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5-Fluorouracil (5-FU) is an antimetabolite with a broad-spectrum activity against solid tumors. However,
its very short half-life in plasma circulation greatly limited the in vivo antitumor efficacy and clinical
application. The current work aimed to solve this problem as well as to increase 5-FU biodistribution
to tumor by covalently conjugating 5-FU to a biocompatible, non-toxic and non-immunogenic drug car-
rier - N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer. The in vitro cytotoxicity, in vivo biodis-

;\(Jey;""’hng: | hacrviamid tribution and therapeutic efficacy of HPMA copolymer-5-FU conjugates (P-FU) were reported.
C;lgolyfngfxypmpy ) methacrylamide Cytotoxicity was evaluated by using a serial of tumor cells (A549, CT-26, Hela, HepG; cells and 5-FU resis-

tant HepG, cells). In vivo biodistribution and therapeutic efficacy were investigated in Kunming mice-
bearing hepatoma 22 (Hy;). Results indicated that P-FU could increase the cytotoxicity of 5-FU in Hela,
HepG, and 5-FU resistant HepG, cells, while it decreases the cytotoxicity of 5-FU in A549 and CT-26. Both
in vitro release profile in plasma and biodistribution study showed that P-FU significantly prolonged the
drug plasma circulation time. P-FU also showed an over 3-fold larger area under the concentration-time
curve (AUC) in tumor when compared with free drug. Therapeutic evaluation also demonstrated that the
treatment with P-FU displayed stronger inhibition of the tumor growth when compared with that of con-
trol group (physiologic saline) or 5-FU group at the same dose. All the results suggested that P-FU could
increase cytotoxicity of 5-FU in certain cancer cell lines, prolong 5-FU circulation time in vivo, enhance 5-
FU distribution to tumor and improve therapeutic efficacy. Therefore, HPMA copolymer is a potential car-
rier for 5-FU for the effective treatment of cancer.
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1. Introduction

5-Fluorouracil (5-FU), a commonly used antitumor agent, acts
mainly through the inhibition of synthesis of DNA and RNA during
the S-phase of the cell cycle [1]. Nevertheless, more than 85% of
administered 5-FU is quickly catabolized to inactive metabolites
[2,3], which leads to a short circulation time in vivo (t); is about
10-20 min), also low drug accumulation in tumor. Considering
the limited number of cells in the S-phase of the cell cycle during
the short circulation period of 5-FU, the quick metabolism may
also affect the therapeutic response of the drug. Therefore, a novel
tumor-targeted, long-circulation drug delivery system needs to be
developed for the tumor-targeting of 5-FU.

Polymer-drug conjugates have been developed for more than
three decades to promote tumor-targeting efficacy and prolong
drug circulation time [4]. They can provide the following two mer-
its to small molecular drugs. First, the large molecular weight of
polymer-drug conjugates could lead to a decreased glomerular fil-
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tration rate in the kidney, which increases the retention of drug in
the blood circulation. Second, the conjugates are able to preferen-
tially accumulate in tumor tissue due to the enhanced permeability
and retention (EPR) effect [5]. The EPR effect utilizes increased per-
meability of tumor vessels, high vascular density and suppressed
lymphatic drainage in tumor tissues (which retain the conjugates
in the tumor) to increase the accumulation of the conjugates in
tumors.

Among those polymeric drug delivery systems, one class of
copolymers based on N-(2-hydroxypropyl) methacrylamide
(HPMA) was extensively examined as biocompatible, non-toxic
and non-immunogenic drug carriers [6-9]. The conjugation of
low-molecular weight drugs to HPMA copolymers exhibits more
desirable biodistribution, elimination and metabolism properties
than free drugs [10-12]. In addition, several HPMA copolymer-
drug conjugates have progressed into clinical trials [13-16].
Therefore, HPMA copolymer could be a perfect carrier for 5-FU
to prolong drug circulation time and increase drug distribution
to tumor. In the previous study, HPMA copolymer-5-fluorouracil
conjugates were synthesized based on the a-substituted glycine
derivatives of 5-FU [17]. However, the content of 5-FU in the


mailto:huangyuan0@yahoo.com.cn
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb

F. Yuan et al./European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 770-776 771

conjugates was relatively low (only 1.38 wt%), and the cytotox-
icity, biodistribution and antitumor activity of the conjugates
have not been reported.

Recently, we developed a new, improved synthetic method for
HPMA copolymer-5-FU conjugates (P-FU) for tumor-targeting
delivery of 5-FU. 5-FU was successfully conjugated to HPMA
copolymers [18]. The objective of this study was to further evalu-
ate whether the enhancement of the circulation longevity and anti-
tumor activity of 5-FU could be achieved by conjugating the drug
to HPMA copolymers. Therefore, the in vitro release behavior of
the conjugates in plasma was characterized. In vitro cytotoxicity
was examined by using a number of tumor cell lines, including
A549, CT-26, Hela, HepG, cells and 5-FU resistant HepG, cells
(HepG,/5-FU), and the biodistribution, pharmacokinetics and ther-
apeutic efficacy of P-FU were investigated in hepatoma 22 (Ha,)-
bearing mice for the first time. The results showed that P-FU signif-
icantly enhanced the circulation longevity and antitumor activity
of 5-FU in vivo. We also found that the conjugates seem to enhance
the in vitro antitumor activity of 5-FU to certain tumor cells that
are not very sensitive to free 5-FU.

2. Materials and methods
2.1. Materials

5-Fluorouracil was supplied by Nantong pharmaceutical Co. Ltd.
(Jiangsu, China); N,N-dicyclohexylcarbodiimide (DCC), 4-dimethyl-
aminopyridine (DMAP) and 3-(4,5-dimethyl-2-tetrazolyl)-2,5-di-
phenyl-2H tetrazolium bromide (MTT) were purchased from
Sigma (USA); Cell culture medium RPMI-1640 and dimethyl sulph-
oxide (DMSO) were purchased from Gibco Co. (USA).

P-FU were synthesized as previously described [18]. Briefly,
the conjugates were obtained by the ester condensation of
HPMA carboxylate copolymer precursor P-Gly-Phe-Leu-Gly-OH
(approximately 15 mol% peptidyl side-chains, M, =134 kDa,
M/Mp =1.5) (5.7 nmol) and 1,3-dimethylol-5-FU (12 mmol), in
the presence of DCC (0.66 mmol) and a catalytic amount of
DMAP at room temperature for 18 h. The 5-FU content in the
conjugates was analyzed by high-performance liquid chromatog-
raphy (HPLC) system equipped with a Dikma Diamonsil® Cig
(250 x 4.6 mm, 5 pm) column (USA), an Alltech UVIS-201 Absor-
bance Detector and an Allchrom plus Client/Sever data operator
(Multilink Services Co. Ltd., USA) at 266 nm. The mobile phase
was distilled water. The conjugated 5-FU content in P-FU was
3.93wt% and the free 5-FU content was less than 0.03 wt%.
The chemical structures of the conjugates are shown in Fig. 1.
All other reagents were of high-performance liquid chromatogra-
phy (HPLC) grade.

2.2. In vitro stability assay of P-FU

Fifty milligrams of P-FU was dissolved in 10 mL of 30% (v/v)
mice plasma in PBS (pH 7.4) and kept at 37 °C with mild stirring.
Samples (100 pL) were taken at different time intervals. 400 pL
of methanol was added to deproteinize each sample then centri-
fuged for 10 min at 14,000g. Twenty microliters of the clear super-
natant was analyzed by HPLC to determine the amount of the
released 5-FU, using HPLC conditions as described above.

2.3. In vitro cytotoxicity assay

2.3.1. Cells culture

Five tumor cell lines were used in this study, including A549,
CT-26, Hela, HepG,, and 5-FU resistant HepG, (HepG,/5-FU) cells.
A549, CT-26, Hela, and HepG, were purchased from the Institute
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Fig. 1. Chemical structures of HPMA copolymer-5-FU conjugates.

of Biochemistry and Cell Biology. HepG,/5-FU cells were obtained
by continuously exposing HepG, cells to a media with 5-FU at
10 pg/mL for 2 weeks [19]. All cells were maintained in RPMI-
1640 media supplemented with 10% fetal calf serum, penicillin
(100 U/mL) and streptomycin (100 U/mL) at 37 °C under a humid-
ified atmosphere of 5% CO,.

2.3.2. ICsq values evaluation

The 3-(4,5-dimethyl-2-tetrazolyl)-2,5-diphenyl-2H tetrazolium
bromide (MTT) enzyme assay was employed to determine the
number of surviving cells. Briefly, cells were plated into 96-well
plate at a density of 10* cells per well. After 24 h, the growing cells
were treated with 100 pL of 5-FU or P-FU (containing the same
amount of 5-FU) at various concentrations (ranging from 0.048-
619.0 pg/mL of 5-FU) for 24 h at 37 °C. Then, 20 uL MTT (5 mg/
mL) was added to each well. Four hours later, the solution was re-
moved and 150 pL of DMSO was added to each well to dissolve the
formazane of MTT. The absorption at 570 nm was read using an
ELISA plate reader (Bio-Rad, Microplate Reader 550). The growth
inhibition rate (GI) was calculated as Eq. (1):

GI(%) = 100 — [(T — B)/(C — B)] x 100 (1)

where T is the absorption value of the treatment group; C is the
absorption value of the control (untreated) group; and B refers to
the absorption value of the culture medium. ICsq values (pg/mL)
were calculated by SPSS software.

Released 5-FU (%)

0 10 20 30 40 50 60 70
Time (h)

Fig. 2. Release profile of 5-FU from P-FU in plasma (concentration of 5-FU was
measured). All data are means +SD (n = 3).
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Table 1

The ICsq values of P-FU and 5-FU in different cell lines

Sample 1Cs0°(pg/mL) Ratio®
A549 CT-26 HepG, Hela HepG,/5-FU

5-FU 1.70 £ 0.86 4.30+1.42 33.60 £ 0.95 80.48 £ 13.92 336.49 £ 41.96 10.0

P-FU 9.65 +3.64 7.19+2.84 22.35+7.08 17.21 £4.96 142.13 £ 14.20 6.4

Ratio® 0.18 0.60 1.50 4.68 2.37 /

All data are means +SD (n =4).

¢ ICs, Concentration of 5-FU (or equivalent) (pg/mL) required to inhibit the cellular growth by 50% after 24 h of drug exposure, as determined by the MTT assay.

b Ratio, ICsq for 5-FU vs. ICsq for P-FU.
€ Ratio, ICsq for HepG,/5-FU vs. ICsq for HepG,.

2.4. Animal model

The Sichuan University Animal Ethical Experimentation Com-
mittee, according to the requirements of the National Act on the
Use of Experimental Animals (PR China), approved all procedures
of the in vivo studies. Female Kunming mice, aged 6-8 weeks
(202 g), were purchased from Sichuan Industrial Institute of
Antibiotics (PR China). Hy, murine hepatoma cells were provided
by Sichuan Industrial Institute of Antibiotics (PR China). Hepatoma
model was established by subcutaneous injection of H,, tumor
cells (1 x 10° cells/0.2 mL) into the right flank of each mouse
[20,21]. Experiments were not initiated until a consistent growth
rate and a minimum tumor volume of 700 mm? were achieved.

2.5. Biodistribution studies

Animals received a single i.v. injection of 5-FU or P-FU solution
at a 5-FU equivalent dose of 24 mg/kg in 0.9% NacCl solution. The
mice were sacrificed at 5, 15, 30 min, 1, 2, 4, 8, 12, and 18 h (for
5-FU) and at 5, 15, 30 min, 1, 2, 4, 8, 12, 24, 36, 48, and 72 h (for
P-FU) after i.v. administration. Blood samples were collected from
orbit venous plexus, and plasma samples were obtained by centri-
fugation at 5000g for 10 min. The tissues, including heart, lung, li-
ver, spleen, kidney and tumor, were harvested and accurately
weighed and homogenized. Plasma and tissue samples within the
same group were pooled together for further analysis (n =5).

The 5-FU concentrations in the plasma or tissues were deter-
mined by an HPLC assay. The optimal hydrolysis condition for P-
FU was investigated at first. The samples containing P-FU were
hydrolyzed by 3 M NaOH [22] or 6 M HClI [23] at different temper-
atures (from room temperature to 85 °C) for different time periods
(10-20 min) until no change in 5-FU concentration to make sure
that all conjugated 5-FU was released. Results showed that the
conjugated 5-FU could be fully released by hydrolysis with 3 M
NaOH at room temperature for 15 min. The experiments were per-
formed as follows: Plasma or homogenized tissue (0.5g) was
mixed with 50 pL of 5-bromouracil solution (100 pg/mL) as the
internal standard, followed by the addition of 40 pL of 3 M NaOH
and hydrolyzed at room temperature for 15 min to fully release
5-FU (for free 5-FU groups, NaOH was still added). Then, appropri-
ate amount of HCl and PBS (pH 3.0) was added to neutralize the
solution. Extraction was performed after adding acetoacetate
(6 mL) and vigorous vortex. The organic layers were collected after
centrifugation at 3000g for 5 min and evaporated to dryness. Final-
ly, the residue was redissolved in 250 pL mobile phase (distilled
water), following centrifugation at 14,000g for 10 min. 20 pL of
the clear supernatant was injected into the HPLC system. The same
HPLC condition was used as described above.

2.6. In vivo antitumor activity evaluation

Mice, randomly divided into five groups (n=>5), were injected
subcutaneously with Ha, tumor cells (1 x 10° cells/0.2 mL) into

the right flanks. Four days after inoculation, drugs (dissolved in sal-
ine) were continuously administrated via tail veins for 4 days:
groups 1 and 2 were injected with P-FU (5-FU equivalent dose of
6 mg/kg or 18 mg/kg per day), groups 3 and 4 received 5-FU
(6 mg/kg or 18 mg/kg per day), and group 5 (control) received sal-
ine. The first day mice received treatment was set as day 0. Tumor
volumes were monitored everyday from day O to day 8. On day 8,
the mice were sacrificed and the tumors were excised and
weighted. The tumor volumes and the inhibition rate of tumor
growth (IR) were calculated as follows:

Volume = L x W?/2 )

where L is the longest dimension parallel to the skin surface and W
is the dimension perpendicular to L and parallel to the surface [24].

IR(%) = [(A — B)/A] x 100 (3)

where A is average tumor weight of the control group, and B is that
of the treatment group.

2.7. Histopathology observations

The tumors were fixed with polyoxymethylene for 48 h and
embedded in paraffin. Then each section was cut to 5 um, pro-
cessed for routine hematoxylin and eosin (H&E) staining, and pho-
tographed under an OLYMPUS microscope.

3. Results and discussion
3.1. In vitro stability assay of P-FU

The stability of P-FU in plasma, shown in Fig. 2, indicated that
the conjugates were relatively stable with only 25% drug released
in the initial 12 h and the release continued to 60 h. Data were fit-
ted into four models (first-order model, zero-order model, Nieber-
gull equation and Peppas equation), and the release profile could
be best modeled to zero-order kinetics and the half-life (32.4 h)
was obtained. Since 5-FU has a very short half-life (10-30 min)
in plasma circulation and about 85% of the drugs administrated

Table 2
Percentage of TAD of free 5-FU in plasma and tissues

Heart Liver Tumor

5 min 0.051 0.099 0.022 0.100 0.011 0.150 4.94 5373

Spleen Lung Kidney plasma Total

15min 0.026 0.082 0.006 0.029 0.057 0.179 2.11 2.489
30min 0.004 0.066 0.005 0.005  0.022 0.096 0.71 0.908
1h 0.002 0.061 0.003 0.005  0.022 0.039 0.063 0.195
2h 0.001 0.034 0.003 0.002 0.019 0.055 0.019 0.134
4h Nd 0.065 0.002 0.001 0.010 0.035 0.018 0.132
8h Nd 0.054 0.002 Nd 0.009 0.044 Nd 0.109
12h Nd 0.030 0.001 Nd 0.004 0.046 Nd 0.081
18h Nd 0.015 0.001 Nd Nd 0.008 Nd 0.024

Nd, concentration of 5-FU was not detectable.
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Table 3
Percentage of TAD of P-FU in plasma and tissues (concentrations of 5-FU were measured after complete hydrolysis of the samples)

Heart Liver Spleen Lung Kidney Tumor plasma Total
5 min 0.119 1.47 0.191 1.26 0.619 0.031 95.75 99.44
15 min 0.101 1.57 0.206 0.373 0.541 0.136 94.46 97.39
30 min 0.112 235 0.130 0.284 0.522 0.336 88.03 91.76
1h 0.056 1.12 0.129 0.244 0.401 0.641 83.81 86.40
2h 0.041 0.561 0.016 0.107 0.264 0.240 38.30 39.52
4h 0.042 0.738 0.021 0.086 0.142 0.115 22.16 23.30
8h 0.020 0.0439 0.015 0.050 0.105 0.075 14.11 14.81
12h 0.014 0.261 0.010 0.027 0.061 0.089 9.49 9.95
24h 0.005 0.168 0.005 0.008 0.024 0.026 1.56 1.80
36h 0.002 0.114 0.002 Nd 0.008 0.018 0.55 0.694
48 h Nd 0.064 Nd Nd Nd 0.015 035 0.429
72h Nd 0.033 Nd Nd Nd 0.008 022 0.261
Nd, concentration of 5-FU was not detectable.
are degraded to inactive metabolites in most tissues [2,3], a pro- 12
longed half-life is vital for the success of 5-FU treatment. The 10 ——5-FU
half-life of P-FU in plasma was calculated to be 32.4 h. The result c} —e—PFU
was very close to the half-life measured in in vivo study % 8
(26.657 h), which strongly supported the relevance of the in vitro £ 6
and in vivo results, indicating that the circulation time can be sig- g .
nificantly prolonged by attaching the drug to a macromolecular g
polymeric chain. © o2

0 1 . 2 ' 1
3.2. Cytotoxicity evaluation 0 20 40 60 80
Time (h)

The cytotoxicities of 5-FU and P-FU in four different cancer cell
lines were examined (Table 1). The ICsq values for 5-FU increased
in the following order: A549, CT-26, HepG,, and Hela, which means
A549 was most sensitive to 5-FU, whereas Hela was least sensitive.
Here, we had a very interesting observation that A549 and CT-26
were more sensitive to 5-FU than to P-FU; but in the case of HepG,,
Hela, and HepG,/5-FU, which were more resistant to 5-FU, the cells
were more sensitive to the conjugate. These results suggested that
P-FU might have an increased cytotoxicity toward tumor cells that
are less sensitive to 5- FU.

It is known that different gene expression levels for a serial of
rate-limiting enzymes in 5-FU catabolism and anabolism in differ-
ent cells are responsible for their different sensitivities to 5-FU
[1,25]. HPMA copolymer conjugates with peptide spacers remain
intact before releasing free drugs by the hydrolysis of lysosomal
enzymes in lysosome compartment [26], while the rate-limiting
enzymes in 5-FU catabolism mainly exist in cytoplasm, therefore,
these enzymes may have less impact on the activity of the conju-
gates. However, the endocytosis of HPMA conjugates was much
slower than the diffusion of free drug through cellular membrane
[27], which might explain the results we observed that P-FU was
less effective than 5-FU for the treatment of tumor cells that are

Log concentration (ug/g)

LA Time (h)

Fig. 3. Log concentration of 5-FU in plasma of Hy,-bearing mice after i.v.
administration of 5-FU or P-FU (concentrations of 5-FU were measured after
complete hydrolysis of the samples).

Fig. 4. Concentration of 5-FU in tumors of H,,-bearing mice after i.v. administration
of 5-FU or P-FU (concentrations of 5-FU were measured after complete hydrolysis of
the samples).

;;g::n:cokinetic parameters of P-FU and free 5-FU in plasma and tumor
Tissue AUCq ., (mg/L* h) ty2 (h) CL (L/h/kg)

P-FU 5-FU P-FU 5-FU P-FU 5-FU
Plasma 1302.161 5.103 26.657 0.16 0.018 3.420
Tumor 59.881 18.296 17.239 7.438 0.615 1.488

more sensitive to 5-FU (A549 and CT-26) but more effective for
the treatment of tumor cells that are less sensitive to free drug
(HepG, and Hela) (Table 1).
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—4— 5-FU group at 6 mg/kg
—A— Control group
—K— P-FU group at 18 mg/kg

—o— P-FU group at 6 mg/kg
—/5— 5-FU group at 18 mg/kg

Fig. 5. Growth inhibition of hepatoma 22 in mice by i.v. administration of P-FU and
5-FU. All data are means +SD (n =5).
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Table 5

Antitumor activity of P-FU and 5-FU in H,,-bearing mice

Group Tumor weight (g) mean +SD (n=5) IR (%)
5-FU group (at 6 mg/kg) 0.946 + 0.364 6.89
P-FU group (at 6 mg/kg) 0.894 + 0.438 12.00
5-FU group (at 18 mg/kg) 0.442 +0.082" 56.49
P-FU group (at 18 mg/kg) 0.314£0.044"" 69.09
Control group 1.016 £ 0.155 -

" Significant statistical differences from control group: P < 0.005.
" Significant statistical differences from 5-FU group (at 18 mg/kg): P < 0.03.

We further tested the cytotoxicities of 5-FU and P-FU in 5-FU
resistant HepG, cells (HepG;/5-FU). Results showed that although
P-FU had a lower cytotoxicity on 5-FU resistant HepG, cells than
on normal HepG, cells, it was still more effective than free 5-FU
for the treatment of HepG,/5-FU cells (Table 1).

3.3. Biodistribution of P-FU in H22-bearing mice

The biodistribution of free 5-FU and the conjugates was investi-
gated in mice-bearing H,, tumor. The percentage of the total
administered dose (TAD) of 5-FU and P-FU in plasma and tissues
at different time intervals after i.v. administration are summarized

A-B-
C-D-

in Tables 2 and 3. The 5-FU levels in plasma and tumors after
administration of free 5-FU and P-FU are illustrated in Figs. 3 and
4. Different compartment models were used to describe the
pharmacokinetics of free 5-FU and P-FU in plasma and tumor.
The calculated data were closer to the observed data when
two-compartment model was applied. The area under the concen-
tration-time curve (AUC) was calculated using the linear trapezoidal
rule and extrapolated to infinity by dividing the last measurable con-
centration by the elimination rate constant. The main pharmacoki-
netic parameters in plasma and tumor are shown in Table 4.

Both circulation time and tumor distribution of 5-FU were sig-
nificantly increased by using HPMA copolymer conjugates. As
shown in Table 4, in plasma, P-FU had a 166 times longer half-life
and a 190 times slower clearance rate than 5-FU. As for in tumor,
the AUC of P-FU was 3.27 times higher than that of 5-FU. Mean-
while, P-FU has an increased t/; and decreased CL when compared
to 5-FU, indicating that P-FU was better retained in tumor than 5-
FU.

5-FU could be immediately distributed and metabolized in tis-
sues such as liver, kidney and intestine after i.v. injection [28],
which is the main reason for its low in vivo antitumor efficacy.
Our data suggested that the circulation time of 5-FU was greatly
increased by using HPMA copolymer as carrier, which might con-

E-

Fig. 6. Histopathology of tumors from Hy,-bearing mice: P-FU group at 18 mg/kg (A), 5-FU group at 18 mg/kg (B), P-FU group at 6 mg/kg (C), 5-FU group at 6 mg/kg (D) and

control group (E), magnification, 40x.
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sequently improve the antitumor efficacy of 5-FU. The increase of
retention time in plasma may be attributed to the large molecular
weight of the conjugates, resulting in a decreased glomerular filtra-
tion rate in the kidney. Also, by conjugation to HPMA copolymer, 5-
FU can be protected from rapid metabolism in the body.

The accumulation of 5-FU in tumor is also very important for its
antitumor efficacy. An over 3-fold larger AUC for P-FU was achieved
when compared with 5-FU, suggesting that the conjugates are pref-
erentially accumulated in tumor, which can be explained by the EPR
effect, and a better therapeutic efficacy might be achieved for the
HPMA copolymer conjugated 5-FU than the free drug. However,
we also observed that the accumulation of P-FU in tumor (increase
in detected 5-FU concentration) only appeared within the first hour.
After 1 h, the drug concentration in tumor decreased.

3.4. Therapeutic effects and histopathology observations

The therapeutic efficacy of P-FU was investigated in H,,-bearing
mice. Fig. 5 shows the growth of tumor volumes and Table 5 shows
the tumor weights of the five groups. They all indicated that nei-
ther of the lower-dose groups (6 mg/kg) had a statistical difference
in tumors growth when compared to the control group (both
P>0.1). However, both higher-dose groups (18 mg/kg) signifi-
cantly inhibited tumor growth (both P < 0.005). Furthermore, P-
FU group at higher dose exhibited more significant responses than
the 5-FU group at the same dose (P < 0.03). The low antitumor effi-
cacy of low P-FU dose group (6 mg/kg) might be due to an insuffi-
cient drug dosage. As for the high-dose groups, the contributions
from angiogenesis, vascular permeability factors, the absence of
lymphatic, and slower diffusion rates in the tumor resulting in
higher concentration and accumulation of the HPMA copolymer-
bound drugs in the interstitial space of the tumor [29] may be
responsible for the higher activity of the conjugates than free drug.

H&E stain involves application of the basic dye hematoxylin,
which colors basophilic structures (such as ribosomes and cell nu-
cleus) with blue-purple hue, and alcohol-based acidic eosin Y,
which colors eosinophilic structures (such as cytoplasmatic re-
gions) bright pink. Necrosis areas after treatment were colored
pink which indicated the effectiveness of the drug. Fig. 6 shows
the histopathology characteristics of the experimental groups. Dif-
ferent degrees of necrosis areas were observed in these sections, in
the following order: P-FU group (18 mg/kg) > 5-FU group (18 mg/
kg) >>P-FU group (6 mg/kg)>5-FU group (6 mg/kg)> control
group. The results further confirmed that the conjugates possessed
a greater therapeutic index than 5-FU. This is also in accordance
with the increased tumor accumulation and the extended resi-
dence time of the conjugates in our biodistribution study.

4. Conclusion

This study indicated that HPMA copolymer-5-FU conjugates
significantly improved the cytotoxicity, biodistribution, pharmaco-
kinetic and therapeutic properties of 5-FU. The conjugates might
be able to sensitize cell lines with less sensitivity to 5-FU. In accor-
dance with the in vitro release profile, the conjugates remarkably
prolonged drug circulation time in plasma and increased drug
accumulation in tumor. In vivo antitumor study showed that P-
FU more significantly inhibited tumor growth when compared to
free 5-FU indicating an enhanced therapeutic efficacy and a prom-
ising potential for clinical applications.
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