (b))

#F 4 Surface chargiaffecting plasma residence times of different nanoparticles in mice.

Type of nanoparticles { potential Mean Plasma residence = Remarks
(mV) particle time
slze {nm) Ti Tino
Liposome
Non-PEGylated -7.31 124 9.08 h >24 h Doxorubicin loaded, DPPC:Chol = 1:1
Weakly cationic +5.58 131 451h 15h Doxorubicin loaded, DPPC:Chol:DC-Chol
(mean) = 5:4:1, slightly positive
Strongly cationic +24.25 95 <30 min <10 min Doxorubicin loaded, DPPC:DC-Chol = 5:5,
strongly positive
Poly-L-Lys/DNA Positive s <5min 30min  *P-labeled 8-kbp DNA
Chitosan nanoparticle
Weakly anionic -13.2 149.2 — 12h CM/MM = 1:2, slightly negative
(mean)
Strongly anionic -38.4 156.0 - 3h CM/MM = 2:1, strongly negative
(mean)
Weakly cationic +14.8 150.1 e <1h CH/MM = 1:1, slightly positive
Strongly cationic +34.6 152.7 — <1h CH/MM = 2:1, strongly positive

DPPC, dipalmitoylphosphatidylcholine; Chol, cholesterol; CM, carboxymethyl chitosan; MM: methyl
methacrylate polymer. (Data modified from ref. 13)
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Vascular wall/Circulating Blood i
EPR effect/extravasation into tumor tissue
1 Tumor tissue/interstitial space
Dissemination to tumor cells
" ara | Cellmembrane/internalization Endocytic uptake |
3 Styrene-co-maleic acid (SMA) -
l' micelle disintegration |
S 3 No reverse exocytosis
‘\g, Drug release/free active drug Hydrazone/maleic acid
S pH/protease-labile linker
| Interact with talrget molecules

React with target malecule

High antitumor efficacy in vivo

+
In vivo antitumor effect: 100% survival/cure
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Cost/benefit

6. Barriers to the development of macromolecular drugs for cancer and steps to be overcome.
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Tumor targeting polymeric drugS based on the EPR effect; Its
augmentation for drug delivery and efficacy, and extention to
tumor imaging

Hiroshi Maeda

Research Institute of Drug Delivery System, Sojo University

Ever since the beginning of cancer chemotherapy, the major problem has been
severe toxicity of anticancer drugs; the first reason for this matter is that toxic anticancer
drugs affect both normal cells and tumor cells similarly. Second reason is that these
drugs will be distributed either tumor or normal tissue indiscriminately.

We realized that solid tumor has quite different blood vessels anatomically and
pathologically. When the biocompatible macromolecules are injected intravenously,
they leak out much more into the tumor; i.e. vascular permeability is enhanced in tumor.
Furthermore, the macromolecules thus extravasated into the tumor will be retained there
for a long time (to weeks). This phenomenon was coined “the enhanced permeability
and retention (EPR) effect” of macromolecules, which is applicable to the molecular
size > 40 KDa.

In diversified tumors in vivo, however, they exhibit heterogeneity in the EPR effect
that would result in inconsistent tumor drug delivery, and result in therapeutic failure.
We now found ways to overcome this heterogeneity of EPR effect by using NO
releasing agents (eg. nitroglycerin), angiotensin converting enzyme inhibitor,
angiotensin II induced hypertension and others.

Thus, EPR effect based nanomedicine for cancer would offer us the first rational
ways to the development of tumor targeted drugs. This will not only provides better
therapeutic opinion, but also can be extend to the tumor imaging using fluorescent
nanoprobes for selective visualization of tumor. We now developed fluorescent
nanoprobes for endoscopic tumor detection about which we will report in this meeting.
These nanoprobes can be changed to generate singlet oxygen ['O,] upon light
irradiation. Consequently, one can achieve detection and treatment simultaneously by

['0,] as cytotoxic principle thus generated only at the tumor site.

<Reference> H.Maeda, Proc. Jpn. Academy; Series B. 88, 53-71 (2012)
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We synthesized N-(2-hydroxypropyl)methacrylamide polymer conjugated with zinc protoporphyrin (HPMA-
ZnPP) and evaluated its application for tumor detection by imaging and treatment by light exposure using
in mouse sarcoma model. To characterize HPMA-ZnPP micelle, we measured its micellar size, surface charge, sta-
bility, photochemical, biochemical properties and tissue distribution. In vivo anti-tumor effect and fluorescence
imaging were carried out tovalidate the tumor selective accumulation and therapeutic effect by inducing singlet
oxygen by light exposure. HPMA-ZnPP was highly water soluble and formed micelles spontaneously having hy-
drophobic clustered head group of ZnPP, in aqueous solution, with a hydrodynamic diameter of §2.8 + 41.8 nm
and zeta-potential of + 1.12 mV. HPMA-ZnPP had a long plasma half-life and effectively and selectively accumu-
lated in tumors. Although HPMA-ZnPP alone had no toxicity in S-180 tumor-bearing mice, light-irradiation sig-
nificantly suppressed tumor growth in vivo, similar to the cytotoxicity to Hela cells in vitro upon endoscopic
light-irradiation. HPMA-ZnPP can visualize tumors by fluorescence after i.v. injection, which suggests that this
micelle may be useful for both tumor imaging and therapy. Here we describe preparation of a new fluorescence
nanoprobe that is useful for simultaneous tumor imaging and treatment, and application to fluorescence endos-
copy is now at visible distance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) employs a photosensitizer and cyto-
toxic light-induced singlet oxygen ('0,) generation. '0, generation
damages DNA, RNA, proteins and lipids, which leads to cell death. Por-
phyrin derivatives usually generate cytotoxic 10, after light irradiation
that corresponds to the absorption wavelength of porphyrin derivatives
[1-3]. Laserphyrin® and Photofrin® and others are well known porphy-
rin derivatives that are approved for limited use in conventional clinical
PDT for early-stage lung (bronchogenic) or superficial cancer accessible
to exciting light (laser irradiation at 630 nm) [4,5]. However, small mo-
lecular photosensitizers are expected to be distributed throughout the
body including skin and other organs, and most have limited tumor se-
lectivity or tumor-imaging capacity. Thus, they would cause cutaneous
hyper-photosensitivity as the major adverse effect, which limits thera-
peutic success.

To solve this problem, one can utilize macromolecular photosensi-
tizers, which have much longer half-lives in circulation and gradually
and selectively accumulate in tumor tissues because of the EPR

* Corresponding author at: Institute for DDS, Sojo University, [keda 4-22-1, Kumamoto,
860-0082, Japan. Tel.: +81 96 326 4114; fax: +-81 96 326 3185.
E-mail address: hirmaeda@ph.sojo-u.ac,jp (H. Maeda).

0168-3659/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/jjconrel.2012.11.017

(enhanced permeability and retention) effect, accompanying much
less accumulation in normal tissue [6-11] Our group previously
reported that biocompatible macromolecules (MW >40 kDa) showed
the EPR effect and accumulated selectively in tumors [6,12,13]. For the
EPR effect to operate, the macromolecular surface charge is as impor-
tant a determinant as is molecular size; a neutral to slightly negative
charge and MW of >40 kDa are preferable for tumor targeting
[6,12,14]. In this study, we utilized a conjugate of zinc protoporphyrin
(ZnPP) and 12-kDa N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer, which has a neutral charge and is highly biocompatible.
The conjugate behaved as a large macromolecule (apparent MW is
198-kDa), as do many polymer conjugates of low-molecular-weight
micellar drugs that show preferential tumor accumulation [15-18].
Light-irradiated (at 420 nm, absorption max of ZnPP) ZnPP effec-
tively generates '0, and thereby exhibits potent cytotoxicity [18,19].
ZnPP is also a potent inhibitor of heme oxygenase-1 (HO-1), or
HSP-32, which is a survival factor. HO-1 is highly upregulated in many
cancer tissues in vivo and confers an antioxidative function to cells.
Therefore, inhibition of HO-1 by ZnPP makes tumor cells more vulner-
able to oxystress, the result being selective tumor regression. Most of
normal cells are not affected because HO-1 in normal cells is expressed
only at low level and insignificant. However, ZnPP is highly hydro-
phobic and soluble only in alkaline solutions or organic solvents. This
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insolubility of ZnPP in physiological aqueous solution hampers its ther-
apeutic application. To overcome this obstacle, we developed water-
soluble ZnPP micelles: one is styrene maleic acid copolymer (SMA)
micelles that encapsulate ZnPP and forms nanomicelles (SMA-ZnPP),
the other is pegylated ZnPP (PEG-ZnPP) [18-22]. Both ZnPP micelles
alone exhibited antitumor activity, and light irradiation greatly en-
hanced this activity [18]. Despite high tumor accumulation of PEG-
ZnPP and significant antitumor activity, the maximum ZnPP loading in
PEG-ZnPP is theoretically about 6% (wt/wt), so the intravenous (i.v.)
dose of PEG-ZnPP may become several grams to achieve therapeutic
concentrations. Although ZnPP loading of SMA-ZnPP can be increased
to about 50%, SMA-ZnPP micelles tended to accumulate predominantly
in the liver and spleen [23]. Therefore, we aimed to develop another
type of ZnPP micelles with greater tumor targeting and adequate load-
ing of ZnPP.

Here, we describe the synthesis of HPMA-ZnPP, which spontaneously
formed micelles in aqueous solution. We examined its size distribution,
spectroscopic property, micelle stability, generation of 05, cellular up-
take, tumor and tissue distribution and antitumor activity in vivo when
used with xenon light-irradiation. Other important results concern simul-
taneous in vivo fluorescence imaging of the whole animal from outside,
and the therapeutic effect of the polymer-photosensitizer conjugate.

2. Materials and methods
2.1. Materials

Male ddY mice were purchased from Kyudo Co., Ltd, Saga, Japan.
Protoporphyrin IX, zinc acetate, triethylamine, dimethylaminopyridine,
diethylether, Tween 20 and egg lecithin of reagent grade were
purchased from Wako Pure Chemical, Osaka, Japan. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide and 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) were purchased from
Dojindo Chemical Laboratory, Kumamoto, Japan. 2,2,6,6-Tetramethyl-
4-piperidone (4-oxo-TEMP) was purchased from Tokyo Chemical In-
dustry, Tokyo, Japan. The HPMA polymer (mean MW ~12 kDa) we
used contains one free amino group at the end, and was prepared at
the Institute of Macromolecular Chemistry, Prague, Czech Republic.

2.2. Synthesis of HPMA-ZnPP

Scheme 1 shows the synthesis of HPMA-ZnPP conjugate, in which
conjugation of carboxyl group of free ZnPP with either hydroxyl group or
amino group of HPMA (mean MW 12 kDa) was carried out to form ester
and amide bonds, respectively. In brief, 570 mg of HPMA as Scheme 1
and 281 mg of ZnPP were mixed in 50 ml of DMSO at 50 °C and reacted
by addition of 1.0 g of triethylamine, 1.2 g of dimethylaminopyridine
and 1.9 g of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride as a catalyst for 12 h at 50 °C in the dark. After the reaction,
HPMA-ZnPP conjugates were precipitated by addition of diethylether
(200 ml), and reaction catalyst in the supernatant was removed by cen-
trifugation. The conjugates were washed three times with diethylether
to remove the reaction catalyst and DMSO. HPMA-ZnPP was puri-
fied via gel permeation chromatography (Bio-Beads SX-1, BioRad,
Hercules, CA) using dimethylformamide (DMF) as elute. Peak frac-
tion of elutes was ultrafiltrated with membrane filter with a cutoff
molecular size of 100 kDa, to remove decomposed or unreacted
small molecules and to replace the DMF to distilled water. Fluffy
powder (635 mg) was obtained by lyophilization.

2.3. Gel permeation column chromatography

Analytical gel permeation column chromatography of HPMA-ZnPP
was performed with Bio-Beads SX-1 using a column (¢=2.5 cm, L=
60 cm) and eluted with DMF at a flow rate of 0.1 ml/min. 1.5 ml

fractions of elutes were measured at absorbance at 422 nm, which
corresponded to ZnPP absorbance.

2.4. Fluorescence spectroscopy and fluorescence polarization

HPMA-ZnPP at 10 pg/ml was dissolved in PBS containing Tween
20 (0.0005-0.5%) or urea (1-9 M), and fluorescence spectra were
measured with a fluorescence spectrophotometer (FP-6600; JASCO,
Tokyo). HPMA-ZnPP (2.5 pg/ml) or free ZnPP (0.5 pg/ml) was dis-
solved in DMF, and sample solutions were then excited at 420 nm
by a fixed polarized light; fluorescence emission at 590 nm was
recorded at parallel (0°) and perpendicular (90°) angles of the second-
ary polarizer, which was equipped in a Model FP-6600 fluorescence
spectrophotometer. The fluorescence polarization value (P value) was
calculated by using the equation P=(I,,—1,)/(I,,+1.), where I, ,=
fluorescence intensity of the parallel component and [, = fluorescence
intensity of the perpendicular component. The fluorescent polarization
value is proportional to the molecular size of the fluorescent probe [24].

2.5. High performance liquid chromatography (HPLC)

Cleavage of ester bond of this conjugate HPMA-ZnPP was analyzed
by using HPLC (Prominence, Shimadzu, Kyoto, Japan) with the
multimode size exclusion column GF-310 HQ (300x7.5 mm) with
photodiode array detection at 422 nm, which was eluted with a mix-
ture of 30% DMSO and 70% methanol containing 10 ppm trifluoroacetic
acid at 1.0 ml/min.

2.6. Dynamic light scattering and zeta potential

HPMA-ZnPP or HPMA was dissolved in 0.01 M phosphate-buffered
0.15 M saline (PBS, pH 7.4) at 1 mg/ml and was filtered through a
0.2 pm filter attached to a syringe. The particle size and surface charge
(zeta potential) were measured by light scattering (ELS-Z2; Otsuka
Photal Electronics Co. Ltd., Osaka).

2.7. Transmission electron microscopy (TEM)

A drop of HPMA-ZnPP (0.1 mg/ml) was applied to a copper grid
coated with carbon film and air-dried. The micelle image and size of

Scheme 1. HPMA-ZnPP synthesis. Chemical structures and conjugation pathway. ZnPP
was conjugated to the secondary hydroxyl group and the terminal amino group of
HPMA.
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HPMA-ZnPP were analyzed by using a transmission electron micro-
scope (Tecnai F20; FEI, Hillsboro, OR).

2.8. Electron spin resonance (ESR) spectroscopy

ESR spectra were measured by using an ESR spectrometer at 25 °C
(JES FA-100; JEOL, Tokyo). Sample solutions containing 200 pg/ml
HPMA-ZnPP (or 40 pg/ml ZnPP) and 20 mM 4-oxo-TEMP with or
without light irradiation were evaluated. Samples in a flat quartz
cell (Labotec, Tokyo) were irradiated (28 mW/cm?) by using xenon
light at 400-800 nm (MAX-303; Asahi Spectra, Tokyo) for indicated
times. The ESR spectrometer was usually set at a microwave power
of 1.0 mW, amplitude of 100-kHz and field modulation width of
0.1 mT.

2.9. Cytotoxicity assay

Hela cells were maintained in DMEM supplemented with 10%
fetal calf serum under 5% CO-/air at 37 °C. HPMA-ZnPP or ZnPP was
added 24 h after plating HeLa cells at 3000 per well in 96-well plates.
Irradiation with fluorescent blue light having peak emission at
420 nm (TL-D; Philips, Eindhoven, Netherland) with 1.0 J/cm® per
15 min was then performed. After 48 h of culture, the MTT assay
was carried out to quantify viable cells, with absorbance at 570 nm
as described by instruction of the manufacture.

2.10. Intracellular uptake

HPMA-ZnPP or free ZnPP was added at a concentration of 20 pg
ZnPP equivalent/ml 48 h after plating Hela cells at 25,000 cells per
well in 24-well plates (1.9 cm?/well). At indicated time periods, cells
were washed with PBS and added with 2 ml ethanol followed by soni-
cation (20 W, 30 s) to extract the HPMA-ZnPP or free ZnPP. Concentra-
tion of ZnPP was measured by fluorescence intensity (Ex. 422 nm, Em.
590 nm).

2.11. In vivo antitumor activity

The care and maintenance of animals were undertaken in accor-
dance with the institutional guidelines of the Institutional Animal Care
and Use Committee of Sojo University. Mouse sarcoma S-180 cells
(2% 10° cells) were implanted s.c. in the dorsal skin of ddY mice.
When tumor reached to diameter of about 5 mm, 15 mg/kg of ZnPP
equivalent drugs in saline was injected i.v. Then after 24, 48 and 72 h,
tumor was irradiated by xenon light (MAX-303; Asahi Spectra) at
400-800 nm (20 mW/cm?) for 5 min as described. Tumor volume
(mm?) was calculated as (W?xL)/2 by measuring the length (L) and
width (W) of the tumor on the dorsal skin.

2.12. Pharmacokinetics and tissue distribution of HPMA-ZnPP

When S-180 tumor in mice with tumor diameter of approximately
10 mm, injected i.v. was 15 mg of ZnPP equivalent per kg of free ZnPP
or HPMA-ZnPP. At the indicated times, mice were killed, perfused
with physiological saline and dissected, and then tissues were weighed,
DMSO (1 ml per 100 mg of tissue) was added, and samples were ho-
mogenized and centrifuged (12,000 g, 25 °C, 10 min) to precipitate in-
soluble tissue debris, and ZnPP and HPMA-ZnPP in the supernatant
were quantified by fluorescence intensity (excitation at 422 nm, emis-
sion at 590 nm).

2.13. In vivo fluorescence imaging
Tumor-bearing mice as described above were injected with 15 mg

of ZnPP (equivalent) per kgi.v. At 24 h after injection, mice were shaved
and, under isoflurane gas anesthesia, were subjected to in vivo

fluorescence imaging using IVIS XR (Caliper Life Science, Hopkinton,
MA) (excitation at 430 & 15 nm and emission at 695-770 nm). Fluores-
cent images of each tissue were also observed after dissection.

3. Results
3.1. Synthesis of HPMA-ZnPP

The carboxyl group of ZnPP was conjugated to HPMA at the second-
ary hydroxyl group and the terminal amino group (Scheme 1). Gel per-
meation chromatography of the reaction product on Bio-beads column
showed that HPMA-ZnPP had a higher molecular weight than free ZnPP,
and neither free ZnPP nor decomposition product was detected
(Fig. 1A). The total yield was 47% (wt/wt) based on ZnPP. The macromo-
lecular characteristics of HPMA-ZnPP were also examined by fluores-
cence polarization. The polarization value (P value) of free ZnPP in
dimethylformamide (DMF) was 0.0064, whereas that of HPMA-ZnPP
was 0.0378, which suggests that HPMA-ZnPP had a higher molecular
weight than ZnPP (Fig. 1B). Also HPMA-ZnPP was shown to have good
water solubility of more than 30 mg/ml in water. The ZnPP content in
HPMA-ZnPP was estimated as 20% (wt/wt) on the basis of absorbance
of ZnPP.

3.2. Micellar structure of HPMA-ZnPP

ZnPP is highly hydrophobic and is believed to form aggregates in
water by m- stacking interactions between tetrapyrrole planes. Thus,
we anticipated that HPMA-ZnPP would form micellar structures in
aqueous solution; namely ZnPP containing head group can form a hy-
drophobic inner core as clustered head group, and a hydrophilic
HPMA chain as tail would form an outer surface layer facing toward
water. Fig. 1C shows that either amide or ester bonds between HPMA
and ZnPP are stable in DMSO and in alkaline pH (10 mM NaOH) with-
out DMSO, separately. However, alkaline treatment in DMSO efficiently
cleaved HPMA-ZnPP since the micellar structure is disintegrated in or-
ganic solvent (DMSO), and OH- becomes accessible to ester bond
and resulted in hydrolyzes of ester bond and release of free ZnPP. Dy-
namic light scattering analyses showed that in aqueous solution of
HPMA-ZnPP it formed large micelles particles (hydrodynamic diameter:
82.8 +41.8 nm), which suggests that HPMA-ZnPP was associated into
micelles in aqueous solution, whereas HPMA alone had a hydrodynamic
diameter of 5.6+ 1.9 nm (Fig. 1D). Transmission electron microscopy
also showed the micelle size of HPMA-ZnPP as 30-80 nm (Fig. 1E).
HPMA-ZnPP micelles in phosphate-buffered saline (PBS) showed almost
neutral zeta potential (+1.12 mV).

3.3. HPMA-ZnPP formed micelles via hydrophobic interaction

ZnPP has a N\,ax at 422 nm in organic solvents such as DMSO and
ethanol, and it exists as monodispersed free molecules. However,
when free ZnPP molecules aggregate with each other in soluble form
in aqueous solution, the A, shifts towards a shorter wavelength
(390 nm). This blue shift was also observed when HPMA-ZnPP was
dissolved in aqueous solution (Fig. 1F), Furthermore, the blue shift de-
creased after adding detergent or Tween 20, or when dissolved in
DMSO, but not in the presence of 9 M urea (Fig. 1F). Measurement of
fluorescence intensity of HPMA-ZnPP revealed the same phenomenon;
HPMA-ZnPP fluorescence was quenched in aqueous solution, which in-
dicates a hydrophobic interaction among aromatic rings or n-m stacking
of ZnPP, whereas HPMA-ZnPP fluorescence intensity was restored by
adding detergent but not 9 M urea (Fig. 1G, H).

3.4, Demonstration of '0, generation from HPMA-ZnPP

The '0O,-generating capacity of HPMA-ZnPP was examined by
means of ESR spectroscopy with the use of spin-trapping agent
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Fig. 1. Properties of HPMA-ZnPP in an organic solvent and aqueous solution. (A) HPMA-ZnPP at 1 or 0.2 mg/ml ZnPP was applied to a Bio-Beads S-X1 column and eluted by DMF,
and detected by absorption at 422 nm. The dark bar shows the position of elution of free ZnPP. (B) Fluorescence polarization of ZnPP at 0.5 pg/ml equivalent of HPMA-ZnPF and free
ZnPP (with or without addition of 2 pg/ml of HPMA). Fluorescence polarization (P) values were measured (Ex. 420 nm; Em. 590 nm). See text for calculation. (C) Cleavability of
HPMA-ZnPP (2.5 mg/ml) dissolved in 10 mM NaOH with or without 40% DMSO at 50 °C was examined. Cleaved free ZnPP was measured by HPLC detected by absorption at
422 nm. (D) The apparent hydrodynamic diameter of HPMA-ZnPP micelles or parental HPMA was measured by using dynamic light scattering. HPMA-ZnPP micelles (D-i) or pa-
rental HPMA polymer (D-ii} was dissolved in PBS (pH 7.4) at a concentration of 1 mg/ml. (E) Transmission electron micrograph of HPMA-ZnPP. The micelle image and HPMA-ZnPP
size were analyzed via transmission electron microscopy. The inset shows high magnification image. See text for detail. (F) UV/VIS absorption spectra of HPMA-ZnPP dissolved in
DMSO or PBS containing 9 M urea or 0.5% of Tween 20. (G), (H) Fluorescence spectra of 10 pg/ml HPMA-ZnPP in the presence of various concentration of Tween 20 (G), or Urea (H).

2,2,6,6-tetramethyl-4-piperidone (4-oxo-TEMP) and light-irradiation.
We measured the difference in '0, generation in both micellar and
disintegrated HPMA-ZnPP forms. When micellar HPMA-ZnPP was
dissolved together with 20 mM 4-oxo-TEMP in PBS (pH 7.4) and
light-irradiated, it generated no '0; (Fig. 2A). However, in the presence
of 0.5% Tween 20, its '0, generating capacity was observed, where
HPMA-ZnPP is disintegrated (Fig. 2A). Addition of sodium azide, a '0,
scavenger, clearly suppressed the triplet signal of 4-oxo-TEMPO (the

10,-4-0x0-TEMP adduct) (data not shown), These results agree with
those of fluorescence spectroscopy and quenching of HPMA-ZnPP mi-
celles in PBS or aqueous systems (Fig. 1G). Free ZnPP showed a similar
character to HPMA-ZnPP micelles, indicating that free ZnPP will aggre-
gate and n-mt stacking will be formed in aqueous solution, which con-
tributes to the suppression of singlet oxygen upon light-irradiation
(Fig. 2B).

3.5. Cytotoxicity of HPMA-ZnPP
Free ZnPP had an ICsy value of about 10 pg/ml, whereas that of

HPMA-ZnPP micelles was more than 100 pg/ml of ZnPP equivalent
(Fig. 2B). However, with light irradiation, both free ZnPP and HPMA-

ZnPP conjugates showed markedly increased cytotoxicity; 1.0 J/cm?
light (blue fluorescent light; Philips, Eindhoven, Netherland) with an ir-
radiation peak at 420 nm enhanced both cytotoxicity 10-20 times
{(free ZnPP, ICso<1.0 pg/ml) and (HPMA-ZnPP, ICso to 5 pg/ml)}
(Fig. 2B).

We then examined that the contribution of cytotoxic effect of
HPMA-ZnPP induced by light-irradiation is attributable to whether in-
tracellular or extracellular drugs. In one set of assay, light irradiation
was applied without a medium change, so that the drug was accessible
from outside the cells; in another set of assay, we changed the medium
to fresh medium without the drug, so that the drug existed primarily in-
side the cells. The results showed that medium replacement without
the drug caused a slight decrease in cytotoxicity (Fig. 2C), which sug-
gests that intracellular uptake of HPMA-ZnPP was the main cause of
light irradiation-induced cytotoxicity.

3.6. Stability of HPMA-ZnPP micelles: lecithin induces disintegration of
HPMA-ZnPP

As Figs. 1G and 2A show, HPMA-ZnPP in the intact micellar form,
demonstrated the least fluorescence, did not generate '0,. Thus, to
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Fig. 2. Cytotoxicity of HPMA-ZnPP with light-irradiation via singlet oxygen generation.
(A) ESR spectra for HPMA-ZaPP (upper panel) and ZnPP (lower panel) dissolved in PBS
or in PBS containing 0.5% Tween 20 plus light irradiation for the indicated times. '0,
generated here was captured by 4-oxo-TEMP, and triplet 4-0xo-TEMPO signal due to
10, was detected by ESR spectra. HPMA-ZnPP with Tween 20 plus light exposure con-
siderably enhanced '0, generation in an exposure-time-dependent manner. (B) HeLa
cells, plated in 96-well plates, were treated with increasing concentrations of ZnPP or
HPMA-ZnPP for 72 h. At 24 h after treatment, cells were irradiated with light and
were incubated for another 48 h. The MTT assay was used to quantify surviving cells,
as a ratio of the surviving fraction to the untreated control. Values (%) are means sur-
viving cells+s.d. (C) Effect of medium change and light induced toxicity against
HeLa cells in culture, Here fresh medium was replaced for spent medium to remove
free ZnPP or HPMA-ZnPP and light was irradiated. Cell survival was quantified as in
Fig. 2A. (D) Disintegration of HPMA-ZnPP micelles at 10 pg/ml as determined by fluo-
rescence spectra in the presence of increasing concentrations of egg lecithin at 25 °C
for 30 min. (E) Disintegration of HPMA-ZnPP at 10 pg/ml as determined by increasing
concentrations (60-600 pg/ml) of lecithin and fluorescence intensity at 25 °C for indi-
cated times.

exhibit light-induced cytotoxicity, HPMA-ZnPP micelles must be
disintegrated after cellular internalization. We thus examined the ef-
fect of cellular components; cell membrane and constituents of the
lipid bilayer such as lecithin. Interestingly addition of lecithin
disintegrated HPMA-ZnPP micelles as seen by the increase of fluo-
rescence intensity (Fig. 2D). We recently reported that SMA-ZnPP
underwent disintegration in cells, which was caused by the cell
membrane and its component lecithin [25]. We found that fluores-
cence intensity of HPMA-ZnPP micelles clearly increased after addi-
tion of lecithin in a'dose- and time-dependent manner (Fig. 2D, E).
The same was seen after addition of cell membrane fractions of
tumor and liver (data not shown).

3.7. Antitumor activity of HPMA-ZnPP in vivo

The antitumor effect of HPMA-ZnPP micelles was examined with
S-180 tumor in mice, After 24, 48 and 72 h i.v. injection of HPMA-
ZnPP micelles, tumors on the dorsal skin were irradiated with xenon
light (20 mW/cm?; 400-800 nm) for 5 min. Tumor sizes of two control

groups which one without drug, and the other treated with HPMA-ZnPP
micelles but without light irradiation increased; however, the tumor
size in the group administered with the drug plus light-irradiation
was reduced significantly (Fig. 3).

3.8. Cell uptake of HPMA-ZnPP

Consistent with our previous report [25], tumor cells internalized
free ZnPP efficiently; however, far less HPMA-ZnPP was internalized,
only about 2,5% of free ZnPP, at least up to 6 h of incubation (Fig. 4A).
HPMA-ZnPP internalization was also suppressed at a low tempera-
ture (4 °C), which suggests that HPMA-ZnPP was internalized via
the endocytic pathway (Fig. 4B).

3.9. Pharmacokinetics, organ distribution of HPMA-ZnPP after iv.
administration

We quantified the concentration of free ZnPP and HPMA-ZnPP mi-
celles in the blood after iv. injection. Free ZnPP was rapidly cleared
from the systemic circulation; however, HPMA-ZnPP micelles remained
in the circulation for much prolonged time, i.e. t; » in plasma was about
24 h (Fig. 4C). Examination of the organ distribution of HPMA-ZnPP mi-
celles 24 and 48 h after i.v. injection demonstrated marked accumula-
tion of HPMA-ZnPP micelles in the tumor as well as in the liver at 24
and 48 h (Fig. 4D). In contrast, free ZnPP was found mostly in the
liver, and less in the spleen, and not in the tumor (Fig. 4E). The amount
of HPMA-ZnPP micelles accumulated in tumor was about 10 times more
than that in the lung, kidney and heart (Fig. 4D).

3.10. In vivo fluorescence imaging after i.v. injection of HPMA-ZnPP

Fluorescence imaging using the in vivo fluorescence imaging system
(IVIS Lumina-XR) confirmed the selective accumulation of HPMA-ZnPP
micelles in tumor. At 24 h after iv. injection of HPMA-ZnPP micelles,
preferential fluorescence of tumor tissue was observed by excitation at
430+ 15 nm (Fig. 5A, cf. 5A"). Furthermore, when we examined each
dissected tissue, only tumor tissue fluoresced, while little appreciable
fluorescence of normal tissues including the kidney, liver, lung and
skin (Fig. 5B, cf. 5B’). Regardless of the accumulation of HPMA-ZnPP
and free ZnPP in the liver, showed in Fig. 4D and E, fluorescence at the
liver was unremarkable, This discrepancy of least fluorescence of the
liver may be attributed to the high content of heme protein in the
liver, which might disturb the transmission of excitation light and/or ab-
sorb the fluorescence emission, thus least fluorescence was detected in
the liver. These data suggest that HPMA-ZnPP micelles can selectively
accumulate in tumor tissue and it can be used for sensitive visualization
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Fig. 3. Light-irradiation induced antitumor activity of HPMA-ZnPP. HPMA-ZnPP was
administered at 15 mg of ZnPP per kg equivalent followed by xenon light-irradiation
at the indicated times. S-180 tumor volume (mm3) was calculated as (W?xL)/2,
where L= longitudinal and W=width of the tumor.
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Fig. 4. Intracellular uptake, in vivo pharmacokinetics and body distribution of
HPMA-ZnPP micelle. (A) Cell uptake of HPMA-ZnPP and free ZnPP by Hela cells.
ZnPP or HPMA-ZnPP (20 pg/ml ZnPP equivalent dose) was administered for the indi-
cated time periods. After cells were washed, intracellular ZaPP or HPMA-ZaPP was
extracted in ethanol, and quantified by fluorescence intensity of ZnPP and
HPMA-ZnPP was measured by fluorescence spectroscopy. (B) Effect of temperature
for cell uptake of HPMA-ZnPP. The methods used as same as in (A) above. Values are
means +s.d. **P<0.01 and *P<0.05, significant differences, according to Student's
t-test. (C) Blood profile of free ZnPP or HPMA-ZnPP at 18 mg of ZnPP equivalent per
kg was injected iv. into 5-180 tumor-bearing mice. ZnPP concentration was deter-
mined by fluorescence intensity. (D) (E) Tissue distribution of HPMA-ZnPP and free
ZnPP at 24 and 48 h after injection of 15 mg of ZnPP equivalent/kg of (D)
HPMA-ZnPF, or (E) free ZnPP. Mice were sacrificed and HPMA-ZnPP or ZnPP in each
tissue was extracted with DMSO and quantified as in (C).

of tumor with use of the appropriate spectroscopic system, which simul-
taneously exerting therapeutic effects via generation of '0,.

4, Discussion

We report here chemical conjugation of ZnPP with a highly biocom-
patible HPMA copolymer to produce HPMA-ZnPP (Scheme 1). As
Scheme 1 illustrates, the carboxyl group of free ZnPP was conjugated
to the hydroxyl group and the terminal amino group of HPMA. This
pendant-type conjugation improved ZnPP loading about 3-4 fold of
PEG-ZnPP, another ZnPP polymer conjugate prepared in our laboratory
previously, via ester and amide bonds when we compared with one
ZnPP at the terminal end of PEG [21]. We thus achieved 20% loading
of ZnPP with good water solubility, more than 30 mg/ml HPMA-ZnPP
in distilled water.

HPMA-ZnPP consisted of hydrophilic chain of HPMA and hydro-
phobic chromophore, ZnPP. This amphiphilic characteristic would
be expected to result in spontaneous micelles formation in aqueous
solution. The apparent hydrodynamic diameter of HPMA-ZnPP mi-
celles in aqueous solution exhibited a single peak distribution having
mean particle diameter of 82.8 + 41.8 nm as determined by dynamic
light scattering (Fig. 1D-i, -ii), and Sephacryl 5-300 chromatography

showed a single peak of apparent MW of HPMA-ZnPP were 198-kDa
(data not shown). Furthermore, transmission electron microscopy re-
vealed that HPMA-ZnPP forms round micelles (Fig. 1E).

HPMA polymer at a MW about 12-kDa was estimated to have a
linear size of approximately 15 nm, and its hydrodynamic diameter
in PBS was about 5.6 + 1.9 nm as determined by dynamic light scat-
tering in PBS (pH 7.4). These data suggest that several HPMA-ZnPP
conjugates cluster together to form HPMA-ZnPP micelles with a
mean particle diameter of 82.8 nm. It is considered that interactions
of hydrophobic ZnPP residues as head group would together form
this micellar structure, in which hydrophilic HPMA tail chain
would form a hydrophilic outer surface layer facing water in the
milieu.

Fig. 1C showed that the covalent bond (perhaps ester linkage) be-
tween ZnPP and HPMA was efficiently cleaved when HPMA-ZnPP mi-
celle was disrupted in the organic solvent (DMSO) and exposed to an
alkaline solution (10 mM NaOH). This result suggests that the ZnPP
part of the HPMA-ZnPP micelle is embedded in a hydrophobic core, so
access of OH— is very little and as a result cleavage was slow in aqueous
solutions as far as HPMA-ZnPP remains in micellar form. Fig. 1F, Gand H
showed that HPMA-ZnPP micelles were dissociated by detergents such
as Tween 20, and sodium dodecyl sulfate (data not shown) but not by
urea, which suggests that ZnPP is clustered in aqueous solution by
hydrophobic interaction, not by hydrogen bonding. In contrast to the
present finding, SMA complexed with ZnPP was dissociated by either
detergents or 9 M urea (our unpublished data). It is noteworthy that
fluorescence due to ZnPP is almost completely quenched (Figs. 1G, H,
2D) and micelle disruption regenerates fluorescence. Dissociation of
HPMA-ZnPP micelles by cell-membrane components or lecithin also
led to regeneration of fluorescence as indication of micellar disruption
in the cells, Furthermore, generation of '0, by light irradiation can be
achieved more effectively when the micelles were disintegrated
(Fig. 2A). This mean when micelles are in circulation they do not emit
fluorescence nor '0,.

The molecular target of ZnPP, ie, HO-1 is located in the endoplasmic
reticulum in the cells, thus ZnPP micelles must be internalized by cells
in order to exert HO-1 inhibition which leads to cell death due to in-
creased oxystress [25-28). We recently showed that SMA-ZnPP was ef-
ficiently internalized by cells and exhibited cytotoxicity comparable to
that of native free ZnPP; in contrast PEG-ZnPP showed much slower in-
tracellular uptake thereby showed little cytotoxicity [25]. We found that
intracellular uptake of HPMA-ZnPP was much slower than that of free
ZnPP (Fig. 4A) and that HPMA-ZnPP by itself showed little cytotoxic ac-
tivity against HeLa cells in vitro; even at 100 pg/ml ZnPP equivalent, un-
less light irradiation was applied (Fig. 2B). This low cytotoxic effect may
be explained by low HO-1 inhibitory activity in the cells, HPMA-ZnPP
micelles exhibited less than 10% of HO-1 inhibitory activity compared
to ZnPP in a cell-free system (data not shown). The reason for this low
activity may be that ZnPP is not available to interact with HO-1 because
ZnPP may be stacked together in the inner core of the HPMA-ZnPP mi-
celles. This hypothesis agrees well with our observation illustrated in
Fig. 1C; DMSO disintegrated the micellar form of HPMA-ZnPP, and
thus micelles become single HPMA-ZnPP chain and its ester bonding
may be hydrolyzed by alkaline (OH-). Thus, HPMA-ZnPP micelles
alone were not expected to exhibit anticancer activity. Consistent with
this interpretation and expectation, HPMA-ZnPP alone showed no
antitumor activity in vivo against 5-180 tumor in mice (Fig. 3).

In contrast to above observation, however, light-irradiation greatly
enhanced the cytotoxic effect of HPMA-ZnPP micelles in in vitro and
in vivo (Figs. 2B and 3). In HPMA-ZnPP micelles, ZnPP probably forms
a n—n stacked structure, and excited fluorochrome dissipates the ener-
gy, so neither fluorescence nor '0, formation occurs, However, when
micelles are disintegrated by detergents such as Tween 20, HPMA-
ZnPP can generate '0, under light irradiation (Fig. 2A). Consequently,
we found that HPMA-ZnPP exerted cytotoxicity with light-irradiation.
These results indicate that HPMA-ZnPP micelles may exist as a
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disintegrated form in the cells after intracellular internalization. We re-
cently found that SMA-ZnPP undergoes disintegration in cells, which is
caused by the cell membrane component lecithin as described [25]. We
therefore anticipated that HPMA-ZnPP would be also disintegrated, as
we demonstrated by adding lecithin (Fig. 2D, E).

The first critical step in selective delivery of anticancer drugs to tu-
mors is to utilize the EPR effect. Biocompatible macromolecules of
more than 40 kDa (size above 10 nm) with a neutral to slightly anionic
charge are expected to accumulate in tumors via the EPR effect
[9-11,29,30]. As described above, HPMA-ZnPP micelles exhibited a
mean hydrodynamic diameter of about 80 nm with a zeta potential of
+1.12 mV. These data indicate that HPMA-ZnPP micelles would be
preferentially accumulated in tumors by EPR effect-driven mechanism.

We found that the blood half-life of HPMA-ZnPP micelles was mark-
edly longer (>40 times) than that of free ZnPP and thus HPMA-ZnPP
micelles accumulated about 10 times more in tumor than in lung, kid-
ney and heart (Fig. 4D, E). This tumor accumulation property of
HPMA-ZnPP is superior to our previous report on ZnPP micelles, ie.
SMA-ZnPP and PEG-ZnPP, having tumor/normal tissue (lung, kidney
and heart) ratio of approx. 0.8-1 and 2-3 respectively [20,23]. Because
of a slower intracellular uptake and lower HO-1 inhibition, HPMA-ZnPP
alone showed no appreciable antitumor activity even with excessive
tumor accumulation of HPMA-ZnPP (approximately 5-10 times greater
than the lung or kidney, i.e. 200-300 pg/g of tissue).

Of greater interest in conjunction with fluorescence endoscopy,
we found that HPMA-ZnPP micelles may be useful as a fluorescence
tumor imaging probe. It emits fluorescence and produce 'O, upon
light irradiation (Figs. 1G and 2A). Thus, HPMA-ZnPP micelles can
be used as fluorescent nanoprobes in fluorescence endoscopy also
for probe for PDT.

A xenon light source, which is usually used in conventional endos-
copy, can be readily utilized in this fluorescent method. Xenon light
used in the endoscope emits light with a wide spectral wavelength
range, from 400 to 750 nm, so any fluorescent probe can be adapted
as described here, Near-infrared light has been thought to be more
useful because of better tissue penetration, although heat that is gen-
erated causes serious inconvenience. The present results in mice,
however, demonstrated tumors implanted in mice readily detectable,
and indicate that superficial tumors such as ductal tumors as esopha-
geal or colonic tumor can be detected similarly. We believe therefore
that the ductal tumors such as esophageal, gastric or cavity tumors of
colon, uterine and urinary bladder or even abdominal and pleural
cavity are ideal for application of this fluorescence endoscopy. Fur-
thermore, the present results suggest an effective PDT by using con-
ventional endoscopy equipped with xenon lamp would warrant
noninvasive highly sensitive theranostic modality for solid tumor.
Studies along this line are under way in our laboratory.
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Fig. 5. In vivo fluorescence imaging of tumors using HPMA-ZnPP. (A) (A’) Whole-body
fluorescent views of tumor-bearing mice after injection with HPMA-ZnPP (A) and free
ZaPP (A'), respectively. Images were obtained 48 h after iv. drug injection (both at
15 mg/kg ZnPP equivalent). (B) (B') Dissected tissues of mice corresponding to (A)
and (A’) under fluorescent light, with images obtained at 72 h after iv. injection.
Only tumor nodules in (A) and (B) are fluorescent.



