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Background: As a therapeutic target for cancer treatment, HSP90 has been explored 
extensively. However, the significant side effects of the HSP90 inhibitor 17AAG have 
limited its clinical use.
Methods: In this study, we used hyaluronic acid (HA)–decorated DOTAP–PLGA hybrid nano-
particles (HA-DOTAP-PLGA NPs) as 17AAG-delivery carriers for targeted colon cancer therapy.
Results: Different methods were used to characterize the successful fabrication of these hybrid 
PLGA NPs. Our results demonstrated that internalization of HA-NPs in colon cancer cells was 
governed by CD44receptor–mediated endocytosis. Annexin V–propidium iodide staining 
experiments revealed that cell apoptosis induced by HA-NPs-17AAG in colon cancer cells 
was more efficient than free 17AAG. In two animal models used to screen anticancer efficacy 
(Luc-HT29 subcutaneous xenograft and AOM/DSS-induced orthotopic tumor model), HA-NPs 
-17AAG significantly inhibited xenograft and orthotopic tumor growth, demonstrating HA-NPs 
-17AAG had much better therapeutic efficiency than free 17AAG. It is worth noting that great 
biocompatibility of HA-DOTAP-PLGA NPs was observed both in vitro and in vivo.
Conclusion: Our research offers a preclinical proof of concept for colon cancer therapy with 
DOTAP-PLGA NPs as a creative drug-delivery system.
Keywords: cationic hybrid nanoparticles, hyaluronic acid, HA, HSP90 inhibitor, colon 
cancer, targeted delivery system

Introduction
Though significant progress has been achieved in controlling morbidity and mor-
tality in colon cancer (sometimes called colorectal cancer), it is still the third–most 
common cancer worldwide.1,2 For colon cancer victims, unfortunately, traditional 
anticancer strategies, such as chemotherapy, provide only limited treatment efficacy 
in the clinic.3,4 To address this intrinsic limitation of chemotherapy, new therapeutic 
strategies should be investigated and developed to treat colon cancer.

To address this challenge in colon cancer, drug-delivery systems (DDSs) based 
on nanotechnology are opening up new avenues for DD vehicles.5,6 DDSs offer 
several advantages over conventional administration: improving drug concentration 
at desired locations, prolonging circulation,enhance pharmacological activity, pro-
tecting the drug against premature release, and reducing systemic side effects 
caused by dosing frequency. Many types of drug carriers with different 
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morphologies can be synthesized with various materials, 
including polymers,7 inorganic substances,8 and combina-
tions of the two.9,10 These DDSs usually take advantage of 
the EPR effect to deliver drugs to tumors. There are two 
major components involved in the EPR effect: is the 
nanoscale of the drug can alter its biodistribution, and 
the plasma half-life of a nanodrug can be increased by 
the EPR effect.11,12 However, the drawback of this passive 
approach is low bioavailability of drugs, since the target-
ing ability of DDSs is overdependence on the tumor 
microenvironment, such as in the case of compromised 
vasculature.13 In addition, the tumor microenvironment, 
eg, interstitial fluid pressure, also limits drug uptake and 
distribution to tumor cells.

Active targeting of DSSs might be an alternative strat-
egy for efficient DD. Cancer cells or angiogenic endothe-
lial cells always overexpress certain receptors by 
modification of DDSs with receptor ligands, such as apta-
mers, proteins, antibodies, and polysaccharides,14–18 which 
should be achieved active targeting to cancer with high 
efficiency. In the active approach, ligand receptors interact 
and are then internalized via receptor-mediated endocyto-
sis, thereby enhancing the targeting ability of payload 
drugs to desired positions.

Among the active ligands, a natural polysaccharide, 
hyaluronic acid (HA), has aroused wide interest among 
researchers. HA has many advantages, such as active 
tumor targeting capacity, HAase-responsive capacity, and 
more importantly biocompatibility. HA can recognize its 
receptor, CD44, which is often overexpressed in tumor- 
cell membranes and has been determined to have a strong 
relationship with tumor progress, infiltration, and 
metastasis.19–21

Among the DDSs, PLGA-based nanoparticles (NPs) 
have received the most attention, due to their unique 
characteristics. PLGA is a polymer that is widely used in 
the biomedical field. When compared with other materials 
used in DDSs, PLGA possesses unparalleled benefits such 
as biodegradability, controlled release, and stability. 
Cationic lipid–PLGA hybrid NPs with biodegradable poly-
mer as a core and cationic lipid as a versatile surface have 
been verified as a potential delivery system. Cationic lipid 
membranes, including 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP) and 1,2-di-O-octadecenyl-3-tri-
methylammonium propane, have attracted great attention, 
because they can easily interact with anionic polysacchar-
ides, peptides, proteins, and plasmid DNA encoding to 
form nanocomplexes for DD in vivo.

To achieve specific cancer therapy with minimal 
systemic toxicity from anticancer drugs, 
a considerable number of strategies have recently 
been investigated. Of these, molecule-targeted therapy, 
which often targets specific molecules involved in the 
growth and spread of cancer cells, has been developed. 
HSP90 is frequently overexpressed in tumor cells and 
has been considered a representative target.22 As 
a molecular chaperone, HSP90 is deemed to play 
a very important part in activating wide range of sig-
naling proteins.26

Oxidative stress and inflammation, as with imbalance 
between antioxidants or radical scavengers and ROS, drive 
the upregulation of various HSPs, including HSP90. It has 
been reported that HSP90, with its capacity for regulating 
HSF1 and the HSF1–HSP90 heterocomplex in the cytoplasm, 
can prevent antiinflammatory cytokine, including IL10, 
transcription.25 Based on this, 17-allylaminogeldanamycin 
(17AAG), ane inhibitor of HSP90 that causes HSF1–HSP90 
dissociation, should raise the expression of IL10 and at the 
same time decrease the expression of TNFα, IFNγ, and IL1β. 
As we know, intestinal inflammation, especially chronic 
inflammation, is thought to be a risk factor of colorectal cancer 
development, and this cascade could offer therapeutic benefits 
with regard to colon cancer.

In this study, we used single emulsion (oil in water) 
solvent evaporation to prepare DOTAP–PLGA hybrid 
NPs to load the HSP90 inhibitor 17AAG. Then, NPs were 
decorated with HA by electrostatic interaction (HA-NPs 
-17AAG). Given the advantages of the capacity of HA- 
coated cationic NPs for HA-CD44 receptor–medicated 
endocytosis and endosomal escape,antitumor effects were 
evaluated in both subcutaneous and orthotopic colon cancer 
models (Figure 1). Our findings indicated that the HA-NPs 
-17AAG developed may be potentially exploited as a novel 
DD carrier for treatment of colon cancer.

Methods
Materials and Reagents
Phalloidin–FITC, PLGA, PVA, and a cell death–detection 
kit were purchased from Sigma-Aldrich, fluorescent lipo-
philic dyes (DiL and DiR) from Promokine (Heidelberg, 
Germany),17AAG and standard from LC Laboratories 
(Woburn; MA, USA), HA from Shanghai Hanhong 
Technology, DOTAP from Avanti Polar Lipids, and cell- 
apoptosis and MTT cell-proliferation kits from Invitrogen.
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Preparation of 17AAG-Loaded DOTAP– 
PLGA Hybrid NPs with or without HA 
Coating
Hybrid 17AAG-loaded DOTAP–PLGA NPs were prepared 
based on our previous methods, with slight modification. 
Briefly, PLGA (100 mg), DOTAP (21.6 mg), and 17AAG 
(10 mg) were first added to dichloromethane (DCM). Then, 
ultrasound was used to emulsify the DCM solution to get an 
oil-in-water emulsion. The NP emulsion was stirred, then 
evaporated to remove DCM. Finally, polymer NPs were 
purified with deionized water several times through 

centrifugation. For HA-DOTAP-PLGA NP preparation, 
HA solution at a concentration of 0.04% w:v was added 
dropwise to DOTAP-PLGA NPs solution, then the mixed 
solution was stirred for 4 hours. Finally, surplus HA was 
removed by threefold centrifugation and the HA-coated 
DOTAP-PLGA NPs obtained collected and lyophilized for 
subsequent use.

NP Characterization
A Malvern Zetasizer was used to measure size and ζ- 
potential of NPs using DLS. The morphology of NPs was 

Figure 1 HA-DOTAP-PLGA NP–mediated transport of 17AAG to colon cancer cells. (A) Fabrication of HA-NPs-17AAG. (B) Drug delivery and release mediated by CD44 
receptor.
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characterized by TEM. High performance liquid chromato-
graphy (HPLC) was used to evaluate 17AAG-loading 
efficiency.

Loading efficiency of the drug in NPs was calculated:
loading content = (WT – WF)/WNP × 100%
where WT is the total weight of 17AAG fed, WF the 

weight of unencapsulated free 17AAG, and WNP the 
weight of NPs, and

encapsulation efficiency = (WT – WF)/WT × 100%
Slide-a-Lyzer mini dialysis devices (MW 20 kDa) were 

used to evaluate cumulative drug release of 17AAG from 
DOTAP-PLGA and HA-DOTAP-PLGA. Briefly, 10 mg of 
DOTAP-PLGA or HA-DOTAP-PLGA NPs were dispersed 
in PBS and then centrifuged in regular conditions. Aliquots 
were taken from the dialysis bag at designated time points, 
and 17AAG in buffer solution was quantified by HPLC.

Cell Culture
HCT116 and HT29 colon cancer cells were cultured in 
regulated condition. The cell-culture medium was DMEM, 
to which antibiotics (penicillin and streptomycin) and FBS 
were added. The two cell lines were purchased from 
ATCC. Both were tested and authenticated to eliminate 
any contamination via PCR and morphology.

Uptake of NPs by Colon Cancer Cells
Confocal imaging was used to evaluate the uptake of HA- 
NPs in vitro. Cells were cultured in slides and HA-NPs/Dil 
for designated periods. In the competition experiments, HA 
(2 mg/mL) was applied and incubated with colon cancer cells 
(HT29 and HCT116 cells) before HA-NPs/Dil NPs were 
added. Following fixation and dehydration with PFA and 
acetone, cells were then stained with phalloidin–FITC to 
visualize the cytoskeleton. Finally, cell nuclei were stained 
with DAPI and images captured on confocal microscopy.

Flow cytometry (FACS) was employed to count Dil+ 

cells taken up by HA-NPs in the presence of free HA. 
HT29 and HCT116 cells at a concentration of 105/well 
were seeded in six-well plates and then incubated with 
HA-NPs/Dil. Next, we washed and collected the cells. 
Finally, we used flow cytometry to analyze Dil+ cells.

Cellul-uptake efficiency was then analyzed. HT29 and 
HCT116 cells were seeded in six-well plates and incubated 
overnight. Cells were treated with NPs/Dil and HA-NPs 
/Dil, respectively (1 mg/mL). In this experiment, cells 
without treatment were used as controls. NPs were incu-
bated with cells for, then fixed for FACS analysis.

Colocalization of HA-NPs
HT29 cells were cultured in chamber slides overnight, 
then NPs/Dil or HA-NPs/Dil were added and cultured for 
designated periods. To visualize recycled endosomes, 
FITC-labeled transferrin (Tf) at a concentration of 2 mg/ 
mL stock (14 μL) was added to the cells and incubated for 
15 minutes. At the end of the experiment, cells were fixed 
and washed for colocalization investigation.

Apoptosis Assays
Annexin V–FITC/propidium iodide (PI) experiments were 
performed to investigate the extent of cell apoptosis. Cells 
used in this experiment were on seeded slides. Free 17AAG 
(5 μg/mL) and HA-NPs-17AAG (equal to 5 μg/mL of 
17AAG) were added. Then, the staining protocol was per-
formed following the instructions. Images were captured by 
fluorescence microscopy. For flow-cytometry experiments, 
healthy, early apoptotic, and necrotic cells were detected 
with annexin V–FITC/PI double staining. All experiments 
were performed three times.

Animals
Mice involved in our research were housed under specific 
pathogen-free conditions. All were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
of Wenzhou Medical University (Wenzhou, China).

In Vivo Antitumor Effects
To establish the subcutaneous tumor model, HT29-Luc 
cells were injected in the right flanks of BLAB/c nude 
mice to enable stable expression of luciferase. Then the 
mice were divided into four groups randomly: saline, free 
17AAG, NPs-17AAG, and HA-NPs-17AAG. Mice were 
treated intravenously with 5 mg/kg 17AAG1 every 3 days 
for 15 days. Luciferase expression in Luc-HT29 cells was 
used to evaluate tumor growth. At the end of the experi-
ment, (D18 from Luc-HT29 cells subcutaneous injection), 
tumor volume and body weight of mice were recorded for 
further analysis. Tumor volume was calculated with the 
formula V = 0.5LW2, where V represents volume, L the 
long diameter of the tumor and W the short diameter. Mice 
were monitored every day during the experiment.

To evaluate antitumor effects of HA-NPs-17AAG, an 
orthotopic colon cancer model was established. Briefly, 
mice were first injected intraperitoneally with azoxy-
methane (AOM) and fed normally for 7 days. Then, two 
cycles of DSS treatment were administered to the mice. It 
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should be noted that each DSS treatment contained 7 days’ 
DSS water (3%) treatment and 14 days’ recovery, as illu-
strated in Figure 2A. Finally, mice loaded with orthotopic 
colon tumors were randomly divided into four groups: 
controls (saline, free 17AAG, NPs-17AAG, and HA-NPs 
-17AAG. At the end of experiments, colon tumors and 
tumor loading were counted and compared.

H&E Staining and TUNEL Examination
H&E staining of heart, liver, spleen, lungs, kidneys, and 
tumors was performed according to standard procedures. 
Firstly, ultrathin sections (5 µm) were obtained using 
a paraffin microtome slicing machine, then stained with 
H&E. For TUNEL experiments, ultrathin sections of tumor 
tissue were stained with TUNEL reagent according to the 
manufacturer’s standard protocols, then nuclei were stained 
by DAPI. Histological and fluorescence images were cap-
tured by inverted microscopy via different channels.

Biocompatibility Assays
To compare the effects on cell viability of DOTAP-PLGA 
NPs and HA-DOTAP-PLGA NPs in vitro, MTT assays 

were used. Briefly, the cell lines were seeded in plates 
overnight. Then DOTAP-PLGA NPs and HA-DOTAP- 
PLGA NPs (10, 20, 50, 100, 200, 500 and 1,000 μg/mL) 
were added to the cell-culture medium for 1 and 2 days. 
The medium was then removed and MTT regent added to 
each well of the plates and cultured for 4 hours until 
purple precipitate. Finally, DMSO was added to dissolve 
blue formazan, and absorbance at 570 nm was measured 
for analysis. Cells without treatment were used as controls.

For colony-formation assays, cells were first incubated 
with NPs for more than a day, digested with EDTA, and 
around 500 continuously cultured for half a month. Cell 
media were changed regularly to maintain cell growth. 
Finally, cells were stained with glutaraldehyde (6%) and 
crystal violet (0.5%) for 1 hour. Colonies in the groups 
were calculated under microscopy.

Mice were administered HA-NPs or PBS (control) for 
7 consecutive days and the biocompatibility of HA-NPs 
evaluated. At the end of the experiment, spleen/body 
weight was compared, cytokine-expression levels assessed 
with ELISA, and vital organs obtained and stained with 
H&E. Blood hemanalysis and biochemical analysis were 

Figure 2 HA-NPs-17AAG showed antitumor effects in AOM/DSS-induced orthotopic tumor model. (A) Experimental design. (B) Typical tumor photos in the colon under 
different treatments. (C, D) Tumors/mouse and tumor load were determined (n=10). ***p<0.001. (E) H&E-stained colonic tumors. Bar 20 µm.
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performed using a hematology analyzer and a biochemical 
analyzer, respectively.

Statistical Analysis
Statistical significance was analyzed with ANOVAs and 
t-tests.

Results and Discussion
NP Preparation and Characterization
PLGA was used as the core of NPs for 17AAG delivery. As 
we know, PLGA has excellent properties, such as biodegra-
daility and biocompatibility. On account of these properties, 
PLGA has been widely studied as a delivery vehicle for 
drugs.26,27 A single emulsion (oil in water) method was 
adopted to prepare DOTAP-PLGA NPs using ultrasonic 
emulsification. DOTAP with positive charge was self- 
assembled on the surface of the PLGA core, bonding anionic 
HA via electrostatic interaction (Figure 1A). 17AAG is 
hydrophobic, and can be easily encapsulated into hydropho-
bic DOTAP-PLGA NPs. When the NPs interacted with 
CD44 receptors on cell surfaces, receptor-mediated endocy-
tosis, endosomal escape, and drug release occurred in 
sequence (Figure 1B). TEM showed that both DOTAP- 
PLGA and HA-DOTAP-PLGA NPs had well-defined core– 
shell structures (Figure 3A, B [insert]). Particle size and ζ- 

potential of DOTAP-PLGA NPs and HA-DOTAP-PLGA 
NPs were 149±1 nm, 46.43±2.97 mV and 232±3 nm, 
−15.60±1.55 mV, respectively (Figure 3C). These results 
indicated that by electrostatic interaction, HA had been suc-
cessfully incorporated on the surface of DOTAP-PLGA NPs. 
HPLC revealed that drug loading of 17AAG in DOTAP- 
PLGA NPs and HA-DOTAP-PLGA NPs was 42.7±3.2 μg/ 
mg and 43.3±2.6 μg/mg and encapsulation efficiency 80% 
±2.3% and 82%±1.5%, respectively (Figure S1).

Cumulative release of 17AAG from NPs was evaluated by 
HPLC. As shown in Figure 3D, 17AAG in both types of 
NPs revealed very similar drug-release profiles: during the 
initial 12 hours: around 40% of 17AAG was released, reaching 
percentage reach ~90% at 72 hours. These results indicated 
that 17AAG was released from the core of PLGA NPs with 
a sustained-release profile and achieved controlled release.

CD44 Receptor–Medicated Endocytosis 
Involved in Cellular Uptake
Achieving effective intracellular uptake is very impor-
tant for the therapeutic efficacy of DDSs.28 We incu-
bated HA-DOTAP-PLGA NPs (labeled with DiL) with 
two colon cancer cell lines to verify targeting ability. 
The cell-surface glycoprotein CD44, involving cell 
adhesion and migration, is the main receptor of HA. 

Figure 3 Material characterization. (A) TEM and DLS were used to characterize the morphology and size of DOTAP-PLGA NPs, respectively (n=3). (B) TEM and DLS were 
used to characterize the morphology and size of HA-DOTAP-PLGA NPs, respectively (n=3). (C) ζ-potentials of DOTAP-PLGA and HA-DOTAP-PLGA NPs (n=3). (D) 
Cumulative 17AAG-release profiles were evaluated with HPLC (n=3).
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Cancer cells overexpressing CD44 receptors on the cell 
surface are responsible for the interaction of HA.29 HA- 
DOTAP-PLGA NPs were incubated with colon cancer 
cells at regular cell-culture temperature for 4 hours with 
or without HA (as competitor). We then evaluated the 
endocytosis of NPs by confocal microscopy, and HA- 
DOTAP-PLGA NPs showed strong DiL fluorescence 
(Figure 4A-a, C-a). In contrast, less fluorescence was 
observed for free HA (Figure 4A-b, C-b). These results 
confirmed that endocytosis of HA-DOTAP-PLGA NPs 
was mediated by CD44 receptors. Flow cytometry was 
then used to assess the cell-uptake efficiency of 
NPs labeled with DiL. Consistently with the confocal 
microscopy results, in HA-free groups HT29 
(Figure 4B) and HCT116 cells (Figure 4D) had much 
higher fluorescence then the HA-present group. Through 
modification with HA, effective intracellular uptake of 
HA-DOTAP-PLGA NPs was achieved by HA-CD44– 
mediated internalization.

Endocytosis is a cellular process in which large molecules 
or other cells enter the cell.With the help of clathrin, this 
process begins by caving in the cell membrane to form 
a vesicle that wraps around the material to get inside the cell. 
The Tf receptor is dimeric transmembrane glycoprotein that is 
internalized by clathrin-mediated endocytosis.30 We per-
formed a colocalization experiment with HA-NPs/DiL and 
FITC-labeled Tf to further confirm HA-NPs/DiL internaliza-
tion was receptor-mediated. As shown in Figure S2, HA-NPs 
/DiL and Tf-FITC showed a high degree of colocalization in 
HT29 cells based on fluorescence and FACS. CD44has been 
widely studied in cancer therapy due to its strong interaction 
with HA. As a natural ligand for CD44, HA has been used as 
an active targeting ligand by modifying the NP surface via 
chemical bonds or electrostatic interactions.There are two 
separate events in HA CD44–mediated internalization: bind-
ing of HA to CD44 and uptake of HA by CD44-mediated 
endocytosis. It has been confirmed that HA CD44–mediated 
endocytosis has a relationship of acylation of the CD44 

Figure 4 HA-DOTAP-PLGA NPs were taken up by colon cancer cells through HA-mediated endocytosis. (A) NPs incubated with HT29 cells: a, without competitor HA; b, with 
competitor HA. (B) NPs incubated with HT29 cells with or without competitor HA. Endocytosis efficiency was evaluated with FACS. (C) NPs incubated with HCT116 cells: a, 
without competitor HA; b, with competitor HA. (D) NPs incubated with HCT116 cells with or without competitor HA. Endocytosis efficiency was evaluated by FACS (n=5).
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cytoplasmic tail. More importantly, CD44 can also be recycled 
to the cell surface if the protein is not ubiquitinated. WCD44- 
mediated internalization of HA-DOTAP-PLGA NPs for colon 
cancer therapy is credible and has been widely reported.

We used flow cytometry to investigate the cellular uptake 
of DOTAP-PLGA NPs and HA-DOTAP-PLGA NPs at dif-
ferent incubation times (Figure 5). At 1, 3, and 6 hours, both 
DOTAP-PLGA NPs and HA-DOTAP-PLGA NPs showed 
increased internalization. With the same incubation periods, 
HA-DOTAP-PLGA NPs exhibited higher uptake efficiency 
than DOTAP-PLGA NPs, indicating receptor-medicated 
endocytosis had higher internalization efficiency. Our finding 
showed NPs decorated with HA can enhance cell-uptake 
efficiency, indicating HA is a distinguished target ligand.

Biocompatibility of HA-DOTAP-PLGA NPs
For an ideal carrier, biocompatibility should be addressed 
for animal or clinical use.31 We used MTT assays to assess 
the biocompatibility of HA-DOTAP-PLGA NPs by quan-
tifying the viability of cells treated with different concen-
trations of DOTAP-PLGA NPs and HA-DOTAP-PLGA 
NPs. Cells incubated with HA-DOTAP-PLGA NPs 
showed a similar cell-growth curve to those treated with 

the same concentrations of DOTAP-PLGA NPs, even at 
1 mg/mL (Figure S3), indicating that HA modification did 
not change the biocompatibility of DOTAP-PLGA NPs. 
We further investigated the biocompatibility of HA- 
DOTAP-PLGA NPs using an extended cytotoxicity 
assay: the colony-formation assay.32 As shown in Figure 
S4, there was no significant change in colony formation 
ibetween the NP-treated and control groups in either cell 
line, indicating that HA-DOTAP-PLGA NPs had very high 
biocompatibility for cell-colony formation and did not 
alter the growth of the colon cancer cells we tested.

In vivo biocompatibility of HA-DOTAP-PLGA NPs was 
also explored. For mice administered HA-DOTAP-PLGA 
NPs for 7 days, HA-DOTAP-PLGA NP administration did 
not affectspleen/body weight (Figure S5A) or proinflamma-
tory cytokines (TNFα, IL6, and IL1β; Figure S5B). On histo-
logical analysis, we found that there was no clear organ 
damage in the HA-DOTAP-PLGA NP group. The vital organs 
(heart, liver, spleen, lungs, and kidneys) were normal (Figure 
S5C). Along with as the hemanalysis and biochemical results, 
(Table S1), white blood cells, red blood cells, and hemoglobin 
were similar. Parameters reflecting hepatic and renal function, 
such as ALT, total bilirubin, total protein, and blood urea 

Figure 5 Uptake of NPs by colon cancer cells was time-dependent. DOTAP-PLGA and HA-DOTAP-PLGA NPs were coincubated with cells for designated periods (n=5).
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nitrogen, were also comparable. These results indicate that 
HA-DOTAP-PLGA NPs had very high biosecurity in vivo 
and did not affect of hepatic or renal function. Collectively, 
these results show that HA-DOTAP-PLGA NPs 
had acceptable biocompatibility both in vitro and in vivo and 
great potential as a safe platform for DD.

Enhanced Cell Apoptosis Caused by 
HA-NPs-17AAG
17AAG with high selectivity is used in clinical testing to treat 
different malignancies. 17-AAG is able to inhibit cell 

proliferation, inducing apoptosis. We compared cell apopto-
sis induced by free 17AAG and HA-NPs-17AAG. Annexin 
V–FITC/PI experiments were utilized to test the two cell 
lines with different treatments. When cells undergo apopto-
sis, phosphatidylserine in the plasma membrane will translo-
cate to the cell surface. In flow cytometry, annexin V, which 
has high affinity with phosphatidylserine, can be used to 
detect apoptotic cells.33 Fluorescence imaging showed free 
17AAG- and HA-NPs-17AAG–treated HT29 cells were 
positively stained: both green and red, which represent live 
cells and apoptotic cells (Figure 6A). In contrast, there 

Figure 6 Apoptosis in HT29 cells was evaluated by fluorescence and FACS. (A) HT29 cells receiving different treatments, then stained by annexin V–FTIC/PI. Bar 10 μm. 
(B) Apoptosis was evaluated with FACS. (C) Quantitative analysis of FACS results from B. ***p<0.001 (n=5).
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was no green or red signal in untreated control cells. 
Quantification analysis with flow cytometry showed PI and 
Aannexin V double-negative cell populations of 96.9% 
±2.1%, 31.6%±3.1%, and 14.1%±2.4% in HA-NPs 
-17AAG–treated, free 17AAG-treated, and control cells, 
respectively (Figure 6B and C). Similar results were obtained 
in HCT116 colon cancer cells, with PI and annexin V double- 
negative cell populations of 98.1%±1.4%, 27.7.2±4.0%, and 
13.7%±1.5%, respectively (Figure S6). These fluorescence- 
imaging and flow-cytometry results demonstrated that HA- 
NPs-17AAG had outstanding therapeutic effects over free 
17AAG. In addition, there were no side effects observed 
following intravenous injection of NPs. As such, HA-NPs 
-17AAG cansignificantly improve the antitumor activity of 
17AAG and HA-DOTAP-PLGA NPs might be a good can-
didate for DD.

HA-NPs-17AAG Exhibit Antitumor 
Effects in Subcutaneous Tumor Model
To evaluate the antitumor effects of HA-NPs-17AAG in vivo, 
immunodeficient mice bearing Luc-HT29 cells were used as 
a subcutaneous tumor model, as shown in Figure 7A. When 
tumor reched appropriate size, the four groups were divided 
and then administered saline, free 17AAG, NPs-17AAG, oand 
HA-NPs-17AAG, respectively. As shown in Figure 7B and, 
bioluminescence imaging of luciferase was used to monitor 
the growth of HT29 cells. Luciferase imaging in vivo is 
a molecular and gene-expression analysis and detection sys-
tem developed in recent years that can be used to observe the 
growth and metastasis of cancer cells in living animals, the 
development of infectious diseases, the expression of specific 
genes, and other biological processes. Luciferase imaging of 
HT29 cells showed tha

Figure 7 HA-NPs-17AAG had in vivo therapeutic efficacy in Luc-HT29 tumor-bearing mice. (A) Experimental design. (B) With administration of luciferin substrate, 
bioluminescence images of mice receiving different treatments for various periods were captured. (C) Tumor-growth curve in mice treated with HA-NPs-17AAG or control 
formulations. ***p<0.001. (D) Tumor volumes were measured and compared (n=5). **p<0.01. (E) Tumor weights were measured and compared (n=5). **p<0.01. (F) 
TUNEL assays were performed to assess cell apoptosis (n=5). Bar 20 μm.
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The HA-NPs-17AAG- group had the lowest tumor 
growth among the groups. When tumor volumes and 
weights were examined at the end of the experiment, the 
HA-NPs-17AAG group showed the lowest tumor volume 
and weight, and those values were remarkablly reduced 
when compared with the free 17AAG, saline, and NPs- 
17AAG control groups (Figure 7D and E, Figure S7). 
Consistently with in vitro apoptosis assays, our 
findings demonstrate that 17AAG loaded in NPs had better 
antitumor activity than 17AAG alone. As we know, free 
17AAG can diffuse quickly into organs or tissue with intra-
venous administration,34 which will potentially affect 
healthy cells, and at the same time the amount of free drug 
delivered to the tumor site will decrease significantly. Free 
drugs usually have a short half-life in vivo and will be 
cleared from the body quickly; therefore, 17AAG loaded 
in NPs showed better antitumor activity than 17AAG alone. 
We did TUNEL apoptosis assays to explore this mechanism. 
TUNEL is a method of detecting DNA fragmentation by 
labeling blunt ends of double-stranded DNA. In Figure 7F, 
the saline, free 17AAG, and NPs-17AAG groups show few 
green dots, representing TUNEL-positive apoptotic cells. 
Significantly, in the HA-NPs-17AAG group, there are 
more green dots, representing severe apoptosis in this 
group. NPs-17AAG inhibited subcutaneous tumor growth 
by inducing tumor-cell apoptosis. We also performed histo-
logical analysis of tumor tissues to further investigate the 
enhanced antitumor activity of HA-NPs-17AAG. H&E 
staining indicated that large areas of tumor-cell necrosis 
were obtained in the HA-NPs-17AAG group when com-
pared with control groups, which showed malignant tumor- 
cell hyperplasia (Figure 8). Treatment with HA-NPs 

-17AAG, inhibited the growth of colon cancer, suggesting 
HA-NPs-17AAG has a distinguished antitumor effect.

HA-NPs-17AAG Also Exhibit Antitumor 
Effects in Orthotopic Tumor Model
The translatability of animal models is one of the greatest 
challenges for oncology studies at the preclinical stage. 
Xenograft tumor models are the most frequently used sys-
tems for the evaluation of in vivo efficacy of anticancer-drug 
candidates; however, these tumor models cannot mimic the 
actual tumor microenvironment.35 Therefore, more reliable 
orthotopic models are ideally suited to test the anticancer 
efficacy of drug candidates.36,37 The antitumor effects of 
HA-NPs-17AAG in the orthotopic tumor model caused by 
the combination of the carcinogenic agent AOM and an 
inflammatory agent (DSS) were then evaluated. As shown 
in Figure 2A, mice were treated with HA-NPs-17AAG or 
controls from D14-D49, then, killed for further analysis. As 
shown in Figure 2B, tumors appeared in the colon from the 
middle to distal portions, and it was obvious that the HA-NPs 
-17AAG group had fewer orthotopic tumors than the free 
17AAG, saline, and NPs-17AAG groups. Tumors/mouse and 
tumor loading were markedly decreased by HA-NPs-17AAG 
treatment of AOM/DSS mice (Figure 2C and D). H&E 
staining indicated that AOM/DSS-treated mice had large 
flat adenomas, indicating high-grade dysplasia and carci-
noma. In contrast, mice exhibited very low-grade, nonmalig-
nant dysplastic lesions in the HA-NPs-17AAG group 
(Figure 2E). According to our previous research, apoptosis 
of intestinal epithelial cells plays a prominent but compli-
cated role in colitis-associated cancer. We thereby evaluated 
intestinal epithelial cell apoptosis in this tumor model using 

Figure 8 Evaluation of therapeutic efficacy of HA-NPs-17AAG by histological analysis. Bar 20 μm.
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TUNEL assays. As shown in Figure S8, the greatest degree 
of apoptosis was achieved in the HA-NPs-17AAG group, 
indicating a significant antitumor effect of HA-NPs-17AAG. 
Our study indicated that administration of HA-NPs-17AAG 
significantly suppressed colitis-associated cancer and might 
serve as a good DDS for colon cancer therapy.

Conclusion
Colon cancer is highly prevalent globally. In recent years, 
significant progress has been achieved in controlling its 
morbidity and mortality. However, colon cancer is still the 
fourth-leading cause of cancer-related deaths worldwide 
and the third–most commonly diagnosed malignancy.

Therefore, we still have a long way to go to control 
colon cancer. Promisingly, NP-based DDSs bring hope for 
colon cancer therapy. NPs decorated with targeted ligands 
that can recognize cell-surface receptors provide effective 
release of cytotoxic drugs.

In our research, single-emulsion (oil in water) solvent 
evaporation was used to prepare cationic lipid (DOTAP)– 
PLGA hybrid NPs to load the HSP90 inhibitor 17AAG. 
Then, NPs were decorated with HA with electrostatic 
interaction (HA-NPs-17AAG). Taking advantage of HA- 
coated cationic NPs with HA-CD44 receptor–medicated 
endocytosis and endosomal escape capacity, we investi-
gated their potential efficacy in treating subcutaneous and 
orthotopic colon cancer (Figure 1).

An efficient HSP90 inhibitor, 17AAG is being studied 
widely in the treatment of cancers, as a single agent or 
combined with other anticancer drugs, in preclinical and clin-
ical research.

However, such problems as degradation in the circulatory 
system and being off-target have limited its further use in the 
clinic. In this study, PLGA was used to load 17AAG to form 
HA-NPs-17AAG. PLGA is often used for DD, since it has 
been approved by the US Food and Drug Administration 
(FDA). In contrast to other types of DSS, PLGA has signifi-
cant merits, eg, tailored biodegradation rate, FDA-approved 
for clinical use, biocompatibility, and great handling ability of 
the material surface. Because of these excellent properties, 
PLGA as a DDS has great potential for clinical use.

In summary, we constructed HA-decorated DOTAP– 
PLGA hybrid NPs that served as a new DDS to enhance 
therapeutic efficiency (HA-DOTAP-PLGA NPs-17AAG). 
Colon cancer cells, both HT29 and HCT116, took up HA- 
DOTAP-PLGA NPs via HA–CD44 interaction. HA-DOTAP 
-PLGA NPs-17AAG had greater efficiency for cell apoptosis 
and had better antitumor results in subcutaneous and 

orthotopic tumor models, indicating that HA-DOTAP- 
PLGA NPs could be explored as a novel DDS and have 
great potential in colon cancer therapy.
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