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Purpose: Most chemotherapeutic agents possess poor water solubility and show more significant accumulations in normal tissues 
than in tumor tissues, resulting in serious side effects. To this end, a novel dextran-based dual drug delivery system with high 
biodistribution ratio of tumors to normal tissues was developed.
Methods: A bi-functionalized dextran was developed, and several negatively charged dextran-based dual conjugates containing two 
different types of drugs, docetaxel and docosahexaenoic acid (DTX and DHA, respectively) were synthesized. The structures of these 
conjugates were characterized using nuclear magnetic resonance and liquid chromatography/mass spectrometry (1H-NMR and LC/MS, 
respectively) analysis. Cell growth inhibition, apoptosis, cell cycle distribution, and cellular uptake were measured in vitro. Drug 
biodistribution and pharmacokinetics were investigated in mice bearing 4T1 tumors using LC/MS analysis. Drug biodistribution was 
also explored by in vivo imaging. The effects of these conjugates on tumor growth were evaluated in three mice models.
Results: The dextran–docosahexaenoic acid (DHA)– docetaxel (DTX) conjugates caused a significant enhancement of DTX water 
solubility and improvement in pharmacokinetic characteristics. The optimized dextran–DHA–DTX conjugate A treatment produced 
a 2.1- to 15.5-fold increase in intra-tumoral DTX amounts for up to 96 h compared to parent DTX treatment. Meanwhile, the 
concentrations of DTX released from conjugate A in normal tissues were much lower than those of the parent DTX. This study 
demonstrated that DHA could lead to an improvement in the efficacy of the conjugates and that the conjugate with the shortest linker 
displayed more activity than conjugates with longer linkers. Moreover, conjugate A completely eradicated all MCF-7 xenograft tumors 
without causing any obvious side effects and totally outperformed both the conventional DTX formulation and Abraxane in mice.
Conclusion: These dextran-based dual drug conjugates may represent an innovative tumor targeting drug delivery system that can 
selectively deliver anticancer agents to tumors.
Keywords: docetaxel, dextran, docosahexaenoic acid, nanoparticle, tumor, chemotherapy

Introduction
Chemotherapy is one of the three traditional strategies for treating cancer. However, many chemotherapeutic agents have 
limited effectiveness due to high toxicity to normal healthy tissues.1 Many small molecule tyrosine kinase inhibitors have 
exhibited nonspecific biodistribution. Many studies have confirmed that epidermal growth factor receptor (EGFR) 
inhibitors, such as erlotinib, gefitinib, and others accumulate much less in tumors than in normal tissues.2–6 More than 
30 monoclonal antibodies have been approved for targeting cancer therapy; however, a previous report indicated that four 
antibodies used clinically showed a similar biodistribution pattern with higher uptake in the livers, spleens, and kidneys 
than in the tumors.7 The immune checkpoint inhibitor, Pembrolizumab, which targets the programmed cell death 1 (PD- 
1) pathway shows impressive antitumor effects. However, serious immune-related toxicity has been reported due to 
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higher concentration of pembrolizumab in livers and spleens than in tumors.8,9 Many nanoparticles, such as liposomes 
and micelles, which are conjugated to drugs, exert their anticancer efficacy through active and passive tumor 
targeting.10,11 Unfortunately, although most nano-drug formulations do deliver more drugs to tumor sites, they also 
accumulate in the reticuloendothelial systems, such as livers and spleens. For example, the cyclodextrin-based camp-
tothecin conjugate, CRLX101, was tested in multiple Phase I and II studies, and more camptothecin was found in livers 
than in tumors.12 Therefore, an urgent need to develop drugs that preferentially enter tumors more than normal tissues is 
present.

Docetaxel (DTX) is one of the most important anticancer drugs that is widely used for cancer treatment. However, 
due to its poor water solubility, the commercial formulation of DTX in which Tween 80 and ethanol are used as solubility 
enhancers causes serious adverse effects. Moreover, DTX lacks tumor targeting and results in serious systemic 
toxicities.13,14 In recent years, several strategies have been utilized to improve the solubility and tumor targeting 
properties of DTX, including chemical conjugation to hydrophilic polymers in addition to physical encapsulation in 
liposomes, polymeric micelles, and dendrimers.15–17 Many of these new DTX-based formulations exhibit significantly 
enhanced antitumor efficacies when compared with conventional DTX in preclinical studies. A few of these formula-
tions, such as BIND-014, CRXL301 and CPC634, have entered clinical trials; however, none of them have been 
approved for the clinical market yet.10,15,18,19

Dextran is a natural and excellent biomaterial for drug delivery application due to its water solubility, biocompat-
ibility, biodegradability, and non-immunogenicity.20,21 As a drug delivery carrier, some dextran-based nanoparticles have 
shown potent therapeutic efficacy in cancer treatment.21–24 However, all of these physically loaded and chemically 
conjugated dextran-based nanoparticles were found to distribute less active drugs into tumors than into major normal 
tissues.23–28 The area under the curve (AUC) value of free paclitaxel in livers was 3.1-fold greater than in tumors after 
a paclitaxel-carboxymethyl dextran conjugate (AZ10992) was injected into mice carrying colon 26 cancer cells.24 Intra- 
tumoral active drug was less than that in livers at 12 h post-injection of a dextran-based conjugate Dex–g–(DOX+BTZ)/ 
cRGD, which was coupled with doxorubicin (DOX), bortezomib (BTZ), and a targeted peptide (cRGD).25 In fact, there 
are many challenges, such as drug loading contents, stability, linkers, quality control, and the purity of polysaccharide 
drug conjugates, in the development of polysaccharide-based nano-drug formulations. All factors must be considered and 
optimized when developing polysaccharide-based nanoparticles.

Docosahexaenoic acid (DHA), an omega-3 fatty acid, has been reported by many studies to inhibit tumor growth 
either alone or in combination with chemotherapeutic agents.29,30 Existing evidence reveals that DHA can also sensitize 
tumor cells to chemotherapy, while not increasing their toxicity on normal tissues.31–34 DHA has been shown to improve 
the treatment efficacy of DTX.35,36 Furthermore, DHA–Paclitaxel (Taxoprexin) has exhibited enhanced anticancer 
activity with favorable efficacy and minimal toxicity profiles in clinical trials.37,38 DHA has also been loaded into or 
conjugated with polymers to construct nanoparticles for cancer treatment.39 DHA may be enriched in tumor cells because 
rapidly growing tumor cells need more energy and preferentially uptake unsaturated fatty acids.40,41 Moreover, 
G-protein-coupled receptors 40 and 120 (GPR40 and 120, respectively) are mainly overexpressed in many types of 
cancer cells in which they function as DHA receptors.42,43 Therefore, DHA may actively target tumor cells through 
recognition of GPR40 and 120 receptors.

In this study, the synthesis of four dextran-based dual conjugates containing two different types of drugs, DTX and 
DHA, in addition to different linkers is reported. After dextran–DHA–DTX conjugates were obtained, the pharmacoki-
netics, biodistribution, and antitumor activity were studied. Results indicate that the conjugate with the shortest linker 
selectively accumulates in tumors and completely eliminates all MCF-7 xenograft tumors in nude mice. This technology 
involving the construction of dextran–DHA–DTX conjugates exhibits a promising strategy for providing a new potential 
DTX formation for cancer treatment.
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Materials and Methods
Materials
Anhydrous docetaxel was purchased from Wuxi Zishan Pharmaceutical Co., Ltd. Docetaxel injection Duopafei® was 
a commercial production produced by Qilu Pharmaceutical Co., LTD. in China. Dextran (Mr=100,000) was purchased 
from Sigma-Aldrich, DHA was purchased from Aladdin (Shanghai), Boc-Lys(N3)-OH, trichloromethyl chloroformate, 
1-hydroxybenzotriazole (HOBt), o-benzotriazole-N,N,N’,N’-tetramethyluronium hexafluophosphate (HBTU), ultra-dry 
N,N-dimethylformamide (DMF), ultra-dry tetrahydrofuran (THF), ultra-dry dichloromethane (DCM), 1 - (3-dimethyla-
minopropyl)-3-ethylcarbodiimide hydrochloride (EDCI), 4-dimethylaminopyridine (DMAP), N-hydroxysuccinimide 
(NHS), sodium ascorbate, N6-BOC-L-lysine, glycine methyl ester hydrochloride, BOC-glycine, allyl chloroformate 
(Alloc-Cl), and tetrabutylammonium fluoride (TBAF) were purchased from Beijing Innokai Technology Co., Ltd; 
other chemical reagents were bought from Sinopharm Chemical Reagent Co., Ltd.

Characterization of Conjugates Dextran-DHA-DTX
The morphologies of the dextran–DHA–DTX conjugates were observed under the transmission electron microscopy 
([TEM] JEM-1200EX II, Japan). A sample (2 mg) was dissolved in 1 mL distilled water, stained with a 2% aqueous 
solution of phosphotungstic acid, and allowed to dry before being observed under the TEM. Solutions of dextran–DHA– 
DTX (1 mg/mL) were prepared with deionized water. The size distribution and zeta potential of conjugates in the 
resulting solutions were determined using a Malvern particle size analyzer (ZEN3700, UK).

Determination of DTX Loading Contents Through Alkaline Hydrolysis of Conjugates
For quantifying the DTX loading content in these conjugates, measurements of the release of C-13 side chains of DTX 
by alkaline hydrolysis were obtained. The procedure is described briefly. Samples were incubated with 0.5 mol/L sodium 
hydroxide solution (methanol:water = 1:1) for 3 h at room temperature with shaking at 200 rpm. The sample was then 
adjusted to pH 6.0 by adding glacial acetic acid and then used for high-performance liquid chromatography/mass 
spectroscopy (HPLC/MS) analysis. The peak area of the C-13 side chains was recorded to calculate the DTX content. 
DTX at varying concentrations was hydrolyzed in 0.5 mol/L sodium hydroxide solution using a similar procedure after 
which a standard curve was prepared by the integrated peak area of the C-13 side chain corresponding to the amount of 
DTX. The amount of DTX in the conjugates was calculated depending on the standard curve. These dextran–DHA–DTX 
conjugates completely released the C-13 side chains under alkaline conditions, and the C-13 side chains were stable for at 
least 6 h. Samples was analyzed on an Agilent 7890A HPLC and mass spectrometer SCIEX TripleQuad 5500 at 254 nm 
wavelength using an Agilent C18 column (3.5 µm, 2.1×100 mm).

Cell Lines and Cell Culture
The lung cancer cell-line NCI-H460 (HTB-177), breast cancer cell-line MCF-7 (HTB-22), and mouse breast cancer cells 
4T1 (CRL-2539) were purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of 
Sciences. All cell lines were maintained in a humidified atmosphere containing 5% CO2 at 37 °C in RPMI-1640 medium 
supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.

Sulforhodamine B (SRB) Assay
Cell growth inhibition was determined using the SRB assay. Briefly, the cells were incubated in 96-well microtiter plates 
for 24 h. Following the addition of dextran–DHA–DTX conjugates, the plates were incubated at 37 °C for an additional 
72 h. The culture medium was then discarded, and the cells were fixed in situ by the gentle addition of 100 μL of cold 
10% (w/v) trichloroacetic acid and incubated for 60 min at 4 °C. The supernatant was discarded, and the plates were 
washed five times with tap water and air dried. SRB solution (100 μL) at 0.4% (w/v) in 1% acetic acid was added and 
plates were incubated for 20 min at room temperature. After staining, unbound dye was removed by washing five times 
with 1% acetic acid after which the plates were air dried. Bound stain was dissolved with 10 mM Tris (pH 10.5), and the 
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absorbance was read at 515 nm on a Bio-Rad 550 ELISA microplate reader. Cell viability was calculated as a percentage 
of the control group. The IC50 of each group was calculated using Graph Pad Prism 7.0 software.

Cell Cycle Analysis by Flow Cytometry
H460 and MCF-7 cells seeded on the 6-well plates were treated with dextran–DHA–DTX conjugates for the indicated 
time. At the end of the incubation, cells were detached with 0.05% trypsin, washed twice with cold phosphate-buffered 
saline (PBS), and then fixed with 70% cold ethanol at −20 °C. Prior to analysis, the samples were washed twice in PBS 
and resuspended in a solution of 50 mg/mL propidium iodide (PI) and RNase A (0.5 mg/mL) in PBS for 30 min in the 
dark. Data collected from each 10,000-cell sample was analyzed by Flow cytometry (Becton-Dickinson Co., USA).

Annexin V-FITC/Propidium Iodide Assay
An annexin V-FITC/PI binding assay was used to determine the percentage of apoptotic cells. Following the recom-
mended protocols of the Annexin V-FITC kit (BD Pharmingen, USA), the cells were seeded at 4×105 cells/mL per well 
in 6-well plates. After treatment with dextran–DHA–DTX conjugates, the cells were harvested and washed twice with 
ice-cold PBS and resuspended in 100 μL of binding buffer. A total of 5 μL of Annexin V-FITC and 10 μL of PI were 
added, and the mixture was incubated for 30 min in the dark. Finally, 400 μL of binding buffer was added to the cells, 
and the mixture was analyzed with a flow cytometer.

In vivo and ex vivo Imaging to Test Tumor Targeting
To study the targeting properties, the fluorescent dye, Cy7.5, was covalently coupled to form a conjugated dextran– 
DHA–Cy7.5. The tumor model was established by subcutaneous injection of breast cancer cells 4T1 into the lower right 
flank of BALB/C mice. When the tumor volume reached approximately 200 mm3, mice were intravenously injected with 
Cy7.5 and dextran–DHA–Cy7.5 (30 μg/kg) via the tail vein. Mice were anesthetized and examined using the imaging 
system at different time points after administration. Fluorescence intensity was captured using the Xenogen IVIS Lumina 
system (Caliper Life Sciences, USA). For ex vivo imaging, the mice were sacrificed, and the major organs were obtained 
from mice after conjugate administration at different times. Results were analyzed using Living Image 4.1 software.

In vitro Release of DTX from Conjugates Dextran-DHA-DTX in Plasma
To investigate the profile of DTX release from conjugates, conjugates were incubated with rat plasma and the 
concentration of released DTX was measured. Briefly, 100 μL of each conjugate (10 mg/mL in PBS) was mixed with 
900 μL rat plasma and then incubated at 37 °C with shaking. At predetermined time points, the incubation was stopped 
by adding protein precipitation solution (acetonitrile: methanol = 1:1) into samples. The mixture was rigorously vortexed 
and put on ice for 5 min after which it was centrifuged at 10,000 rpm for 15 min. The supernatant was filtered with a 0.22 
μm membrane filter and analyzed by reverse phase (RP)-HPLC (Agilent 1220 Infinity II) with a C18 column.

Determination of Released DTX and Total DTX Contents in Plasma and Tissue
In blood and tissues, some of the DTX was released from dextran–DHA–DTX; however, some DTX remained 
conjugation with dextran. In this study, released DTX and total DTX (free and conjugated DTX) were examined.

For determination of DTX release, tissue samples or blood samples were mixed with PBS (pH 7.4) and homogenized 
on ice. The mixture was added with three volumes of the internal standard paclitaxel containing the solvent methanol: 
acetonitrile (1:1) after which the samples were centrifuged at 12,000 rpm for 15 min. The supernatant was filtered with 
a 0.22 μm membrane filter and subject to HPLC/MS quantification to determine free DTX (released DTX from 
conjugates).

For quantifying the total DTX content in blood and tissues, alkaline hydrolysis of these conjugates was used. Tissue 
or blood samples were mixed with PBS (pH 7.4) and homogenized on ice. The mixture was mixed with the internal 
standard, Boc-L-Phenylalanine, containing 3 times the volume of methanol:acetonitrile (1:1) for extraction, and samples 
were centrifuged at 12,000 rpm about 15 min. The supernatant was added to a sodium hydroxide aqueous solution at 
a final concentration of 50 mg/mL and was incubated at room temperature with shaking at 200 rpm. After incubation for 
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3 h, the sample was adjusted to pH 6.0 by adding glacial acetic acid and then centrifugated at 12,000 rpm. The 
supernatant was used for HPLC/MS analysis to test the total DTX including released DTX and dextran-conjugated DTX.

Released or total DTX was detected with HPLC/MS. HPLC separation of samples was carried out on Agilent 7890 
system using an Agilent C18 column (3.5 µm, 2.1×100 mm). Detection was done using a mass spectrometer SCIEX 
TripleQuad5500 operated in the MRM mode under positive ion electrospray conditions for released DTX determination 
and under negative ion electrospray conditions for total DTX determination.

Determination of Released DTX and Total DTX Content in Cancer Cells
To quantify the intracellular amounts of released and dextran-coupled DTX after cancer cells were exposed to conjugates 
dextran–DHA–DTX, MCF-7 cells were plated in 10 cm dishes and cultured for 24 h after which parent DTX and the 
conjugate A were added to the medium at the final concentration of 200 ng/mL equivalent to DTX. After 0, 1, 3, 6, 12, 
24, 48, and 72 h the cells were collected and washed with cold PBS.

For released DTX analysis, the cells were mixed with 1 mL internal standard (paclitaxel) containing a solution of 
acetonitrile:PBS (1:1). The mixture was sonicated for 2 min under probe sonication in an ice bath. Cell debris was 
removed by 1000 rpm centrifugation, and the supernatant was further filtered with a 0.22 μm membrane, and HPLC/MS 
analysis was done to determine the amount of released DTX.

For total DTX analysis, the cells were mixed with 1 mL of acetonitrile:PBS (1:1) containing the internal standard, 
Boc-L-Phenylalanine. The mixture was sonicated for 2 min under probe sonication in an ice bath. Cell debris was 
removed by 1000 rpm centrifugation, and the supernatant was further filtered using a 0.22 μm membrane. After adding 
sodium hydroxide aqueous solution at a final concentration of 50 mg/mL, the mixture was incubated at room temperature 
with shaking at 200 rpm for 5 h. The sample was then adjusted to pH 6.0 by adding glacial acetic acid after which it was 
centrifugated at 12,000 rpm. The supernatant was used for HPLC/MS analysis to evaluate the total amount of DTX.

Pharmacokinetic Analysis
All experiments of the animals in this study were approved by the Laboratory Animal Ethical and Welfare Committee of 
Shandong University and were performed following the guidelines and regulations of the Laboratory Animal Ethical and 
Welfare Committee of Shandong University. BALB/C mice were randomly divided into several groups (n = 5 in each 
group) and were intravenously injected with DTX and the dextran–DHA–DTX conjugates at a dose of 12 mg/kg 
(equivalent to DTX for conjugates). Blood (0.2 mL) was then collected from the inner canthus of mice at the 
predetermined time, immediately transferred to a heparinized, and centrifuges for 10 min at 3000 rpm. The time points 
were 30 min and 1, 2, 4, 6, 12, 24, and 48 h. The supernatants were tested for DTX amount following the procedure 
described in the section of determination of released DTX and total DTX content in plasma and tissue.

Biodistribution Analysis
BALB/C mice bearing breast cancer cells 4T1 were used to evaluate biodistribution of the dextran–DHA–DTX 
conjugate. When the tumor volume reached approximately 200 mm3, the mice were intravenously injected with parent 
DTX or conjugate A at 12 mg/kg via the tail vein. Mice were sacrificed, and major organs were excised and homogenized 
on ice for determination of released and total DTX according to the procedure in the section of determination of released 
DTX and total DTX content in plasma and tissues.

Inhibition of Tumor Growth in vivo
Three mice models were established in this study: (1) nude mice bearing human lung cancer cells H460, (2) nude mice 
bearing human breast cancer cells MCF-7, and (3) BALB/C mice bearing breast cancer cells 4T1. The animals were 
housed under pathogen-free conditions. Female BALB/c (nu/nu) mice (20 ± 2 g) were purchased from the Animal Center 
of the China Academy of Medical Sciences (Beijing, China). BALB/c mice (20 ± 2 g) were purchased from Shandong 
University. Cancer cells H460 (5.0 × 106), MCF-7 (5.0 × 106), and 4T1 (5.0 × 105) in 100 μL PBS were inoculated 
subcutaneously into the lower right flank of mice. When the tumors reached 100–150 mm3, the mice were divided 
randomly into different groups (n = 6 in each group). The control group received PBS only. The treated groups were 
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intravenously injected once a week with parent DTX or dextran–DHA–DTX conjugate at indicated doses via tail vein. 
The diameter of the tumor and the body weights were measured twice a week. Tumor volume was calculated with the 
following formula: v = ab2/2 in which a and b are the long and perpendicular short diameter of the tumors, respectively. 
The major organs were isolated after mice were sacrificed at the end of the experiment.

Histological Examination of Tissues
Tissues obtained from mice were fixed with 10% formalin and then embedded in paraffin after which 5 μm sections were 
cut and stained with hematoxylin and eosin (H&E) staining.

Hematological Analysis
For hematological analysis, bloods were taken from different groups of 4T1-bearing mice for serum biochemistry 
experiments on day 14 after treatment had been administered twice.

Statistical Analysis
A Student’s t-test was used to analyze the statistical comparisons between two groups, and differences were considered 
statistically significant when P < 0.05. All results were reported as mean ± standard deviation (SD).

Results and Discussion
Chemical Synthesis of the Conjugates
Previous studies revealed that the negative charged carboxymethyl dextran with molecular weight more than 80 kDa and 
a degree of substitution within 0.2 to 0.6 resulted in a much better treatment outcome.24,44–46 Hence, 100 kDa dextran 
was selected, and a degree of substitution of 0.5 to 0.6 for the modified dextran was used in this study. Dextran was bi- 
functionalized for the first time with two different types of functional groups concurrently: (1) glutamic acid and (2) 
azido-lysine (Scheme 1 and Scheme S1, Supplementary Material). Glutamic acid with two carboxyl group endowed the 
dextran carrier with negative charges, which prolonged the circulation time in blood stream and caused a dramatic 
reduction in drug distribution in normal tissues.44,45 Azido-lysine provided the azide for conjugation with two drug 
molecules, DTX and DHA. Second, the 7-OH and 10-OH positions of DTX were protected by addition of Alloc-Cl 
(Scheme S2, Supplementary Material). It was previously reported that modification of PTX at the 7-OH position could 
cause a dramatic decrease in the antitumor efficacy of the conjugates.47 The modified DTX allowed linkers to specifically 
react with the 2´-OH of the DTX. Third, DHA was modified with a linker composed of lysine and glycine with different 
number and position in addition to two ends: (1) carboxylic group acid end and (2) alkyne end. The carboxylic acid end 
of DHA was further specifically attached to 2´- OH position of DTX to produce three different DHA-DTX-linkers 
(Scheme S3–Scheme S5, Supplementary Material). Meanwhile, non-DHA DTX-linker was also synthesized (Scheme S6, 
Supplementary Material). Finally, the alkyne end of the DHA–DTX and DTX linkers were coupled to bi-functionalized 
dextran under mild click chemistry conditions to yield the desired conjugates, respectively (Scheme S7–Scheme S10, 
Supplementary Material). In this study, we synthesized three dextran-DHA-DTX conjugates (A, B and C) and one non- 
DHA-coupled dextran-DTX conjugate D, respectively (Scheme 1). The linkers of the conjugates B and C have one more 
glycine than the conjugate A. The difference between conjugates B and C is the difference position of a glycine in the 
linker. Conjugate D is identical to conjugate A except for the lack of a DHA.

Characterization of Conjugates
The structures of the dextran-based conjugates were confirmed by comparing the 1H spectra of dextran, DTX, and DHA 
(Figure 1 and Figures S1–S4, Supplementary Materials), and their purity was detected by gel permeation chromatography 
(GPC)–HPLC and confirmed to be ≥98% (Figure S5, Supplementary Material). The DTX and DHA contents of the 
dextran-based conjugates were quantified via the HPLC/MS quantitative method after alkaline hydrolysis of DTX of the 
conjugates. The drug contents of DTX in all four conjugates ranged from 17.0±1.8 to 19.7±2.1% (w/w) as shown in 
Table S1 (Supplementary Material). The nanoparticle shape of the dextran-based conjugates was examined by TEM, and 
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Figure 1 1H spectra of dextran, DHA, DTX and the conjugate A.

Scheme 1 Schematic diagram of the synthetic route of the conjugates dextran-DHA-DTX and dextran-DTX.
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each of the four conjugates had a spherical shape with the diameters ranging from 76.9 ± 0.4 nm to 93.0 ± 4.7 nm 
(Figure 2A and B, Table S1, Supplementary Material). No differences in the surface charge of all four conjugates were 
found as all then were around −25 mV (Figure 2C and Table S1, Supplementary Material). All four conjugates could 
easily be dissolved in water to yield a light-yellow solution (Figure 2D). The water solubility of the four conjugates 
ranged from 32.8 to 42.5 mg/mL, all of which were dramatically enhanced compared to parent DTX (Table S1, 
Supplementary Material). All four conjugates gradually released DTX upon incubation with plasma, while the parent 
DTX was released rapidly and fully at the first time point, indicating that dextran–DHA–DTX conjugates released DTX 
in a sustainable manner (Figure 2E).

In vitro Cytotoxicity Evaluation and Cellular Uptake of the Conjugate A
Lung cancer and breast cancer cells (H460 and MCF-7, respectively) were used to test the effects of all four conjugates 
on cell viability. No significant differences in cell viability and IC50 values were observed between parent DTX and 
conjugates A, B, and C in both types of cancer cells (Figures 3A and S6, Supplementary Material). When compared with 
parent DTX, exposure of the four conjugates for 72 h did not result in significant differences in apoptosis in either H460 
or MCF-7 cells (Figures 3B and S7, Supplementary Material). As with parent DTX, all four conjugates also caused the 
arrest of cancer cells at the cell cycle G2/M phase (Figures 3C and S8, Supplementary Material). The above-described 
results indicated that all conjugates could inhibit cell growth by inducing apoptosis and cell cycle arrest.

Cellular uptake of dextran-DHA-DTX conjugate A was investigated in MCF-7 cells. As shown in Figure 3D, the amount 
of released DTX gradually increased and reached a maximum at 72 h after MCF-7 cells were exposed to either parent DTX 
or the conjugate A. The concentrations of released DTX from the conjugate A were significantly lower than that from parent 
DTX after 1 and 3 h of incubation (P < 0.001), indicating that conjugate A released DTX at a slower rate than did the parent 
DTX. Although free DTX released from the conjugate A was slightly higher than that from parent DTX, no significant 
difference was observed between the treatment of parent DTX and conjugate A from 24 to 96 h incubation. Total intracellular 
DTX contents were significantly higher than released DTX after MCF-7 cells were incubated with conjugate A for all 
indicated time points, indicating that conjugate A continuously released DTX in cancer cells (Figure 3D).

Figure 2 Characterization of conjugates dextran-DHA-DTX. (A) TEM images of the conjugate A (1 mg/mL). (B) Size distribution of the conjugate A. (C) Surface charge of 
the conjugate A. (D) Image of four conjugates dissolved in PBS. (E) DTX release from four conjugates in rat plasma. Data were presented as mean±SD (n = 3).
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In vivo Imaging to Confirm Tumor Targeting
The conjugate dextran-DHA-Cy7.5 was synthesized (Scheme S11, Supplementary Material) and was intravenously 
injected into mice bearing 4T1 cells to confirm conjugates dextran–DHA–DTX can specifically target tumor. As 
shown in Figures 4A and S9 (Supplementary Material), the fluorescence intensity of dextran–DHA–Cy7.5 in the 
tumor gradually increased, reached a maximum at 72 h, and was still strong up to 96 h. The fluorescent signal of 
dextran–DHA–Cy7.5 in the tumors was dramatically higher than that of Cy7.5 throughout the 96-h period (P < 0.001). 
Individual Cy7.5 administration resulted in much more fluorescence accumulation in the liver than the administration of 
dextran–DHA–Cy7.5 (P < 0.001, Figures 4B and S9, Supplementary Material). These results suggested that the dextran- 
based dual conjugates could selectively accumulate in tumor tissues and cause a dramatic reduction of its distribution in 
normal tissues.

Figure 3 The effects of dextran-DHA-DTX conjugates on cell growth and cellular uptake. (A) IC50 values of four conjugates in cancer cells upon treatment for 72 h. (B) 
Conjugates induced apoptosis in cancer cells upon treatment for 72 h. (C) Conjugates induced cell cycle arrest in MCF-7 cells upon treatment for 72 h. (D) Amount of 
released DTX and total DTX in MCF-7 cells after incubation with parent DTX and the conjugate A, respectively. *P<0.05. Data were presented as mean±SD.

Figure 4 In vivo fluorescence imaging of mice and major organs. (A) In vivo fluorescence imaging of 4T1 tumor-bearing mice after intravenous administration of Cy7.5 and 
dextran-DHA-Cy7.5. The tumor foci were marked with red circles. (B) Fluorescence imaging of tumor and major organs from mice treated with Cy7.5 and dextran-DHA- 
Cy7.5, respectively.
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In vivo Antitumor Efficacy of Conjugates
The antitumor effects of these conjugates were assessed in three mice models. Based on our pilot experiments, 12 mg/kg 
DTX treatment caused mice to die, and 8 mg/kg DTX dosage was then selected as intravenous administration dosage in 
nude mice models. Parent DTX, Abraxane, and conjugates were intravenously injected via the tail on days 0 and 7 in 
nude mice bearing lung cancer cells H460. As shown in Figure 5A, all conjugates at both dosages of 8 and 12 mg/kg 
(equivalent to DTX) led to a significant inhibition of tumor growth compared to the control group (P < 0.001). When 
compared with the control group, conjugate A treatment at the dose of 12 mg/kg led to inhibition of tumor growth by 
75.1%, which was greater than any of another three conjugates at 12 mg/kg (P < 0.05). As shown in Figure 5B, 8 mg/kg 
DTX treatment resulted in a 10.9% body weight loss, and all conjugate treatments at both dosages produced an increase 
in mice body weights, demonstrating that conjugates even at 12 mg/kg did not produce obvious side effects. Additionally, 
all treated groups had significantly longer survival times than the untreated control (P < 0.001), and 12 mg/kg treatment 
groups had significantly longer survival times than each 8 mg/kg treatment group of conjugates A, B and C (P < 0.05, 
Figure 5C). All six mice in the 12 mg/kg conjugate A group were alive on day 28, and 12 mg/kg conjugate A group 
yielded a significantly longer survival than any other group (P < 0.05). All results proved that 12 mg/kg of conjugate 
A produced the greatest tumor growth inhibition without causing any systemic side effects. Based on preliminary 
experiments, mice were also administrated intravenous albumin-bound paclitaxel (Abraxane) at 12 mg/kg twice a week 
for two weeks. Figure 5A also shows that conjugate A treatment once a week caused a significant decrease in tumor 
volume versus Abraxane treatment twice a week (P < 0.01), indicating that conjugate A had stronger efficacy than 
Abraxane.

Figure 5 In vivo anticancer effects of four conjugates in mice. (A–C) Conjugates treatment influenced tumor volume (A), body weight (B) and mice survival (C) in nude 
mice bearing H460 cells. Mice were intravenously injected on day 0 and day 7, respectively. (D–F) Conjugates treatment influenced tumor volume (D), tumor image (E) and 
body weight (F) in nude mice bearing MCF-7 cells. Mice were intravenously injected on day 0, 7 and 14, respectively. Circle marked in tumor image represents complete 
eradication of xenograft tumor upon treatment.
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DTX (6 mg/kg) was chosen to use in the next mice experiment because 8 mg/kg DTX caused more than 10% mice 
body weight loss in nude mice bearing lung cancer H460 cells. DTX (6 mg/kg) and 12 mg/kg of all four conjugates 
(equivalent to DTX) were intravenously injected into nude mice bearing breast cancer cells MCF-7 on days 0, 7 and 14. 
Surprisingly, 12 mg/kg conjugate A caused a decrease in the tumor volume from 115.0 ± 19.6 mm3 on day 0 to 38.9 ± 
15.5mm3 on day 7 and eliminated all the tumors in six mice on day 11 (Figure 5D and E). Conjugate C (12 mg/kg) 
treatment also led to eradication of all tumors in five of six mice by day 21. The tumors completely disappeared in three 
of the six mice in the group treated with 12 mg/kg conjugate B on day 28. In contrast to non-DHA-coupled conjugate D, 
DHA-coupled conjugate A exhibited more potent efficacy, suggesting that DHA enhanced the inhibitory effect of DTX. 
More interestingly, mice body weights in the groups treated with four conjugates progressively increased during the 28- 
day treatment period (Figure 5F). No significant differences in body weights between groups treated with four conjugates 
and control were found; however, the 6 mg/kg DTX group showed a decrease in body weights by 7.0% compared to the 
initial body weights on day 0. These results demonstrate that all four conjugates showed enhanced efficacy and did not 
cause any systemic side effects in nude mice bearing MCF-7 cells. Remarkably, conjugate A treatment led to eradication 
of all tumors after two administrations.

To confirm the excellent therapeutic efficacy in breast cancer-bearing mice, all four conjugates were evaluated in 
BALB/C mice with 4T1 breast cancer cells. When compared with the control group, treatment with the 12 mg/kg 
conjugates A, B, C, and D led to inhibition of tumor growth by 59.1%, 37.4%, 51.3%, and 15.4%, respectively 
(Figure 6A–C). In contrast, 6 mg/kg DTX treatment caused a reduction in tumor volume by 23.1%. Although similar 
in structure, conjugate A produced greater growth inhibition than non-DHA-coupled conjugate D, suggesting that DHA 
led to an improvement in the antitumor activity of DTX. The treatment with all four conjugates did not lead to a decrease 
in body weights; however, 6 mg/kg DTX treatment led to a reduction in body weights by 12.1% (Figure 6D). The side 
effects were further evaluated by histological examinations of the major tissues (Figure S10, Supplementary Material). 
H&E staining showed that all treatments produced no obvious pathological abnormalities in kidneys, spleens, and lungs. 

Figure 6 In vivo anticancer effects of four conjugates in mice. (A–D) Conjugates treatment influenced tumor volume (A), tumor weight (B), tumor image (C) and body 
weight (D) of mice bearing breast cancer cells 4T1. Mice were intravenously injected on day 0 and day 7, respectively. (E and F) The conjugate A treatment influenced tumor 
volume (E) and body weight (F) of mice bearing MCF-7 cells. Mice were intravenously injected on day 0 and day 7, respectively. Data were presented as mean±SD (n=6). 
*P<0.05, **P<0.01 and ***P<0.001.
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The tumor cells were arranged in a cord or vortex shape with high nucleocytoplasmic ratio, and a pathological mitotic 
phase can be seen in tumor tissues in all groups. However, tumor metastasis was found in the liver in control group and in 
all treatment groups. On the whole, DTX treatment caused degeneration and necrosis of liver cells, indicating that DTX 
alone had toxic effects on liver cells. In addition, serum biochemical detection also verified the biological safety of 
conjugates treatment. No significant differences in alanine transaminase (ALT), asparate aminotransferase (AST), blood 
urea nitrogen (BUN), and urine creatinine (UCr) among all groups in this study were found (Table S2, Supplementary 
Material). Taken together, although conjugates did not exhibit the same excellent therapeutic efficacy in 4T1-bearing 
mice as that in MCF-7-bearing nude mice, conjugate A also showed greater antitumor activity and less side effects than 
the parent DTX.

Because conjugate A exhibited the greatest antitumor effect among four conjugates in this study, only the antitumor 
efficacy of conjugate A against MCF-7 xenograft tumor in nude mice was verified again. As shown in Figure 6E, parent 
DTX and conjugate A at the same dosage of 6 mg/kg (equivalent to DTX) led to inhibition of tumor growth by 50.4% 
and 80.8%, respectively. Importantly, conjugate A treatment at 12 mg/kg after two administrations produced elimination 
of all xenograft tumors. Parent DTX caused significant body weight loss in the mice; however, conjugate A at both doses 
caused an increase in body weights (Figure 6F). The results further confirmed the great antitumor effect of conjugate A.

Plasma Pharmacokinetics and Biodistribution of Conjugates
For pharmacokinetic analysis, DTX and four conjugates at equivalent doses of 12 mg/kg DTX were individually 
administered to BALB/c mice bearing 4T1 cells via tail vein injection. The corresponding pharmacokinetic profiles 
are shown in Table 1 and Figure 7. No significant differences in pharmacokinetic parameters among the four conjugates 
in terms of released DTX or total DTX were found. Notably, the plasma concentration of both released DTX and total 
DTX from each conjugate was significantly higher than that of parent DTX (Figure 7A and B). Released DTX from 
conjugate A displayed 10.6-, 29.1- and 2.75-fold increases in AUC (0-∞), Cmax, and t1/2, respectively, then did those of 
the same parameters from the parent DTX group (Table 1). All dates indicate that conjugates retained a higher DTX 
concentration for extended periods in circulation than that of parent DTX, which suggests that the conjugate groups had 
long-term circulation of DTX.

Conjugate A was selected as the representative of the four conjugates for a study of its biodistribution properties 
because conjugate A exhibited the greatest antitumor efficacy in vivo than other three conjugates, B, C, and D. Results 
showed that the concentration of free DTX in the tumor rapidly decreased from 1 to 96 h in parent DTX-treated mice. In 
contrast, the released DTX in tumor peaked at 12 h and then began to decline gradually in the conjugate A-treated mice 
(Figure 7C). In terms of free DTX concentrations in tumor, the conjugate A group exhibited 0.73-, 3.29-, 5.02-, and 3.82- 
fold increases than those of the parent DTX at 1, 12, 24, and 96 h, respectively. The total DTX concentrations in tumors 
were 2.1-, 6.9-, 12.8-, and 15.5-fold higher after conjugate A treatment as compared to parent DTX treatment for 1, 12, 
24, and 96 h, respectively (Figure 7D). Meanwhile, the DTX released from the conjugate A in spleens, livers, and lung 
tissues were only about 34%, 30%, and 2% of the parent DTX injection at 12 mg/kg dosage for 24 h (Figure 7E). Most 
importantly, both released and total DTX concentrations in tumors were higher than in any normal tissues of kidneys, 
spleens, livers, and lungs from 24 to 96 h, demonstrating that conjugate A largely accumulated in tumor versus normal 
tissues (Figure 7E–H). The total DTX was significantly higher than released DTX in tumors and normal tissues after 

Table 1 Pharmacokinetic Parameters for Released DTX of Four Conjugates

AUC (0-∞) (μg/mL×h) t1/2 (h) CL (L/h/kg) Cmax (μg/mL)

DTX 12.76±3.86 11.87±1.74 1.021±0.342 0.829±0.210

Conjugate A 134.67±34.80# 32.66±7.12∆ 0.092±0.021# 24.09±7.90#

Conjugate B 98.55±12.31# 25.93±7.56* 0.124±0.022# 20.30±4.08#

Conjugate C 132.79±25.41# 45.71±15.05∆ 0.094±0.024# 23.88±8.30#

Conjugate D 165.60±15.47# 22.52±8.06* 0.074±0.008# 40.38±4.56#

Note: *P<0.05, ∆P<0.01, #P<0.001, vs parent DTX. 
Abbreviations: AUC, area under the curve; t1/2, half-life time; CL, clearance; Cmax, maximum plasma concentration.
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conjugate A was administered to mice intravenously (Figure S11, Supplementary Material). The higher accumulation of 
DTX from conjugate A in the tumor and lower accumulation in the normal tissues could explain the general lack of 
systemic toxicity in mice receiving dextran–DHA–DTX conjugates.

Conjugate A showed superior biodistribution profiles versus taxane-based conjugates that were reported in previous 
studies. Albumin-bond paclitaxel is wildly used for treatment of many kinds of cancer. Unfortunately, albumin-bond 
paclitaxel did not show any significant differences in biodistribution as compared with parent paclitaxel at the same 
equivalent dose.48,49 Another formulation of paclitaxel, poly (L-glutamic acid)-paclitaxel conjugate (Xyotax, 
Poliglumex), was halted in Phase III clinical trials due to insignificant improvements over the current standard of 
care.50 A previous study showed that free paclitaxel released from Xyotax in tumors was less than in livers and that free 

Figure 7 Pharmacokinetics and biodistribution of dextran-DHA-DTX conjugates in mice bearing breast cancer cells 4T1. (A and B) Free DTX and total DTX contents in 
plasma. (C) Free DTX contents in tumor after injection with parent DTX and the conjugate A. (D) Total DTX in tumor at indicated time points. (E) Free DTX contents in 
tissues after injection with parent DTX and the conjugate A for 24 h. (F) Total DTX in major organs after intravenous injection of parent DTX and the conjugate A for 24 h, 
respectively. (G and H) The curves of free DTX and total DTX contents in tissues after injection with the conjugate A. Data were presented as mean±SD (n = 5). *P<0.05, 
**P<0.01, ***P<0.001.
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paclitaxel in livers released from Xyotal was more than that from parent paclitaxel.51 Cellax, a polymer conjugate 
composed of acetylated carboxymethyl cellulose and DTX, released more free DTX in livers and spleens than in the 
tumors.52,53 In contrast, after retrieving literature, it was found that most clinically used cancer drugs exhibited higher 
concentrations in normal versus tumor tissues. Taken together, conjugate A exhibited remarkable pharmacokinetic 
profiles and selective tumor accumulation.

Conclusion
In summary, overcoming the reticuloendothelial system (RES) has long been a vital challenge for nanoparticle drug 
development; however, a novel strategy to synthesize polysaccharide-based dual drug conjugates dextran–DHA–DTX in 
which dextran was bi-functionalized with both glutamic acid and azide lysine concurrently was developed in this study. 
These dextran–DHA–DTX conjugates exhibited enhanced water solubility, prolonged plasma half-life, and selective 
tumor targeting. All conjugates produced greater tumor inhibition and less body weight loss than did the parent DTX 
treatment in three different tumor-xenografted mice models. Especially, conjugate A with the shortest linker among the 
conjugates fabricated in this study, led to elimination of all tumors in six mice after two sets of intravenous adminis-
trations. Importantly, the study showed that free DTX from conjugate A in tumors was greater than that in normal tissues 
and free DTX in normal tissues from the conjugate A group was dramatically less than that from parent DTX group. It 
was also proven that DHA could lead to an improvement in the therapeutic efficacy of the dextran–DHA–DTX 
conjugates. Conjugate A appears to be a promising candidate for clinical trials in cancer treatment and the strategy of 
synthesizing dextran–DHA–DTX conjugates provides a novel and very promising platform for drug-based nanoparticle 
delivery systems.
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