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Hyperbranched polymer drug delivery treatment for lung
metastasis of salivary adenoid cystic carcinoma in nude mice
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Abstract. Salivary adenoid cystic carcinoma (SACC) is
associated with a high rate of lung metastasis. When lung
metastasis occurs, the effects of traditional chemotherapy
on SACC are poor. Hyperbranched polymer drug delivery
(degradable hyperbranched polyglycerols, dHPGs) can be
used as a strategy to load several drugs, and obtain benefi-
cial effects on SACC lung metastasis through enhanced
permeability and retention. In the present study, hydroxy-
camptothecin (HPT)-conjugated dHPG (dHPG-HPT) was
synthesized and its effects on SACC xenografts in the lungs
of nude mice were evaluated. SACC cells with a high potential
for pulmonary metastasis (SACC-LM cells) were injected
into the tail vein of mice, establishing a nude mouse model.
The mice were randomly divided into the three following
groups: Control, HPT and dHPG-HPT. Saline (control), HPT
or dHPG-HPT were injected into the mice. After two weeks,
the mice were euthanized and their lungs were removed. The
lungs were paraffin-embedded for hematoxylin and eosin, and
immunohistochemical staining analyses. Primary antibodies
directed against vascular endothelial growth factor (VEGF),
cluster of differentiation 34 (CD34), proliferating cell nuclear
antigen (PCNA) and matrix metalloproteinase 9 (MMP9)
were used. Gross observation demonstrated that the volumes
of SACC lung metastasis nodules were significantly decreased
in the dHPG-HPT group compared with the control and
HPT groups. Immunohistochemical analysis revealed a
lower expression of VEGF, CD34, PCNA and MMP9 in the
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dHPG-HPT group. The results of the current study suggest
that dHPG-HPT can suppress the growth of SACC xenografts
in nude mice, providing a theoretical basis for macromolecular
drug delivery-based treatment of SACC.

Introduction

Salivary adenoid cystic carcinoma (SACC), which is a
common malignant tumor of the oral and maxillofacial
region, originates from myoepithelial and basal cells, and
although this tumor type grows slowly, it has a high capacity
for invasion (1,2). SACC easily disseminates to distant organs
through the bloodstream, and the most common organ of
distant metastases is the lung (3). Clinically, as the main
cause of death in patients with SACC, lung metastasis initially
occurs as a distant metastasis of SACC and is frequently
observed before the first diagnosis. Studies have shown that
cumulative lung metastasis rates at 5 and 10 years can be as
high as 70 and 100%, respectively. The high lung metastatic
characteristics of SACC significantly reduce the long-term
survival rate. Studies have reported that the overall survival
rate (60 months) of patients with SACC is 71%, whereas the
overall survival rate (180 months) is only 37%. However, the
5- and 15-year survival rates of patients diagnosed with lung
metastasis are only 35 and 0%, respectively (4). Currently,
chemotherapy is the major strategy used to treat lung metas-
tasis. However, traditional chemotherapy drugs have poor
solubility and poor targeting, and their use may therefore
lead to many side effects and the potential development of
drug resistance, which has a significant impact on the effec-
tiveness of chemotherapy.

Recently, new types of hyperbranched polymers have been
developed for use as drug delivery systems (5). The use of
hyperbranched polymers in the field of biomedicine has only
recently emerged (6). As a new drug delivery system, hyper-
branched polymers have many excellent properties, including
ligand targeting and a large number of terminal functional
groups, which can be used to connect drug molecules and fluo-
rescence groups. Different molecular structures can provide
a variety of drug delivery pathways. Sensitive responsiveness
to environmental stimuli can be used to build an intelligent
drug-controlled release system; the relatively small hydrody-
namic radius is conducive to the improvement of the efficiency
of cell uptake (7). The emergence of hyperbranched polymer



3106

drug delivery systems provides a good choice for the improve-
ment of the efficacy of chemotherapy for adenoid cystic
carcinoma.

Therefore, we used glycerol and glycidyl methacrylate asraw
materials to synthesize dHPG. The characterization of dHPG
was detected using the nuclear magnetic resonance (NMR) and
Fourier transform infrared spectroscopy (FTIR) techniques.
An antineoplastic drug, specifically hydroxycamptothecin
(HPT), was conjugated onto the surface of dHPG. The drug
loading efficiency (DLE) of the resultant HPT-conjugated
polymers ({HPG-HPT) was 5.66 wt% (8). dHPG-HPT was
used as a treatment, and the growth of the SACC xenografts
in nude mice was observed. Thus, the aim of the present study
was to provide new solutions and theoretical bases for clinical
chemotherapy.

Materials and methods

Cell culture. SACC cells with a high potential for pulmonary
metastasis (SACC-LM cells) were a gift from the Department of
Oral and Maxillofacial Surgery, School of Stomatology, Peking
University (Beijing, China). The cells were cultured in DMEM
supplemented with 10% fetal bovine serum and 2% peni-
cillin/streptomycin at 37°C with 5% CO,.

Xenograft study. Sixteen four-week-old female BALB/c nwhu
nude mice were inoculated with 4x10° SACC-LM cells in
200 ul of culture medium via the tail vein. Four weeks after
inoculation, 4 of the animals were euthanized, and their lungs
were removed. Metastatic nodules were observed on the surface
of the lungs, which indicated the successful establishment of
the animal model of SACC lung metastasis. Subsequently, the
remaining animals were randomly divided into the following
three groups: Control, HPT and dHPG-HPT group. With
regard to treatment, 0.2 ml of 0.9% saline was injected into
the tail vein of nude mice in the control group; 0.2 mg of HPT
(Biochempartner Co, Ltd, Shanghai, China) at a concentration
of 1 ug/ml was injected into the tail vein of nude mice in the
HPT group; and dHPG-HPT (synthesized as described in our
previous study) containing the same concentration of HPT was
injected into the tail vein of nude mice in the dHPG-HPT group.
The treatment was implemented twice a week for two weeks.
After two weeks, all mice were euthanized, and their lungs
were removed. Finally, the lungs were paraffin-embedded for
H&E and immunohistochemical staining analyses. The study
protocol was approved by the local Animal Ethics Committee
of Tongji University (Shanghai, China) (project no. 2016-009)
and was conducted in accordance with the local and state regu-
lations regarding the use of animals for experimental purposes.

H&E staining. The lungs were immersed in 4% paraformal-
dehyde for 4 h and transferred to 70% ethanol. The individual
lobes of the lung were placed in processing cassettes, dehydrated
through a serial alcohol gradient, and embedded in paraffin
wax blocks. Prior to staining, 4-ym-thick lung tissue sections
were deparaffinized in xylene, rehydrated through decreasing
concentrations of ethanol, and washed in phosphate-buffered
saline (PBS). Subsequently, the tissue sections were stained
with H&E. After staining, the sections were dehydrated through
increasing concentrations of ethanol and xylene.
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Immunohistochemical staining. Immunohistochemical
studies of the lung tissue were conducted using the following
antibodies: Monoclonal rabbit anti-mouse vascular endothelial
growth factor (VEGF; ab1316), cluster of differentiation (CD34;
ab81289), proliferating cell nuclear antigen (PCNA; ab92552),
and MMP9 (ab58803) (dilution 1:400), which were all
purchased from Abcam (Cambridge, UK); biotinylated goat
anti-rabbit IgG was used as the secondary antibody. An S-P
kit (Gene Tech Biotechnology Co., Ltd., Shanghai, China) was
used for the immunohistochemistry experiments. Briefly, the
paraffin sections were deparaffinized in xylene and rehydrated
in an alcohol gradient. Antigen retrieval was performed by
microwave treatment in 0.01 M sodium citrate buffer (pH=6.0)
for 15 min, after which the slides were cooled to room temper-
ature for 1 h, and subsequently washed with PBS. Endogenous
peroxidase activity was inactivated with 0.3% hydrogen
peroxide for 30 min and non-specific protein interactions were
blocked with an avidin/biotin blocking solution containing
10% normal goat serum. The sections were subsequently incu-
bated overnight with primary antibodies against VEGF, CD34,
PCNA, and MMP9. The immunoreactions were detected after
staining with 3,3'-diaminobenzidine.

Scoring of the immunohistochemistry results. The signal inten-
sities of VEGF and MMP9 were measured using Image-Pro
Plus. Briefly, five fields of view were randomly selected, and
the integrated optical density (IOD) (sum) and area (sum) of
the fields were calculated. The mean optical density was calcu-
lated as the IOD (sum)/area (sum).

The nuclei of PCNA-positive cells were stained brown.
Five fields of PCNA staining were observed at high magni-
fication under light microscopy, and the number of positive
cells was counted. The positive CD34 signal was calculated
using Weidner's method (9). The criteria for positive staining
included the following:

1) A vascular endothelial cell or endothelial cell cluster,
isolated from the peripheral vasculature, tumor cell or
other connective tissue identified as a single microvessel.

2) A vessel derived from the same microvascular endothelial
cells, which are clear and separated from each other, and
can be counted as a separate microvessel.

3) Red blood cells are not necessary to confirm microvessels.

4) Vessels in the sparse region of tumor cells and adjacent
benign tissue regions were not counted.

5) Vessels with a luminal diameter of >10 erythrocytes were
not counted.

The entire section was observed to determine the high
blood vessel density and the ‘Hot spot’ at low magnifica-
tion, x40. Subsequently, the number of blood vessels stained
brown was counted at high magnification, x200. Two people
conducted this procedure using a double-blind method.

Statistical analysis. The statistical analyses were performed
using SPSS 20.0. All quantitative data were expressed as the
means + SEM for each condition. The data were tested for statis-
tical significance using one-way analysis of variance (ANOVA).
P<0.05 (F values >Fa) were considered to indicate a statistically
significant difference.
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Figure 1. Gross images of metastatic lung tissue. (A) Control group; (B) HPT group; (C) dHPG-HPT group. The arrows indicate the metastatic nodules. Scale

bar, 1 mm.

Figure 2. (A-F) Histological aspects of the lungs (H&E). (A and D) Control group; (B and E) HPT group; (C and F) dHPG-HPT group. The arrows indicate
the tumor tissues, and the triangles indicate normal lung tissue. Scale bar, 100 pm.

Results

dHPG-HPT inhibits xenograft growth. We initially dissected
the lungs of the nude mice in each group and observed
that the volumes of the lungs in the control group were the
highest (Fig. 1A), the metastatic nodules were large, and the
lungs were deformed. Several metastatic nodules were observed
on the surface of the lungs of mice in the HPT group (Fig. 1B).
The lungs of mice in the dHPG-HPT group were most similar
to those of mice in the control group, as few metastatic nodules
were observed on the lungs (Fig. 1C).

Next, we observed the histological aspect of the lungs by
H&E staining (Fig. 2). In the control group, a major portion
of the lungs was occupied by solid tumor tissue (Fig. 2A).
At high magnification, the solid tumor tissue was filled with
SACC cells (Fig. 2D). In the HPT group, approximately half of
the tissue consisted of solid tumor (Fig. 2B). In contrast to the
HPT group, only a few metastatic nodules were observed in
the lungs of mice in the dHPG-HPT group (Fig. 2C); a major
portion of the tissue was reticular lung tissue.

dHPG-HPT reduces the expression of VEGF and CD34.
Angiogenesis plays an important role in the growth of
tumors. To explore the molecular differences in angiogenesis
in each group, we used immunohistochemistry to detect
the expression of VEGF and CD34. Immunohistochemical
staining (Fig. 3) of the tumor xenograft showed a marked
reduction in the expression of VEGF in the dHPG-HPT
group compared with the HPT group [IOD (sum)/area (sum)]:
dHPG-HPT, 0.02 vs. HPT, 0.04; P<0.01) (Fig. 3D).

Furthermore, microvessel density (MVD; Fig. 4), which
was based on CD34 expression, was significantly lower
in the dHPG-HPT group compared with the HPT group
(Fig. 4D). This result indicated that dHPG-HPT could reduce
angiogenesis in SACC.

dHPG-HPT inhibits the proliferation of SACC cells. We
next investigated the inhibitory effect of dHPG-HPT on the
proliferation of SACC cells. Immunohistochemistry (Fig. 5)
showed that the number of PCNA-positive cells in tumors
of the dHPG-HPT group was significantly lower than that
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Figure 3. The expression of VEGF in tissue samples from (A) the control group, (B) HPT group and (C) dHPG-HPT group. (D) Shows the IOD (sum)/area (sum)
of each group. The arrows indicate the positive signal. Scale bar, 100 gm. "P<0.05.
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Figure 4. The expression of CD34 in the tissue samples of (A) the control group, (B) HPT group and (C) dHPG-HPT group. (D) Shows the number of microves-
sels in each group. The arrows indicate microvessels. Scale bar, 100 ym. "P<0.05.

in tumors of the HPT and control groups (dHPG-HPT:
5+1.15; HPT: 29+1.74; control: 60+2.53) (Fig. 5D). This result
suggested that dHPG-HPT may be more efficient in the inhibi-
tion of SACC cell proliferation.

dHPG-HPT may inhibit the invasion capacity of SACC cells.
Matrix metalloproteinase 9 (MMPY) plays a critical role in
tumor invasion and metastasis (10). Immunohistochemistry
(Fig. 6) showed that the expression of MMP9 in tumors of
the dHPG-HPT group was dramatically decreased compared

with that in tumors of the HPT group (IOD (sum)/area (sum):
dHPG-HPT, 0.005 vs. HPT, 0.03; P<0.01) (Fig. 6D). This
result suggested that dHPG-HPT may be more efficient in the
inhibition of the invasion and metastasis of SACC cells.

Discussion

As a drug carrier, dHPG has many advantages. First, this
compound has a large number of terminal functional groups,
which can be used to conjugate drugs and fluorescent groups.
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Figure 5. The expression of PCNA in the tissue samples of (A) the control group, (B) HPT group and (C) dHPG-HPT group. (D) Shows the number of positive
cells in each group. The arrows indicate positive cells. Scale bars, 100 ym. "P<0.05.

Second, dHPG has good solubility and dissolves in the blood,
which carries the drugs to tissues, which indicates limited
drug toxicity and side effects. Moreover, as a drug carrier,
dHPG can be degraded in vivo, and the resulting non-toxic
degradation products can be absorbed and metabolized.
Furthermore, dHPG can target tumor tissues through the
‘enhanced permeability and retention’ (EPR) effect and release
the drugs only in the targeted tissues. Thus, gross observation
revealed that the number of SACC metastatic nodules in the
lungs was significantly decreased in the dHPG-HPT group
compared with the HPT group, suggesting that compared with
HPT, dHPG-HPT was more capable of inhibiting the growth
of SACC lung metastasis in vivo.

The passive accumulation of macromolecules (>20 kDa)
in solid tumors is a phenomenon that might be a potential
biological target for tumor-selective drug delivery. The
rationale for the use of macromolecules as efficient carriers
for the delivery of antitumor agents, even if these molecules
are not targeted to an antigen or receptor on the surface of
the tumor cell, is based on the work of Matsumura and
Maeda (11). Differences in the biochemical and physiological
characteristics of normal and malignant tissues are responsible
for the passive accumulation of macromolecules in tumors.
This feature, termed the EPR effect (12,13), is schematically
depicted in Fig. 7. Briefly, low-molecular-weight compounds
can easily diffuse into normal and tumor tissues through
the endothelial cell layer of blood capillaries. However,
macromolecules cannot pass through the capillary walls of
normal tissues. Macromolecules enter tumor tissues through
the capillaries where blood flow is diminished. In contrast to
most normal tissues, tumor tissues are rich in new capillaries,
and the endothelial layer of the capillaries is fenestrated and
leaky; thus, macromolecules and other nanoparticles can reach
the malignant tissue. Tumor tissue generally has a defective
Ilymphatic drainage system, resulting in the retention and

subsequent accumulation of macromolecules in solid tumors.
Due to the EPR effect, compared with HPT, dHPG-HPT can
passively accumulate in SACC xenografts and is sustained for
a long period of time, which significantly reduces the volume
of lung metastases in nude mice and confers a better treatment
effect.

VEGEF also plays an important role in angiogenesis (14-16)
through the promotion of chemotaxis and mitosis of vascular
endothelial cells via the targeting of the specific receptors
VEGFR-1 and VEGFR-2, which promotes the growth of tumor
tissues. In addition, VEGF enhances the vascular permeability
of normal blood vessels and tumor vessels (17,18). Thus,
VEGEF is one of the critical factors that has an impact on the
EPR effect. In the present study, the expression of VEGF in
the control group was high, indicating that SACC xenografts
were in a rapid growth phase; this potentially provides a good
condition for the EPR effect. In the dHPG-HPT group, the
expression of VEGF was low, and the tumor volumes were
smaller than in the HPT group (Fig. 3), which suggests that the
growth of SACC xenografts was inhibited in the dHPG-HPT
group. Due to the EPR effect, dHPG-HPT has a passive
targeting effect on tumor tissue and a better inhibitory effect
on the growth of tumor tissue; thus, the expression of VEGF in
the dHPG-HPT group was reduced.

In 1992, Weidner et al (9) reported on MVD, which was
used to quantify the amount of new blood vessels in tumors.
CD34 is typically overexpressed in proliferating vascular
endothelial cells and vascular endothelial cells in tumorous
vascular tissues and is typically weakly expressed or absent in
normal mature vascular endothelial cells. In Fig. 4A, a large
number of new CD34-positive microvessels was observed, and
the MVD of the control group was high, suggesting that the
tumor was rich in microvascular tissue. However, the MVD
of the dHPG-HPT and HPT groups was less than that of the
control group, suggesting that both HPT and dHPG-HPT
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Figure 6. The expression of VEGF in the tissue samples of (A) the control group, (B) HPT group and (C) dHPG-HPT group. (D) Shows the IOD (sum)/area (sum)
of each group. The arrows indicate the positive signal. Scale bar, 100 gm. "P<0.05.
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Figure 7. Schematic representation of the anatomical and physiological
characteristics of normal and tumor tissue with respect to the EPR effect.

exerted an inhibitory effect on pulmonary metastases of
SACC. Since dHPG-HPT utilizes the EPR effect for a passive
targeting effect, which can largely inhibit the formation of
tumor tissue, the amount of neovascularization in tumor tissue
and the MVD of tumor tissue is reduced, and therefore, the
MVD was lowest in the dHPG-HPT group.

PCNA is an auxiliary component of DNA polymerase delta
and is necessary for DNA replication. PCNA is synthesized
during Gl phase of the cell cycle and its expression peaks
during S phase, during which it plays an important role in the
regulation of DNA replication. The synthesis and expression
of PCNA is closely related to the cell proliferation status and
is a major biological indicator that reflects the proliferation of
cells (19,20). In the control group, PCNA-positive cells were
detected in the tumor tissue, and the number of positive cells
was significantly higher than that in the other two groups
(Fig. 5), indicating that the SACC-derived tumors were in the

proliferation phase. In contrast, the number of PCNA-positive
cells was lower in the HPT group, as HPT exerted an inhibitory
effect on the growth of SACC. The number of PCNA-positive
cells was lowest in the dHPG-HPT group, indicating that
dHPG-HPT showed the strongest inhibition of the proliferation
of SACC.

A prerequisite for tumor invasion and metastasis is the
destruction of the integrity of the basement membrane (21),
which occurs during the interaction between tumor cells
and the extracellular matrix. Matrix metalloproteinases
(MMPs), which degrade extracellular matrix components,
play a critical role in tissue remodeling during the develop-
ment of pathological processes, including inflammation,
tissue repair, tumor invasion, and metastasis (10,22). Among
MMPs, MMPO is of particular interest because this protein,
secreted in the form of a zymogen, is activated to form
collagen IV and V as well as gelatin structures, such as the
basement membrane and connective tissue. MMP9 plays
an important role in tumor metastasis (23,24). SACC has
a strong capacity for invasion, easily invades local normal
tissue and metastasizes to distal organs. Thus, the expression
of MMP?9 in the control group was highest (Fig. 6). However,
the expression of MMP9 in the HPT group was decreased
and was lowest in the dHPG-HPT group, implying that both
HPT and dHPG-HPT reduce the invasiveness and metastatic
capability of SACC; between these two, dHPG-HPT led to a
greater reduction.

dHPG-HPT can effectively reduce the expression of
VEGF, CD34, PCNA and MMP9 in SACC xenografts and
suppress angiogenesis, proliferation and invasion of SACC
cells in vivo, indicating a good therapeutic effect on SACC
xenografts in nude mice. This study provides a theoretical
basis for the application of polymeric drug carriers in the
treatment of SACC.
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