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Abstract

Hydroxyethyl starch (HES) is a clinically used polysaccharide colloidal plasma volume expander. 

The goal of this study was to synthesize HES modified with hydroxychloroquine (HCQ) as a novel 

polymeric drug with the ability to inhibit the invasive character of pancreatic cancer (PC) cells. 

HES was conjugated with HCQ using a simple carbonyldiimidazole coupling to prepare 

Chloroquine-modified HES (CQ-HES). CQ-HES with various degrees of HCQ substitution were 

synthesized and characterized. Atomic force microscopy was used to demonstrate a pH-dependent 

assembly of CQ-HES into well-defined nanoparticles. In vitro studies in multiple PC cell lines 

showed CQ-HES to have a similar toxicity profile as HCQ. Confocal microscopy revealed the 

propensity of CQ-HES to localize to lysosomes and mechanistic studies confirmed the ability of 

CQ-HES to inhibit autophagy in PC cells. Further studies demonstrated a greatly enhanced ability 

of CQ-HES to inhibit the migration and invasion of PC cells when compared with HCQ. The 

enhanced inhibitory actions of CQ-HES compared to HCQ appeared to arise in part from the 

increased inhibition of ERK and Akt phosphorylation. We found no significant HCQ release from 

CQ-HES, which confirmed that the observed activity was due to the action of CQ-HES as a 

polymeric drug. Due to its promising ability to block cancer cell invasion and the ability to form 

nanoparticles, CQ-HES has the potential as a drug delivery platform suitable for future 

development with chemotherapeutics to establish novel antimetastatic treatments.
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INTRODUCTION

Modified polysaccharides have shown great promise in the biomedical field. 1–8 A few non-

synthetic and semi-synthetic formulations of glucans such as dextran and hydroxyethyl 

starch (HES) have been used clinically for the past few decades,9, 10 and their 

biocompatibility, biodegradability, low immunogenicity, and ability to be readily modified 

by various functional moieties make them attractive starting materials in the field of drug 

delivery.11–19 Modification with hydrophobic moieties such as cholesterol or hydrophobic 

drugs allows for assembly of the polysaccharides into nanoparticles that may improve the 

efficacy and safety of drug delivery.20, 21 For example, modifying HES with fatty acids 

allowed for assembly of HES micelles,22 and subsequently it was shown that propylating 

starch facilitates the assembly of large nanoparticles for encapsulation of doxetaxel.23 Using 

pentadecylphenol-modified dextran, Pramod et al. synthesized a dual delivery nanovesicle of 

camptothecin and doxorubicin, which displayed synergistic improvement in anticancer 

activity.24 Similarly, Wasiak et al. used dodecylamine to drive assembly of a dextran-based 

polymeric doxorubicin-conjugate.25 Senanayake et al. showed that modifying dextrin with 

both cholesterol and fluorouracil produced a polymer-drug nanogel conjugate that 

demonstrated sustained drug release and improved anticancer activity.26

In tumor delivery applications, these nanoparticle systems take advantage of the unique 

tumor biology through the enhanced permeability and retention (EPR) effect and allow for 

improved tumor accumulation.13–15 For most types of malignancies, poor tumor 

accumulation presents one of the biggest hurdles to developing new therapeutics. This is 

especially true for pancreatic cancer (PC), where the unique tumor microenvironment 

prevents drug penetration and attainment of therapeutic levels within pancreatic tumors.27, 28 

In this sense, readily modifiable and biocompatible, polysaccharide-based drug delivery 

systems can improve tumor accumulation of chemotherapeutics without the concerns of 

eliciting immunogenic responses.29–31 Thus, there is an ongoing need to develop 

polysaccharide-based drug delivery systems that can provide meaningful improvements in 

survival and/or reductions in systemic toxicities for patients with difficult to treat 

malignancies where drug delivery or tumor accumulation is an issue.

HES is a modified polysaccharide consisting of approximately 20% amylose, a linear α-1,4-

glucose polymer, and 80% amylopectin, a branched glucose polymer with both α-1,4- and 

α-1,6-glycosidic linkages. HES is prepared from natural sources like waxy maize starch by 

chemical modification with ethylene oxide. The hydroxyethylation increases the solubility 

and reduces enzymatic degradation of starch by serum amylases, thereby extending its 

plasma half-life.32 This increase in biostability is dependent on the average substitution per 

anhydroglucose unit (AGU) as well as the ratio between C2 and C6 substitution.33 

Optimization of these substitutions has resulted in sufficiently prolonged plasma half-lives 

that have allowed for translation of HES into the clinical setting as a colloidal blood volume 
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expander.11 Multiple HES formulations are available commercially that differ in their 

molecular weight and degree of hydroxyethylation.

HES lacks any known drug interactions, shows very low rates of hypersensitivity, and has 

very few known side effects.11, 12 These favorable properties make HES an attractive 

alternative to non-degradable polymers like polyethylene glycol (PEG) in the design of drug 

delivery systems. Modifying HES with hydrophobic moieties allows for assembly into 

nanoparticles that are capable of drug encapsulation and delivery.22, 34, 35 Using a 

hydrophobic drug to drive the assembly of polysaccharides and to enable encapsulation of 

another drug for combination therapy is an underappreciated approach to designing drug 

delivery systems. Herein, we explore this concept by proposing to use hydroxychloroquine 

(HCQ) as an HES modifier to create a polysaccharide delivery system with therapeutic 

benefits imparted by the known biological activity of HCQ. Chloroquine (CQ) and HCQ are 

4-aminoquinoline derivatives that were synthesized nearly 80 years ago as antimalarial 

agents. Only a few drugs have remained in clinical use as long as these two compounds, 

which is due to their favorable safety profiles, efficacy, and powerful immune-modulating 

properties.36 Both CQ and HCQ are weakly basic compounds, which are readily protonated 

in acidic vacuoles, leading to their accumulation in lysosomes and neutralization of 

lysosomal pH.36 The buffering effect of CQ and HCQ leads to disruption of endolysosomal 

trafficking and autophagy, which have been one of the main reasons for renewed interest in 

these compounds as adjuncts in chemotherapy regimens.37 The weak electrolyte nature of 

HCQ may also allow for pH-controlled assembly of polymers modified with HCQ, while 

also providing the therapeutic benefits associated with autophagy inhibition. Multiple 

cancers, including PC, exhibit a strong dependence upon autophagy for growth and 

proliferation.38, 39 As an added potential benefit, HCQ has been shown to possess weak 

antagonistic properties towards the C-X-C chemokine receptor type 4 (CXCR4).40, 41 

CXCR4 is commonly overexpressed in many types of cancer and promotes growth, survival, 

chemoresistance, and metastasis.42–44 CXCR4 inhibition decreases metastatic spread of 

CXCR4-expressing tumor cells and sensitizes the cells to chemotherapy.45, 46 In addition to 

modulating CXCR4 signaling, HCQ-modified drug delivery systems may increase tumor 

delivery through active targeting of the CXCR4 receptor. More recently, HCQ has been 

shown to possess other mechanisms that may impart anticancer effects.47–49 Regardless of 

the underlying mechanism, HCQ shows the ability to sensitize cancer cells to chemotherapy 

and radiotherapy in various cancers.50 Thus, HCQ may serve as a novel multi-functional 

moiety in drug delivery systems especially in PC where chemoresistance and poor tumor 

accumulation have made it very difficult to improve treatment options.51, 52

We recently reported on a chloroquine-containing HPMA copolymer that blocks CXCR4 

signaling and shows the ability to reduce invasion in vitro and metastasis in vivo in an 

experimental lung metastasis model.53, 54 However, the HPMA-based polymer demonstrated 

only limited ability to inhibit autophagy, one of the main mechanisms by which HCQ exerts 

its therapeutic actions. This led us to investigate other HCQ-modified polymers that better 

retained the autophagy inhibitory properties of HCQ for improved anticancer activity. Thus, 

we extended the use of HCQ to polysaccharide modification by presenting the synthesis of 

HCQ-modified HES (CQ-HES), which display significant inhibition of autophagy in PC 
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cells and demonstrate a new use for the well-established and safe drug HCQ as an 

assembling moiety in drug delivery systems (Scheme 1).

MATERIALS AND METHODS

Materials

HES (200 kDa, degree of substation 0.5) was purchased from Serumwerk Bernburg, 

Germany. Fetal bovine serum (FBS) was from Atlanta Biologicals. Mia Paca-1, Mia Paca-2, 

and AsPC-1 cell lines were kind gifts from Dr. Surinder Batra. CellTiter Blue was from 

Promega. Laemmli Sample Buffer, nitrocellulose membranes, 1× TBS with 1% casein, and 

Precision Plus Protein WesternC Standard were from Bio-Rad. 10% Tris-glycine Midi 

Protein gels were from Invitrogen. The following antibodies were used to manufacturer’s 

specifications: LC3B (Cell Signaling Technology, 2775S), Akt/ERK (Cell Signaling 

Technology, 12651s), GAPDH (Cell Signaling Technology, 2118S), and anti-rabbit (Cell 

Signaling Technology 7074S). Immun-StarTM AP Chemiluminescence Kit was from Bio-

Rad. All other reagents, chemicals, and cell culture materials were obtained from Fisher 

Scientific.

Synthesis of CQ-HES

HCQ sulfate was first converted to its free base form. The HCQ sulfate salt (6 g, 13.8 mmol) 

was dissolved in 10 mL of deionized water. While stirring, a 30% NH4OH aqueous solution 

(5 mL, 38.2 mmol) was added dropwise to precipitate the free base HCQ, which was then 

isolated by extraction with 20 mL dichloromethane (DCM). The organic layer was dried 

with anhydrous Na2SO4 and the solvent was evaporated to produce HCQ as a colorless 

viscous solid. The synthesis of CQ-HES was performed using CDI coupling with slight 

alterations to a previously described method.55 Under nitrogen atmosphere, 389 mg (2.4 

mmol) of carbonyl diimidazole (CDI) was added to a dry Schlenk tube, and 3 mL of dry 

dimethyl-formamide (DMF) was then transferred to the tube via syringe to dissolve the CDI. 

In a separate dried vessel, HCQ free base (200 mg, 0.6 mmol) was dissolved in 1 mL of dry 

DMF and transferred via syringe to the stirring CDI solution. The reaction mixture was 

stirred for 4 h at room temperature, and HCQ activation was monitored by thin layer 

chromatography (TLC) (1:1 DCM: ethyl acetate). Once complete, the solution was diluted 

with 5 mL DCM, and 2 mL of water was added to quench any unreacted CDI. The activated 

HCQ was extracted to DCM (20 mL), washed with water (10 mL × 2) then brine, and dried 

over Na2SO4. DCM removal in a rotary evaporator produced 220 mg (75%) of activated 

HCQ (HCQ-CI) as a colorless solid. 1H NMR (499 MHz, Chloroform-d) δ 8.43 (d, J = 5.8 

Hz, 1H), 8.14 (d, J = 1.1 Hz, 1H), 8.08 – 7.94 (m, 3H), 7.41 (t, J = 1.4 Hz, 1H), 7.35 (dd, J = 

9.0, 2.2 Hz, 1H), 7.09 – 7.02 (m, 1H), 6.45 (d, J = 5.9 Hz, 1H), 4.47 (t, J = 6.0 Hz, 2H), 3.76 

(p, J = 6.6 Hz, 1H), 2.85 (t, J = 6.0 Hz, 2H), 2.64 – 2.51 (m, 4H), 1.80 (ddd, J = 16.2, 9.8, 

6.6 Hz, 1H), 1.72 – 1.54 (m, 4H), 1.36 (d, J = 6.4 Hz, 3H), 1.04 (t, J = 7.1 Hz, 3H).

HES (300 mg, 1.8 mmol glucose units) was dried for 2 h at 105°C in a dried Schlenk tube. 

Then, 3 mL of DMF was added to the Schlenk tube under nitrogen atmosphere, and the 

mixture was heated to 60°C while stirring to dissolve the HES, followed by addition of 

various amount of HCQ-CI intermediate (see Table 1) in 2 mL of DMF. The resulting 
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solution was stirred at room temperature for 4 days. The CQ-HES product was collected by 

precipitation with 500mL of acetone and further purified by dissolving in DMF and 

precipitated two more times to give the final product. NMR and elemental analysis were 

used to calculate degree of HES substitution with HCQ. 1H NMR (499 MHz, D2O) δ 8.68 

(d, J = 6.2 Hz, 1H), 8.40 (d, J = 9.1 Hz, 1H), 8.16 (d, J = 2.2 Hz, 1H), 7.02 (d, J = 6.3 Hz, 

1H), 5.83 (d, J = 123.5 Hz, 5H), 4.51 – 3.71 (m, 35H), 3.55 – 3.37 (m, 5H), 2.59 – 2.48 (m, 

1H), 2.10 (d, J = 6.9 Hz, 4H), 1.68 (d, J = 6.5 Hz, 3H), 1.51 (td, J = 7.4, 2.4 Hz, 3H). All 

NMR spectra can be found in the supporting information (Figures S1–S3).

Fluorescently labelled CQ-HES (fCQ-HES) was synthesized by using CQ-HES20 produced 

by the above procedure. Fluorescein (665 mg, 2 mmol) and CDI (389 mg, 2.4 mmol) were 

dissolved in DMF (4 mL) and stirred for 4 h at room temperature. TLC showed the 

formation of the intermediate and the unreacted fluorescein. Water (10 mL) was added to 

terminate the reaction after the mixture was stirred for 4 h. The fluorescein intermediate was 

extracted by DCM (50 mL) and washed by brine (10 mL). After evaporation, the 

intermediate (560 mg, 66 %) was obtained and used for the next step without further 

purification. To conjugate fluorescein to CQ-HES20, conditions were maintained in a similar 

fashion as described above with a few exceptions. CQ-HES20 was used instead of HES and 

was dried under vacuum for 3 days at room temperature. A ratio of 1:100 fluorescein-

CI:AGU was used for the second step of the reaction, and the final fCQ-HES product was 

precipitate with methanol instead of acetone.

Polymer analysis
1H NMR spectroscopy was performed using the Bruker Avance-III HD 500 MHz NMR; 13C 

NMR spectroscopy was performed using the Bruker Avance-III HD 600 MHz NMR unless 

otherwise specified. Data was analyzed with Bruker TopSpin software (v3.5pl7). 

Approximately 10 mg samples were dissolved into 700 μL of either CDCl3 for HCQ and 

HCQ-CI or d6-DMSO for HCQ, HES, and CQ-HES unless otherwise specified. All CQ-

HES were analyzed for carbon, nitrogen, hydrogen, and chlorine content using elemental 

analysis (Atlantic Micro Labs, Atlanta, Georgia). The molecular weight of CQ-HES was 

determined by gel permeation chromatography (GPC). The Agilent 1260 Infinity LC system 

was operated at a flow rate of 0.5 mL/min using a 0.1 M sodium acetate buffer (pH 5.0) with 

a TSKgel G3000PWXL-CP column (Part No. 0021873, Tosoh Bioscience LLC, King of 

Prussia, PA), miniDAWN TREOS multi-angle light scattering (MALS) detector, and an 

Optilab T-rEX refractive index detector from Wyatt Technology (Santa Barbara, CA). Data 

was analyzed using Astra 6.1 software. HPLC was used to assess the presence of unreacted 

HCQ or HCQ-CI in CQ-HES. The polymers were dissolved in acetate buffer (pH 5.0) at 5 

mg/mL, the solutions were then filtered with 0.2 μm filter and analyzed on an Eclipse Plus 

C18 column (5 μm, 4.6×150mm) at a flow rate of 1 mL/min using a gradient mobile phase 

composed of 5–95% gradient of acetonitrile (0.01% trifluoroacetic acid) and HPLC grade 

water with 0.01% trifluoroacetic acid.

Hydrolytic stability of CQ-HES

CQ-HES solutions were prepared by slowly adding 200 μL of stock CQ-HES (50 mg/mL in 

DMSO) to a 2 mL stirring solution of 0.01 N HCl, water, PBS, or acetate buffer (pH 5.0) 
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producing a final concentration of 5 mg/mL. A 200 μL aliquot was sampled at the following 

time points: 0, 24, 48, 72, and 168 hours. CQ-HES of similar concentrations were subjected 

to acid hydrolysis, 1 N HCl at 100ºC for 4 hours, and subsequently neutralized with equal 

parts 1 N NaOH.56 Samples were filtered with 0.2 micron filters and analyzed for free HCQ 

content using HPLC and polymer size using GPC.

Dynamic Light Scattering (DLS)

CQ-HES solutions were prepared by slowly adding 200 μL of stock CQ-HES (50 mg/mL in 

DMSO) to a 2 mL stirring solution of water, PBS, or acetate buffer (pH 5.0) producing a 

final concentration of 5 mg/mL. After preparation, solutions were then subjected to dialysis 

(Thermo Scientific, 3,500 MWCO snakeskin dialysis tubing) for 24 hours using the same 

solutions they were initially diluted in as dialysis media (water, PBS, or acetate buffer 

respectively). The solutions were analyzed on a Zetasizer Nano ZS (Malvern Instruments 

Ltd., UK) using a 633 nm laser at 25ºC. All samples were analyzed using the backscattering 

angle of 173º. Overall average particle size, distribution, and polydispersity indexes were 

obtained using the manufacturer provided DTS software.

Atomic force microscopy (AFM)

AFM samples were prepared as described in the previous sections and diluted 500-fold in 

the respective media (10 μg/mL). A droplet of each sample (5–10 μL) was immediately 

deposited on freshly cut mica for total incubation time of 2 min. Samples were rinsed 

carefully with water and dried under a flow of argon. AFM images in air were acquired 

using MultiMode AFM NanoScope IV system (Bruker Instruments, Santa Barbara, CA) 

operating in tapping mode with 1.5 Hz scanning rate. TESPA probes from Bruker were used 

for tapping mode imaging. The probes had a spring constant of about 40 N/m and a 

resonance frequency between 300 and 320 kHz. Particle sizes were analyzed using ImageJ 

and plotted with GraphPad Prism 5.

Cell Culture

AsPC-1, MiaPaca-1, and MiaPaca-2 cells were cultured in DMEM high glucose medium 

supplemented with 10% FBS. U2OS cells stably expressing functional EGFP-CXCR4 

fusion protein (Fisher Scientific) were cultured in DMEM high glucose supplemented with 

10% FBS, 2 mM L-glutamine, 1% Pen-Strep, and 0.5 mg/mL G418. All cell lines were 

maintained at 37°C with 5% CO2. All cell lines were grown to 70–80% confluency before 

subculturing using trypsin, 0.05% for U2OS and 0.25% for PC cell lines.

Cytotoxicity

Cytotoxicity studies were performed using the CellTiter-Blue viability assay. Cells were 

seeded at 2,000–3,000 cells/well in a 96 well plate. The medium was replaced after 24 h 

with medium containing 10% FBS and different concentration of CQ-HES or HCQ. The 

cells were incubated for 72 hours, and afterwards, the medium was aspirated and replaced 

with 100 μL of the CellTiter-Blue solution. The cells were left to incubate for one hour, and 

the fluorescence was measured using a SpectraMax M5. The cell viability was calculated as 

a relative percentage, 57
sample/[A]untreated ×100%. Dose response curves were constructed 
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and analyzed using GraphPad Prism 5. IC50 values were calculated as the CQ-HES or HCQ 

concentration required to achieve 50% growth inhibition relative to untreated cells.

Western Blot

Cells were treated in a 6-well plate and harvested with ice cold RIPA lysis buffer containing 

protease and phosphatase inhibitors. Samples were centrifuged for 10 minutes at 14,000 

RPM, cellular supernatant was collected, and the amount of protein in each sample was 

analyzed using BCA protein assay kit. Sample protein levels were adjusted with RIPA 

buffer, diluted with equal parts of 2× Laemmli Sample Buffer containing 5% 2-

mercaptoethanol, and heated for 10 minutes at 90°C. Samples (20 μg) were electrophoresed 

(10% Tris-Glycine Midi Protein Gels) and transferred to nitrocellulose membranes. 

Membranes were blocked for 1 hour at room temperature using 1× TBS (1% casein). 

Primary antibodies were run overnight at 4°C in 1× TBS (1% casein) to manufacturer’s 

specifications. Afterwards, membranes were washed thrice with TBS and incubated for 1 

hour at room temperature with secondary antibody at manufacturer’s specifications. 

Chemiluminescence was initiated using the Immun-StarTM AP Chemiluminescence Kitand 

subjected to LucentBlue X-ray films. Western blots were analyzed using Image Studio Lite 

(LI-COR).

Confocal microscopy

The LSM 510 Zeiss confocal microscope was used to image intracellular trafficking of fCQ-

HES (5 μM HCQ, 490/520 exc/em) in Mia Paca-1 cells. LysoTracker Red DND-99 (577/590 

exc/em) was used to fluorescently label lysosomes.

Cell migration

Cell migration was assessed using a wound healing assay as previously described.58 Briefly, 

the cells were seeded in 12-well plates. Upon growing to near confluence, a sterile 200 μL 

pipette tip was used to create a wound. The cells were then washed twice with PBS, and 

media containing 10% FBS and respective HCQ, CQ-HES, or control was added to the 

wells. Using an AMG EVOS XL Core Imaging System, the cells were then imaged at 

regular time intervals: 0, 6, 12, and 24 hours. Wound healing was assessed as the percent of 

wound closure (± standard deviation) compared to time zero measured as the distance 

between wound borders with 10 measurements being taken for each biological replicate at 

each time point.

Cell invasion

Cell invasion was performed as previously described.59 Briefly, Matrigel was thawed on ice 

and then diluted 1:4 with serum free medium. A final volume of 40 uL of the Matrigel 

solution was placed into cell culture inserts and incubated for 2 hours at 37°C in 24 well 

plates. Cells were harvested using AccutaseTM cell detachment solution and re-suspended in 

serum-free medium. Cells were diluted with serum-free medium to their respective drug 

(HCQ or CQ-HES) or vehicle concentration and a final concentration of 200,000 cells per 

insert. Medium with 10% FBS was then added to the lower chamber of the wells, and the 

cells were allowed to incubate overnight at 37°C. Cells were fixed in 100% methanol, 
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stained with 0.2% Crystal Violet, and imaged using AMG EVOS XL Core Imaging System. 

Invasion was assessed as the average cells/area imaged ± standard deviation. Invasion was 

also assessed in an SDF-1 dependent manner using U2OS cells constitutively expressing 

CXCR4. The method was similar to the above except for following changes: 1) cell density 

– 100,000 cells/insert; 2) DMEM supplemented with 2 mM L-glutamine; and 3) SDF-1 (100 

ng/mL) in serum free media in the lower well instead of serum-containing media.

RESULTS

Synthesis and characterization of CQ-HES

Because of the abundant hydroxyl groups, many linker chemistries can be implemented to 

conjugate a drug or hydrophobic group to HES.60, 61 HCQ contains a primary hydroxyl 

group that is a prime target for conjugation. The secondary alkyl-aryl amine also present in 

the HCQ structure is not a suitable site for conjugation due to its low reactivity and its 

importance for binding to the CXCR4 receptor.40 Although hydroxyethylation increases the 

stability of HES, the polysaccharide remains susceptible to degradation in extreme pH 

conditions. Multiple previous reports have used mild carbodiimide and CDI chemistries for 

polysaccharide modifications.34, 55 Conjugation of HCQ to HES required a linker chemistry 

suitable for conjugating two hydroxyls. Thus, we selected the two-step CDI approach, which 

not only allowed mild conditions for conjugation of HCQ to HES, but it also resulted in the 

formation of a potentially biodegradable carbonate bond. In the first step of this procedure, 

the hydroxyl of HCQ was activated with CDI to produce an HCQ-CI intermediate, which 

was then used in the subsequent step to react with HES to afford CQ-HES (Scheme 2). 

Adjusting the ratio of HCQ-CI with HES allowed us to control the degree of HES 

substitution with HCQ (Table 1).

NMR analysis of CQ-HES demonstrated the presence of the characteristic aromatic signal of 

HCQ at 7.5–8.5 ppm, as well as the presence of complex signal signature from the HES at 

2–6 ppm (Figure 1). Furthermore, CQ-HES displayed the unique presence of a carbonyl 

group at 155 ppm with long-range coupling solely to the protons adjacent to the former 

hydroxyl groups, which were found to have shifted from 3.5 to 4.1 ppm. The remaining 

coupling relationships of HCQ in CQ-HES were preserved as seen from the 1D and 2D 

NMR spectra and validated the proposed linkage between the hydroxyls and no side-

reactions occurring through the amine groups (see supporting information – Figures S2 and 

S3). Lastly, no starting materials or intermediate species, i.e. CDI or imidazole, were 

apparent in the NMR spectra of CQ-HES. HPLC further confirmed the absence of any small 

molecule impurities in the CQ-HES samples. The degree of substitution of HES and content 

of HCQ was first calculated from the NMR spectra using the ratio of the anomeric C1 proton 

(* at 5–6 ppm) in HES to one of the aromatic protons (** at 8.43 ppm) in HCQ (Figure 1). 

The content of HCQ was then validated using elemental analysis (Table 1).

As shown in Table 1, by varying the HCQ:HES ratio (HCQ-CI:AGU) from ~1:20 to 1:2, we 

were able to synthesize CQ-HES with HCQ content ranging from 2.4 to 32 w%. The 

corresponding degree of substitution of the glucose units in HES with HCQ ranged from 

1:69 to 1:3.5. Because of the HCQ substitution, the molecular weight of CQ-HES increased 

with increasing degree of HCQ substitution in the HES chain (Table 1).
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Solubility and particle formation

All CQ-HES readily dissolved in DMF and DMSO up to 200 mg/mL. However, dissolving 

CQ-HES directly in water or aqueous buffers proved difficult even with extensive sonication 

and the solubility was found to be dependent upon the HCQ content and pH of the solvent. 

In PBS, only CQ-HES2.5 and CQ-HES8.5 (HCQ w% ~ 2.5% and 8.5%, respectively) were 

soluble. In water, CQ-HES17.5 was soluble up to 5 mg/mL. In the acidic pH of the acetate 

buffer, the amines in HCQ become protonated affording an increase the solubility, and as a 

result all CQ-HES formulations were soluble at 5 mg/mL (see supporting information – 

Table S1). Solubility of CQ-HES was further evaluated in acetate buffer, water, or PBS. 

Solutions prepared using CQ-HES20 and CQ-HES30 were initially soluble in water or PBS 

at 1.5 mg/mL, but aggregated and precipitated within one hour of preparation. All other 

lower HCQ-containing CQ-HES remained soluble up to 20 mg/mL with no signs of 

aggregation or precipitation.

CQ-HES20 had high HCQ content and substantial aqueous solubility and was thus selected 

for further study of its physical and biological properties. We first analyzed the 

hydrodynamic size of CQ-HES by DLS. Control HES dissolved in acetate buffer, water, or 

PBS revealed hydrodynamic sizes of ~20 nm. CQ-HES20 showed a slight increase in 

hydrodynamic size to ~30 nm in all three solutions (see supporting information – Table S2). 

Using the empirical calculator in the Zetasizer software, HES (200 kDa) showed a predicted 

size of 16–26 nm, while conservative estimates for CQ-HES (250–300 kDa) were 17–33 nm. 

AFM was then used to directly visualize possible formation of nanoparticles. In water and 

acetate buffer, CQ-HES20 displayed irregularly shaped nanostructures indicative of single 

molecule arrangements with a few interspersed thin-film aggregates (Figure 2). However, 

images of CQ-HES20 formulated in PBS revealed the formation of well-defined 

nanoparticles. Analysis of the formed particles described a normally distributed population 

with an average diameter of 15 nm (range 2–30 nm) (Figure 2).

Hydrolytic stability of CQ-HES

Hydrolytic stability of the HES backbone and of the carbonate linker between HCQ and 

HES were assessed. CQ-HES20 was incubated in 0.01 N HCl, acetate buffer, water, or PBS 

(pH 2, 5.0, 7.0, or 7.4 respectively) for 72 h at 37ºC. No release of free HCQ or any changes 

in the molecular weight of CQ-HES were observed during the experiment using HPLC and 

GPC, suggesting relative stability of the carbonate linker. However, hydrolytic cleavage of 

CQ-HES20 and release of HCQ was observed after incubation in 1 M HCl for 4 h. These 

pieces of evidence validate the success of the conjugation, efficiency of the purification 

procedure, and the stability of CQ-HES.

Cytotoxicity

The presence of HCQ provides CQ-HES with a weak polycationic character. It was 

important to first assess whether this results in any unexpected cytotoxicity. To address this 

issue, we tested the cytotoxic effects of CQ-HES20 in three different PC cell lines, AsPC-1, 

MiaPaca-1, and MiaPaca-2. We found no difference in the cytotoxicity of CQ-HES and 

parent HCQ (see supporting information – Figure S4). Repeating these cytotoxicity studies 

at densities (6×105 cells/cm2) used in the migration, invasion, and cellular signaling studies 
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described below, showed no discernable toxicity of either CQ-HES or HCQ until 300 μM 

(Supporting Figure S4). Thus, we selected 100 μM concentrations of HCQ and CQ-HES to 

be used in the subsequent studies as the cytotoxic effects should be of little consequence in 

the modifications of cellular behaviors addressed below.

Inhibition of autophagy and intracellular trafficking of CQ-HES

Because the amines in HCQ act as proton acceptors, sufficiently high concentrations of 

HCQ can neutralize the acidic lysosome and inhibit protease activity and autophagosomal 

fusion, effectively inhibiting autophagy.62 Using CDI chemistry, we aimed to conjugate 

HCQ to HES through the hydroxyl group of HCQ so that the amines remain unaltered and 

retain the biological activity of HCQ. However, the conjugation of HCQ with HES could 

have unanticipated effects on the ability of CQ-HES to inhibit autophagy. To investigate this 

assertion, we determined the buffering ability of CQ-HES (supporting information – Figure 

S5). CQ-HES displayed a comparable buffering capacity to HCQ within physiological 

ranges of pH 3.6–7.9. This buffering capacity was solely the result of the HCQ in CQ-HES 

as HES lacked any buffering ability by itself. We further sought to determine any difference 

in biological activity for autophagy inhibition between CQ-HES20 and HCQ by measuring 

intracellular levels of the autophagosome marker LC3B in three PC cells. All three PC cell 

lines showed an increase in both LC3B-I and II after treatment with CQ-HES20 that was 

comparable to free HCQ (Figure 3) indicating a preservation of the autophagy inhibitory 

activity of HCQ in CQ-HES.

To understand the cellular localization of CQ-HES, we performed live cell imaging studies 

and observed the cellular trafficking of CQ-HES. Lysosomes were stained with LysoTracker 

Red, and the cells were incubated with fluorescein-labeled CQ-HES (fCQ-HES). FCQ-HES 

displayed a rapid internalization with ultimate localization and retention in lysosomes as 

evident by co-localization with the LysoTracker signal (Figure 4). After substantial 

accumulation of CQ-HES in the lysosomes, the fluorescence of the LysoTracker Red 

decreased suggesting a neutralization of the acidic pH in the lysosomes. This evidence taken 

together with the acid-base titration data indicates that the functionality of HCQ in CQ-HES 

is preserved and the localization of HCQ to the lysosomes is maintained in CQ-HES 

although the mechanism by which this occurs may be different.

Effect of CQ-HES on the migration and invasion of PC cells

Following the successful demonstration of the strong autophagy inhibition of CQ-HES, we 

explored the other potential HCQ target in cancer, the CXCR4 chemokine receptor, by 

evaluating the related effects of CQ-HES on the motility of cancer cells assessed first by a 

wound healing assay (Figure 5). Twenty-four hours after creating the wound, the untreated 

control group showed ~50–60% wound closure in all three PC cell lines. In contrast, a 

considerable inhibition of the wound closure was observed in cells treated with CQ-HES. 

The inhibitory effect of CQ-HES was observed in all three PC cell lines even at the lowest 

concentration used (10 μM). The highest CQ-HES concentration (100 μM) showed ~80% 

inhibition over the control group, while the 10 μM concentration still displayed significant 

migration inhibition of ~40–60% over control. In contrast, the effects of CQ-HES on wound 
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healing substantially exceeded the effects of HCQ alone, as HCQ did not reach significant 

inhibition until doses of approximately 50 μM.

Next, we examined the ability of CQ-HES to inhibit cancer cell invasion using a Boyden 

chamber Matrigel invasion assay with 10% FBS media as the source of chemotactic signals 

(Figure 6). Negative controls lacking FBS demonstrated a minimal degree of random 

invasion, while the positive controls containing FBS showed a strong ability to drive 

invasion in all three cell lines through the Matrigel. As in the wound healing assay, CQ-HES 

demonstrated a greatly enhanced ability to inhibit PC cell invasion when compared with 

equivalent concentrations of HCQ. At 1 μM, CQ-HES was able to reduce invasion by ~80% 

in AsPC-1 cells and ~70% in MiaPaca-2 cells, but only a modest reduction of ~10% was 

observed in MiaPaca-1 cells. Increasing the concentration to 50 μM achieved a nearly 

complete inhibition of cell invasion in all three cell lines. In contrast, there was no 

significant effect on invasion with 1 μM HCQ in any of the cell lines tested. Regardless of 

cell type or concentration, the effects of CQ-HES were substantially greater than that of 

comparable levels of HCQ.

Effect of CQ-HES on CXCR4 signaling

Through QSAR modeling, direct competition binding assays, and through effects on 

downstream activation components, HCQ has been identified as an antagonist of the CXCR4 

receptor.40, 45 We have previously shown that chloroquine-containing HPMA copolymers 

inhibited CXCR4-mediated breast cancer cell invasion and decreased lung metastasis in 
vivo. Thus, we sought to confirm the involvement of CXCR4 antagonism in the ability of 

CQ-HES to inhibit PC cell migration and invasion. First, using U2OS cells overexpressing 

CXCR4-EGFP fusion protein, we found that CQ-HES inhibited CXCR4-mediated cell 

invasion to a similar extent as HCQ at equivalent concentrations that was similar to 

AMD3100 (300 nM), a potent CXCR4 antagonist (Figure 7). We then determined cellular 

localization of the CXCR4 receptor (see supporting information – Figure S8) after 1 h 

activation with its ligand SDF-1 (100 ng/mL). CXCR4 readily translocated from the cell 

surface to focalized points within the cytosol after SDF-1 activation, indicating rapid 

receptor activation and internalization. Treatment with both HCQ and CQ-HES displayed 

modest decreases in CXCR4 internalization following SDF-1 stimulation, indicating partial 

antagonism.

To understand the effect of CQ-HES on CXCR4 signaling at the molecular level, we 

examined two downstream pathways (Akt, ERK) affected by CXCR4 activation with SDF-1. 

The ability of CQ-HES to inhibit phosphorylation of Akt and ERK was assessed using 

Western blot to measure the ratio of phosphorylated Akt and ERK to the total cellular 

content of the corresponding protein. Treatment of U2OS cells with 100 ng/mL SDF-1 for 1 

h induced phosphorylation of both Akt and ERK (Figure 8). The phosphorylation of both 

proteins was inhibited significantly by CQ-HES treatment. HCQ treatment showed 

substantially lower inhibitory activity than CQ-HES as did treatment with the commercial 

CXCR4 antagonist, AMD3100. Thus, the ability of CQ-HES to inhibit downstream 

signaling pathways of CXCR4 involved in cell motility may explain its enhanced effects on 

migration and invasion.
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DISCUSSION

In our previous reports, we have synthesized an antimetastatic polymeric drug (pCQ) based 

on HPMA copolymers containing HCQ.53, 54 The previous polymers showed the ability to 

reduce invasion of cancer cells in vitro and lung metastasis in vivo. We have demonstrated 

the observed effects were at least in part a result of blocking CXCR4 signaling; however, the 

pCQ polymers abrogated the ability of HCQ to inhibit autophagy, a potential anticancer 

mechanism. Herein, we improved upon the original concept of a polymeric HCQ-based drug 

by presenting a simple synthesis of a polysaccharide HCQ drug (CQ-HES) with preserved 

autophagy inhibition.

Examining the DLS data, we observed a corresponding increase in hydrodynamic size of 

HES from ~20 nm to CQ-HES with a size of ~30 nm. These sizes are in accordance with 

previous reports of HES-modified compounds22, 34 and with estimates from the empirical 

size calculator of the Zetasizer software, which predict 200 kDa polysaccharides to be 16–26 

nm depending on branching status, while conservative calculations for CQ-HES20 of 250–

300 kDa to be 17–33 nm. However, hydrodynamic sizes obtained from DLS may be 

misleading, and a complementary method to validate nanoparticle formation and assess 

morphology should always be included. Thus to further characterize any particle formation, 

we used AFM, which showed that HES, although displaying a hydrodynamic sizes of ~20 

nm via DLS, failed to demonstrate any nanoparticle formation irrespective of pH conditions 

(supporting information Figure S3). On the other hand, CQ-HES assembled into 

nanoparticles in a pH-dependent manner. In acidic aqueous conditions, only amorphous and 

linear structures were observed, while 15 nm diameter particles with well-defined spherical 

shapes and a narrow size distribution were observed when CQ-HES was formulated in PBS. 

The well-defined nanoparticle distribution and sizes of CQ-HES defined by AFM is in 

contrast to the sizes and PDI obtained from DLS. The discrepancies between DLS and AFM 

data could be derived from a number of factors including the difference in hydration status 

for aqueous samples used in DLS and lack thereof after drying for visualization with AFM. 

Irrespective, these findings suggested CQ-HES possesses pH-dependent assembling 

properties, although we are uncertain if these nanoparticles may be stable enough to survive 

in vivo applications.

By conjugating HCQ to HES through the drug hydroxyl group, we were able to preserve the 

biological activity of HCQ. Like pCQ previously studied, CQ-HES displayed the ability to 

partially inhibit CXCR4 signaling in cancer cells, and these effects were more pronounced 

than comparable levels of HCQ. Unlike pCQ, CQ-HES strongly inhibited autophagy to a 

similar degree as free HCQ. Because of its large size, CQ-HES was endocytosed and 

transported to lysosomes where it could disrupt autophagy by neutralizing the pH in the 

acidic organelle. We believe the difference in functionality between CQ-HES and pCQ arises 

from the nature of the chemical backbone, size, and related effects on their intracellular 

trafficking. CQ-HES has a molecular weight greater than 200 kDa and a highly hydrophilic 

glucose backbone. These properties greatly favor trafficking and retention into endosomes 

and lysosomes. On the other hand, pCQ with its hydrophobic methacrylate backbone and 

smaller molecular weight showed the ability to avoid lysosomal trafficking and disrupt 

autophagy. The autophagy inhibition by CQ-HES also explains why the cytotoxicity of CQ-
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HES was similar to HCQ. Furthermore, the relatively stable conjugation of HCQ to HES 

may have prolonged the pharmacologic effects of CQ-HES. However, more studies are 

needed to fully understand the mechanism of action and intracellular stability of CQ-HES. 

Future studies will determine how HCQ is released from CQ-HES both in vitro and in vivo 
and evaluate the drug loading potential and anticancer activity of CQ-HES particularly in the 

context of PC.

CQ-HES inhibited CXCR4 signaling to a greater extent than HCQ. The explanation for the 

improved CQ-HES activity is likely through increased antagonism of the receptor at the 

cellular surface, retention of the receptor in the endosome, or a combination of both. Once 

the CXCR4 receptor is stimulated by SDF-1, it becomes internalized at which point it is 

either recycled or degraded.63, 64 HCQ interferes with the receptor trafficking by preventing 

recycling and decreasing the surface receptor concentration, thus minimizing long-term 

activation of the pathway.65, 66 In the case of CQ-HES, where multiple HCQ molecules 

reside on a single chain of HES, the overall avidity is substantially enhanced in comparison 

to the affinity of HCQ due to the multivalency effect.67 Thus, CQ-HES may preferentially 

serve a dual function of not only antagonizing CXCR4, but also may act to prevent receptor 

recycling following internalization through a receptor mediated process further diminishing 

CXCR4 signaling. Our data suggest, however, that these effects are not limited to CXCR4 

and that other receptors could also be sequestered, leading to a general reduction in receptor 

presentation on the cell surface. The fact that CQ-HES decreased invasion when either 

SDF-1 or FBS was used as chemoattractants, informed us that it is most likely a 

combination of both receptor antagonism and intracellular sequestration, in addition to 

autophagy inhibition, that leads to decreased invasion and motility seen in cells treated with 

CQ-HES.

CONCLUSIONS

The goal of this study was to synthesize a polysaccharide-based polymeric drug of HCQ, 

which retained the biological activity of HCQ and secondarily demonstrated nanoparticle 

assembling characteristics. We have chosen to utilize a system composed of HES modified 

with CDI linker chemistry because of its biocompatibility and biodegradability, which 

represents a novel class of multifunctional, biocompatible drug delivery systems. The 

methods presented herein provide a means to conjugate HCQ to HES while also controlling 

the degree of substitution and preserving the biological activity of HCQ, autophagy 

inhibition and CXCR4 antagonism. Furthermore, CQ-HES displayed the propensity to 

assemble into nanoparticles and a superior ability to reduce migration and invasion over 

comparable levels of HCQ. Future studies will investigate various formulation methods for 

controlling the nanoparticle formation properties of CQ-HES, determine the release profile 

of HCQ from CQ-HES in vitro and in vivo, and assess the effects on the pharmacokinetics 

of HCQ. Due to its propensity to readily form nanoparticles in a pH-dependent manner, we 

will also explore the use of CQ-HES as a multifunctional drug delivery vehicle for targeting 

and reducing local invasion and metastasis of aggressive malignancies like PC.
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Figure 1. 
1H-NMR spectrum of CQ-HES. Inset shows the structure of CQ-HES. For complete peak 

assignments, see supporting information (Figures S1–S2).
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Figure 2. 
AFM and corresponding size distribution of CQ-HES20 in acetate buffer solution (left) and 

PBS (right).
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Figure 3. 
Autophagy analyzed by western blot of LC3.
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Figure 4. 
Cellular localization of CQ-HES using live cell imaging of Mia Paca-1 cells. Transmitted 

light (top left), LysoTracker Red (top middle), fluorescein-labeled CQ-HES (top right), 

colocalization (bottom left), and colocalization of an individual cell (bottom right).
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Figure 5. 
Effect of CQ-HES20 on PC cell migration determined by wound healing assay at 24 hours 

with representative figures from Mia Paca-2 cells displayed above.
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Figure 6. 
Effect of CQ-HES20 on FBS-driven PC cell invasion at 24 hours.
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Figure 7. 
The effects of CQ-HES on SDF-1-mediated invasion in CXCR4-expressing U2OS cells.
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Figure 8. 
Antagonistic effects of AMD3100, HCQ, and CQ-HES on CXCR4 downstream signaling 

after SDF-1 stimulation. Levels of pAkt:Akt and pERK:ERK are presented as percentage 

ratios to control group that did not receive SDF-1.

Sleightholm et al. Page 25

Biomacromolecules. Author manuscript; available in PMC 2018 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Proposed mechanism of action of CQ-HES.
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Scheme 2. 
Synthesis of CQ-HES.
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