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Cancer is a major public health problem in the
world. Prostate cancer is the most common malig-
nant tumor of the male urogenital system.
According to the WHO global cancer epidemiology
statistics statistical data (GLOBOCAN 2008),
prostate cancer was the second most frequently
diagnosed cancer and the sixth leading cause of can-
cer death in the male, accounting for 14% of the
total new cancer cases and 6% of the total cancer
deaths in the male in 2008 (1). In the United States,
the prostate cancer, whose incidence rate accounted
for 28% of all newly diagnosed cancers and the mor-
tality accounted for 10% of the total cancer deaths in
the male in 2013, was the first common cancer and the
second most common cause of cancer death in men
(2). In China, the incidence of prostate cancer has
shown an obvious growth trend in recent years (3).

Currently, the therapeutic strategies of prostate
cancer include surgical therapy, endocrine therapy,
chemotherapy, radiotherapy, and combination thera-
py. For the treatment of advanced prostate cancer,

docetaxel, mitoxantrone, estramustine, paclitaxel
are the mainly used chemotherapeutic agents (4-8).
However, chemo- and radiation therapies are large-
ly ineffective against advanced prostate cancer,
including non-hormone- refractory prostate carcino-
ma (9). So, it is of high importance to develop new
therapeutic agents for prostate carcinoma which
have high activity and low toxicity.

5-Fluorouracil (5-FU) has been reported to
have modest antitumor activity in androgen-inde-
pendent prostate cancer (10, 11). But strong side
effects make 5-FU limited in clinical application,
such as the gastrointestinal reaction, the bone sup-
pression, and easily developed drug-resistance (12,
13). Recently, a tumor cell targeting drug delivery
system, named N-(2-hydroxypropyl) methacry-
lamide (HPMA) copolymer-5-FU conjugate (P-FU)
(Fig. 1) was synthesized and characterized and dis-
played superior cytotoxicity to PC-3 cells over 5-FU
notably (14, 15). The characteristics of excellent
biocompatibility, non-immunogenicity, non-toxicity
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and modifiable structure according to different pur-
poses, make HPMA a hydrophilic anticancer drug
carrier for over 30 years. Besides, HPMA could
enhance the permeability and retention of low-
molecular-weight drugs covalently conjugated to it,
and then this low-molecular-weight drug, free 5-FU,
released from the conjugate produced the anticancer
activity (16). The fluorescence labeling internaliza-
tion assay showed green fluorescence of 5-FU con-
jugated to HPMA was notably surrounding the
nuclei (14). However, the distribution of the conju-
gates in PC-3 cells was unclear because the fluores-
cence probe was labeled on the carrier, HPMA,
which has nuclear targeting effect (19) according to
the reports in the literature. Then we doubt whether
5-FU had been detached from the carrier before 
P-FU reaching the nucleus and whether the fluores-
cence signal generated around the nucleus was
merely produced by the labeled HPMA. In recent
decades, a large number of targeting drug delivery
systems have been designed and evaluated for can-
cer therapy. An important part of these studies is to
monitor the fate of macromolecules in cells. Flu-
orescence labeling technique was the most adopted

method (16-19). However, Fluorescence labeling
method also has the disadvantages of alteration of
the drugsí properties and artifactual redistribution of
fluorescent markers caused by fixation (19-21).
Therefore, a more accurate and persuasive approach
without adverse effects is essential to evaluate the
nuclear targeting of P-FU.

Various methods of determination of 5-FU
have been reported, and to the best of our knowl-
edge, there is no report on the assay of 5-FU at sub-
cellular level. Based on the internalization assay of
previous literature (14) that the fluorescence was
notably surrounding the nuclei, the gradient cen-
trifugation method was adopted in this paper to
divide PC-3 cells cultured with free 5-FU or P-FU
into two parts, namely nuclear and nonnuclear parts.
The aim of this paper is to develop an accurate
method to obtain the subcellular fate of P-FU in PC-
3 cells, then get a further investigation of its nuclear
targeting. Also, the distributions of P-FU and free 
5-FU in PC-3 cells were compared to understand the
higher activity against prostate cancer of P-FU than
that of 5-FU. 

EXPERIMENTAL

Materials

DMEM/F-12 medium was purchased from
Gibco (USA). Fetal bovine serum (FBS) was pro-
vided by HyClone (USA) and penicillin (1000
U/mL)/streptomycin (1000 µg/mL) was from
Solarbio Science & Technology Co., Ltd (Beijing,
China). The six-well tissue culture plate was gained
from Cosmo Biosciences Ltd (Beijing, China). 5-FU
was from Yuancheng Gongchuang Tech Co., Ltd
(Wuhan, China). Triton X-100 (100%) was from
Merck (Germany). P-FU (the drug-loading rate was
8.69 µg/mg) was synthesized by Key Laboratory of
Drug Targeting and Drug Delivery System, West
China School of Pharmacy, Sichuan University
(Chengdu, China). Trypan Blue Staining Cell
Viability Assay Kit was obtained from Keygen
Biotech. Co., Ltd (Nanjing, China). HPLC-grade
methanol was purchased from Kermel chemical
reagents company (Tianjin, China). Water was pre-
pared by ultrapure water system (UPA, Chongqing,
China). All other chemicals were of analytical
grade.

Cell culture and preparation of culture medium

PC-3 prostate carcinoma cells were grown at
37OC in DMEM/F-12 medium with 10% fetal
bovine serum (FBS) and penicillin (100 U/mL)/
streptomycin (100 U/mL) in a 5% CO2/95% airFigure 1. Chemical structure of P-FU
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incubator. P-FU (equivalent to 1.0ñ2.5 µg/mL of 
5-FU) and 5-FU (10ñ25 µg/mL) were dissolved in
cell culture medium and stored at room tempera-
ture.

Subcellular fractionation experiment

We developed an efficient method for separat-
ing the nucleus and nonnucleus based on the previ-
ous literature (22, 23). A flow chart describing the
subcellular fractionation method is depicted in
Figure 2. 1 mL of 1% Triton X-100 was added to
every well to disrupt cells for 15 min at 4OC. 2 wells
(about 2.0 ◊ 106 cells) of the disrupted cell suspen-
sions were transferred to a 5 mL EP tube quantita-
tively. 0.5 mL 0.88 mol/L sucrose-1.5% citric acid
solution and 0.5 mL 0.25 mol/L sucrose-1.5% citric
acid solution were added in the disrupted cell sus-
pensions in turn. Then the above solution was cen-
trifuged for 10 min at 1000 ◊ g at 4OC. The super-
natant was nonnuclei and the sediment was nuclei.
Trypan blue staining method identified that the
nuclei obtained by the above method were pure (24).
The nonnucleus and nucleus samples were stored at
ñ20OC until analysis.

Drug subcellular distribution experiment

PC-3 cells were seeded into six-well plates at
the density of 1.0 ◊ 105 cells per well and incubated
for 72 h to a total cell number of approximately 
1.0 ◊ 106 per well. After incubation, the medium was
removed. Then, 2 mL cell growth mediums contain-
ing a different concentration of P-FU or free 5-FU
were added to the wells and the cells were incubat-
ed at 37OC for the indicated time periods. Cells in
medium without drug served as controls. After incu-

bating, cells were washed with PBS (pH 7.4) for
three times at 4OC and the residual fluid in the wells
was totally removed before being fractionated into
nonnucleus and nucleus.

Sample preparation for HPLC

After fractionating the nucleus and nonnucle-
us, the volume of the nonnucleus supernatant was
measured and 0.5 mL of nonnucleus supernatant
was transferred accurately to a 1 mL-centrifugal
tube with 0.5 mL of methanol. The mixture was son-
icated for 10 min and next centrifuged at 1000 ◊ g
for 10 min at 4OC. 20 µL of above supernatant was
injected into HPLC system to determine the drug
concentration in the nonnucleus sample solution. 
0.5 mL methanol was added into the nuclei sedi-
ment, and the mixture was eddied for 1 min, then the
solution was centrifuged at 1000 ◊ g for 10 min at
4OC and 20 µL of supernatant was injected into
HPLC system to determine the drug concentration in
nucleus sample. Operation process is shown in
Figure 3.

HPLC chromatography

HPLC determinations were performed with a
Shimadzu model 20A liquid chromatographic sys-
tem (Tokyo, Japan), consisting of an LC-10AB
pump and a DAD detector ( SPD-M20A ). The ana-
lytical column was an Alltimaô C18 column (5 µm,
4.6 ◊ 250 mm). The elution with a mobile phase of
0.1% tetrabutylammonium hydroxide (pH 7.0,
adjusted by phosphate)-methanol (95 : 5, v/v) was
used at a flow rate of 1.0 mL/min for the separation
of an analyte. The analyte is monitored at the UV
wavelength of 265 nm.

Figure 2. The flow chart of cell sample processing
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HPLC method validation

Selectivity
HPLC peak of 5-FU was identified on the basis

of its retention time and UV spectra obtained by
DAD detector. Nonnucleus and nucleus samples
from drug-free PC-3 cells were tested for the pres-
ence of endogenous compounds co-eluting with 
5-FU.

Calibration curves, limits of detection and quan-
tification

A standard stock solution of 5-FU was pre-
pared in methanol, and diluted freshly with methanol
in various concentrations as working standard solu-
tions. An aliquot of 20 µL working standard solution
was injected into the HPLC for analysis. Nucleus
and nonnucleus standard samples for calibration and
quality control (QC) were prepared daily by spiking
blank nuclei and 0.5 mL blank nonnuclei with 0.5
mL 5-FU standard solution to achieve concentra-
tions in the range of 0.1015ñ4.060 µg/mL. Then
they were processed as described in ìsample prepa-
ration for HPLCî. The calibration curves were
established in triplicate, with their regression equa-
tions calculated. The stock solution was diluted to a
series of concentrations and then spiked into blank
nuclei and blank nonnuclei for determining the val-
idation work on limits of detection (LOD) and quan-
tification (LOQ) at a signal-to-noise (S/N) ratio of 3
and 10, respectively.

Precision and recovery
The intra-day precision of the assay was esti-

mated by analyzing five replicates of QC samples at
three different concentrations (0.1015, 0.2030 and
1.015 µg/mL in nuclei, 0.1015, 1.015 and 2.030
µg/mL in nonnuclei). The inter-day precision was
determined from the results of assays of QC samples
of five consecutive days. Recovery was determined
by comparing peak areas of spiked samples with
those obtained from direct injection of the com-
pounds dissolved in methanol. 

Stability
The ambient stability, freezer stability and

freeze-thaw stability of 5-FU in nuclei and nonnu-
clei were assessed using the QC samples of three
different concentrations (0.1015, 0.2030 and 1.015
µg/mL in nuclei, 0.1015, 0.5075 and 1.015 µg/mL in
nonnuclei). The ambient stability was assessed by
leaving the QC samples at room temperature for 8 h.
The freezer stability was assessed by leaving the QC
samples at -20OC for 15 days. The freeze-thaw sta-
bility was assessed over three cycles thawed at room
temperature and refrozen at -20OC. 

RESULTS AND DISCUSSION

In this paper, the concentration of prototype
drug 5-FU was determined to reflect the content of
P-FU. So in order to determine the total amount of

Figure 3. The flow chart of the sample preparation for HPLC
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Figure 4. Representative HPLC chromatograms of Selectivity. Representative HPLC chromatograms of (A) blank nucleus; (B) blank non-
nucleus; (C) nucleus sample after incubated with 1.0 µg/mL P-FU for 24 h; (D) nucleus sample after incubated with 20 µg/mL 5-FU for
24 h; (E) nonnucleus sample after incubated with 10 µg/mL 5-FU for 24 h. Peak 1 is 5-FU.
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5-FU, including conjugated and released drug, both
nuclei and nonnuclei samples from cells treated with
P-FU were hydrolyzed by sodium hydroxide
(NaOH) solution (0.1 M) (14). The results showed
that the amount of 5-FU determined after hydrolyz-
ing was coincident with that determined directly.
Itís indicated that 5-FU and HPMA were basically
separated after nuclear and nonnuclear samples
being treated with a series of destructive operations
such as vortex, ultrasound and high-speed centrifu-
gation.

Protein precipitation was adopted to prepare
nonnuclei sample to reduce the interference of
endogenous components. Methanol and acetonitrile
were used as protein precipitation reagents and the
sample-solvent ratios of 1 : 1, 1 : 2 and 1 : 3 (v/v)
were evaluated. From the experiment, equal
amounts of nonnucleus sample and methanol
showed the highest extraction recovery and detec-
tion sensitivity.

According to the pretreatment method of non-
nucleus sample, methanol was used to extract 5-FU
in nucleus. In this study, ultrasonic extraction and
vortex were used to release 5-FU from nucleus.
Viewed under optical microscope, the nuclei were
ruptured completely after eddying for 1 min and
higher extraction recovery was achieved. 

As for HPLC method validation, no interfering
peaks were observed in any of the nucleus and non-
nucleus samples used in our studies. Representative
chromatograms are shown in Figure 4, The peaks of
5-FU were demonstrated to be pure and the peak
purity indexes were all over 0.999.

The linearity of the method was evaluated by
analyzing six calibration standards over the concen-
tration range of 0.1015ñ4.060 µg/mL for 5-FU in
methanol, blank nuclei, and blank nonnuclei. The

regression equations of 5-FU in methanol, blank
nuclei and blank nonnuclei were y = 56399 x≠2128
(R2 = 0.9996), y = 52316 x≠3648.3 (R2 = 0.9959) and
y = 63180 x≠5591.3 (R2 = 0.9968), respectively. The
LOQs of 5-FU were 77.1 ng/mL in nuclei and 35.5
ng/mL in nonnuclei, and the LODs were 22.3 ng/mL
in nuclei and 10.1 ng/mL in nonnuclei, respectively. 
Intra-day and inter-day precision results of the
method assessed by analyzing quality control sam-
ples were obtained, for concentrations of calibration
standards ranging from 0.1015 to 4.060 µg/mL, the
RSD values did not exceed 15% (Table 1). The
recovery of 5-FU from nuclei averaged 96.1% (RSD
= 2.8%, n = 15) and 97.2% (RSD = 4.2%, n = 15)
from nonnuclei (Table 1).

Stability investigation demonstrated that the
concentrations of 5-FU in processed samples had no
significant difference within 8 h at 25OC. The mean
percentage recovery (100% ◊ (measured concentra-
tion/added concentration)) of spiked samples stored
at ñ20OC for 15 days ranged from 93.1% to 95.7%
and the RSDs were less than 5.8%. The mean per-
centage recovery of samples subjected to three
freeze-thaw cycles ranged from 95.5% to 100.1%
and the RSDs were less than 4.9%. These indicated
that 5-FU added to nuclei and nonnuclei was stable
at different conditions.

On one hand, the stronger activity of many
drugs depending on their subcellular location and
increasing fraction of target reaching and interacting
amount would decrease the dose requirements (19),
on the other hand, the conjugates releasing the com-
bined drug successfully after the distribution in
tumor tissues is the prerequisite of polymer drug
delivery system developing antitumor effect (25).
Besides, 5-FU exerts anticancer effects through
inhibition of thymidylate synthase (TS) and incor-

Table 1. Recovery, intra- and inter-day precision of the HPLC analysis (n = 5).

Nominal Recovery Intra-day Inter-day
concentration Determined Recovery Determined Precision Determined Precision 

(µg/mL) (µg/mL) (%) (µg/mL) (%) (µg/mL) (%)

Nuclear

0.1015 0.0966 95.2 0.0971 4.1 0.0948 3.4

0.2030 0.1969 97.0 0.2037 3.3 0.2050 7.9

1.0150 0.9740 96.0 0.9730 3.5 0.9900 2.6

Nonnuclear

0.1015 0.0992 97.7 0.0992 5.2 0.0952 7.9

1.0150 1.0000 98.5 0.9930 4.4 1.0110 5.8

2.0300 1.9380 95.5 2.0160 4.7 1.9770 6.6
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poration of the metabolites into RNA and DNA
which mainly exist in nucleus (26). It is suggested
that the nuclear targeting property is an essential
condition for 5-FU to play the role of anti-cancer.
Consequently, itís significant and reliable to meas-
ure the amount of 5-FU to represent the subcellular
fate of P-FU in PC-3 cells, and thus reflecting that
the anti-cancer activity of P-Fu was in a more effi-
cient way than that of 5-FU. 

The developed method, HPLC analysis pro-
ceeded by subcellular fractionation was applied to
study the distribution of P-FU and free 5-FU in PC-
3 cells to understand their different pharmacological
activities. The concentrations of drugs in the culture
media were set according to the results of apoptosis
assay (14) and our preliminary experiment. For fur-
ther experiments, culture media containing 1.0, 1.1,
1.5, 2.0, 2.5 µg/mL of P-FU (5-FU, equiv.) and 10,
20, 25 µg/mL of free 5-FU were used. If a higher
concentration of P-FU was used, the error would
increase because of cell apoptosis.

In this study, cells were incubated with P-FU
for 2, 4, 12 and 24 h. The results showed that the
concentration of P-FU in nucleus samples was lower
than LOD when the cells were incubated with 2.5
µg/mL of P-FU (5-FU, equiv.) for 2 or 4 h, and was
approximately equal to the LOQ when the incuba-
tion time was 12 h. So 24 h was chosen as the incu-
bation time. The determined 5-FU amount, as well
as the percentage (determined 5-FU amount/ P-FU
or free 5-FU amount administrated in the culture

medium ◊ 100%) in nonnuclei and nuclei after PC-
3 cells being incubated with P-FU or free 5-FU for
24 h, were shown in Table 2 and Figure 5. 

In the range of P-FU (5-FU, equiv.) adminis-
tration concentration in 1.0ñ2.5 µg/mL, the amount
of 5-FU in nonnuclear part was undetectable, while
in nuclear part it was increased along with the drug
concentration administrated in the culture medium,
which validated the result that the uptake amount of
P-FU for 24 h incubation was a concentration-
dependent process (Table 2, Fig. 5) (14). Besides,
the relationship was almost linear (Fig. 5), which
has coincided with the result that HPMA copolymer
showed a steadily increased amount of internaliza-
tion in Hep G2 cells after being incubated with vari-
ous concentrations of the polymers for 24 hours (27).
On the contrary, the overwhelming majority of 5-FU
was accumulated in nonnuclei (over 96.5% uptake of
5-FU was in nonnuclear part) when PC-3 cells were
treated with free 5-FU. Comparing with free 
5-FU, the concentration of P-FU (5-FU equiv) in the
culture medium was approximately 1/20 of that of
free 5-FU when the nucleus drug amount achieved
similar level, which coincided with the experimental
results that the IC50 of P-FU to PC-3 cells ( 54.12 ±
2.43 µg/mL 5-FU equiv) was about 1/20 of that of 
5-FU (814.1 ± 151.1 µg/mL) (14). All the data indi-
cated that P-FU does possess excellent nuclear tar-
geting effect, which could contribute to reducing the
noxious and unintended adverse drug reactions that
occur commonly to some extent. 

Table 2. Determined 5-FU in nuclear and nonnuclear parts of PC-3 cells treated with P-FU or free 5-FU for 24 h (n = 3).

Concentration of P-FU 
(5-FU, equiv.) or free 5-FU

Determined 5-FU in nuclear part Determined 5-FU in nonnuclear part

in the culture medium 
Amount (µg)* Percentage (%)# Amount (µg)* Percentage (%)#

(µg/mL)

P-FU

0.8 - - - -

1.0 0.0703 ± 0.0042 3.52 - -

1.1 0.0747 ± 0.0031 3.40 - -

1.5 0.0956 ± 0.0046 3.19 - -

2.0 0.1027 ± 0.0051 2.57 - -

2.5 0.1248 ± 0.0045 2.50 - -

5-FU

10 - - 0.3276 ± 0.0092 1.64

20 0.0546 ± 0.0020 0.14 2.9664 ± 0.0890 7.42

25 0.1704 ± 0.0043 0.34 4.7199 ± 0.0850 9.44

* Data are expressed as the amount of determined 5-FU in one well of PC-3 cells treated with P-FU or free 5-FU and mean ± SD; # data
are expressed as a percentage (Determined 5-FU amount/ P-FU or free 5-FU amount administrated in the culture medium ◊ 100%); "-"
undetectable
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The overwhelming majority of 5-FU accumu-
lated in nonnuclei when PC-3 cells were treated with
free 5-FU (Table 2), which probably could be
explained by the drug resistance of 5-FU: the diffu-
sion way of entering cells made 5-FU available for
the special transmembrane proteins and be pumped
out from the cellular cytoplasm, and this activity
conducted by the transporter proteins responsible for
pump resistance like P-glycoproteins (PGP) and
multidrug resistance-associated proteins (MRP)
leaded to the reduction of intracellular drug concen-
tration (28, 29). In contrast, HPMA copolymer-
bound drugsí intracellular trafficking was along the
endocytic pathway (30). Reviewing the synthesis of
P-FU, 5-FU was attached to the polymer backbone
via the lysosomally degradable Gly-Phe-Leu-Gly
(GFLG) peptide allowing intracellular release by
lysosomal proteases (31). Consequently, P-FU may
enter cells by endocytosis, then the endosome, con-
taining HPMA copolymer-bound drugs, were trans-
ported to lysosomes accumulating in perinuclear
area, and 5-FU was released and entered the nucleus
after lysosomal enzymes digesting the spacer (14,
32). Due to these two different cellular uptake
modes, always two kinds of different concentration
gradients were produced, that the concentration gra-
dient of free drugs was in direction of diffusion from
the plasma membrane to perinuclear region, while
the polymer-bound drugs were in the opposite direc-
tion (30). As the result showed that obvious concen-
tration gradients of 5-FU in nuclear and nonnuclear
parts after PC-3 cells being treated with P-FU or free
5-FU were obtained (Table 2). 

CONCLUSION

The current study highlighted that a more
accurate method, HPLC analysis preceded by sub-

cellular fractionation was developed to study the
distribution of a macromolecular anti-tumor
reagent, HPMA copolymer-5-FU conjugate, in PC-
3 cells. And the results provided P-FU the sufficient
basis of a more efficient nuclear targeting. Since
many drugs today are being designed to work at
specific sites within cells and the subcellular distri-
bution of many drugs remains unclear, so the
knowledge of the internalization and subcellular
fate of macromolecules is paramount for designing
a viable therapy (19, 33). Fluorescence labeling
technique, which is the most adopted method, is
sensitive and intuitive to monitor the internalization
and subcellular fate of macromolecules. But it has
the disadvantages of alteration of the drugsí proper-
ties and artifactual redistribution of fluorescent
markers caused by fixation. Furthermore, fluores-
cence labeling technique is a semi-quantitative
technique, and fluorescent markers are usually
linked with the carriers, not the drugs, so the
achieved results by this method would not be very
accurate. 

Besides, as there came out a series of dual
drug-loaded conjugates possessed excellent syner-
gistic anticancer activity (34, 35), the more direct
results could be obtained separately through the
method established in this paper which could meet
the requirements for respective and accurate subcel-
lular distribution study of the drugs. However, the
antineoplastic effects of 5-FU are caused by the
active metabolites, so adopting more sensitive ana-
lytical methods to study the distribution of active
metabolites in organelles may be more convincing.
Although there are much to improve, this paper
presents a reliable and feasible method for monitor-
ing the subcellular distribution of targeting drug
delivery systems.

Figure 5. Quantitative measurement of 5-FU in nuclear and nonnuclear parts of PC-3 cells. PC-3 cells were exposed to medium contain-
ing (A) 1.0, 1.1, 1.5, 2.0, 2.5 µg/mL P-FU (5-FU, equiv.); (B) 10, 20, 25 µg/mL free 5-FU for 24 h. The results are expressed as the amount
in one well
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