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Abstract

Targeted delivery is a key element for improving the efficiency and safety of non-viral vectors for 

gene therapy. We have recently developed a CD44 receptor targeted, hyaluronic acid-

adamantamethamidyl based pendant polymer system (HA-Ad), capable of forming complexes 

with cationic β-cyclodextrins (CD-PEI+) and pDNA. Complexes formed using these compounds 

(HA-Ad:CD-PEI+:pDNA) display high water solubility, good transfection efficiency, and low 

cytotoxicity. Spatial and dynamic tracking of the transfection complexes by confocal microscopy 

and multicolor flow cytometry techniques was used to evaluate the target specificity, subcellular 

localization, and endosomal escape process. Our data shows that cells expressing the CD44 

receptor undergo enhanced cellular uptake and transfection efficiency with HA-Ad:CD 

PEI+:pDNA complexes. This transfection system, comprised of non-covalent assembly of 

cyclodextrin:adamantamethamidyl-modified hyaluronic acid via host:guest interactions to 

condense pDNA, is a potentially useful tool for targeted delivery of nucleic acid therapeutics.

Graphical abstract

Conceptual diagram HA-Ad:CD-PEI+:pDNA assembly, CD44 receptor-mediated cellular binding, 

internalization, trafficking, and disassembly within the endosomal compartments of target cells, 

with subsequent transgene expression of GFP.
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INTRODUCTION

Nucleic acid delivery using non-viral vectors against various cancer targets is an attractive 

therapeutic approach due to its low pathogenicity and industrial scale manufacturability. 

Unfortunately, low efficacy and off target effects still limit the widespread clinical 

application of this strategy 1, 2. Targeted nucleic acid delivery is an additional challenge to 

be met by non-viral vectors 3–5. Although various targeting strategies have been explored, 

low efficacy is most often due to inefficient internalization, poor protection of the nucleic 

acid cargo and/or inefficient release of the nucleic acids into the cell 6.

Among various targeting elements, hyaluronic acid (HA) is reported to be a highly effective 

ligand 7–9. Hyaluronan is a high molecular weight (106 Da) glycosaminoglycan that is a 

major component of extracellular matrix. It is naturally synthesized by a class of integral 

membrane proteins called hyaluronan synthases and degraded by a family of mammalian 

enzymes called hyaluronidases that are found in various forms throughout the body 10. HA 

plays essential role in proper cell growth, structural stability of organs, and tissue 

organization. Many studies have reported high concentrations of hyaluronan in regions of 

high cell division and invasion (wound repair, embryonic morphogenesis, inflammation, and 

cancer), thus suggesting it plays an important role in tumorigenesis. 7, 8, 11, 12

One of the HA receptors, CD44, belongs to a family of cell adhesion molecules (CAMs)13. 

It is a widely-distributed transmembrane glycoprotein that plays a critical role in malignant 

cell activities, including adhesion, migration, invasion, and survival; it is also strongly 

implicated in the cell signaling cascades associated with cancer initiation and progression. 

CD44 is a key component in the internalization and metabolism of HA and is endogenously 

expressed at low levels on various cell types in normal tissues 14. Tumor-derived cells, 

however, express CD44 in a high-affinity state that is capable of promoting the binding and 
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internalization of HA. Mechanistic studies reveal that CD44 regulates lymphocyte adhesion 

to cells of the endothelial venules during lymphocyte migration, a process that displays 

many similarities to the metastatic distribution of solid tumors 15. Recent reports have 

suggested that CD44 is a breast cancer stem cell marker 16–18. Owing to its overexpression 

on a variety of cancer cells and macrophages and its interaction with HA, the presence of 

CD44 receptors on rapidly dividing cells makes HA an attractive choice for active targeting 

of nucleic acid therapeutics to CD44+ tumor cells 9, 16.

HA is an intriguing building block for development of novel delivery systems because it is 

biodegradable, nontoxic, hydrophilic, and non-immunogenic biopolymer that only requires a 

small block of 6–8 saccharide units to interact with CD44. These features also suggest that 

the intrinsic affinity of HA for CD44 may make it a useful interaction for targeting HA-

derived nanoparticles to CD44+ tumor cells 19, 20. Based on these attributes and prior efforts 

to create HA-based carrier systems 21, we developed a new hyaluronic acid (HA)-based 

pendant polymer system capable of forming complexes with cationic β-cyclodextrins and 

pDNA. HA (350 kDa) conjugated with aminomethyladamantane (HA-Ad) forms a pendant 

polymer system, wherein the hydrophobic guest ligand, adamantane, interacts with the 

hydrophobic cavity of cationic β-CD to form a strong guest:host interaction that promotes 

self–assembly of the non-viral pendant polymer vector (Figure 1). We believe this design 

provides advantages such as biocleavable, biodegradability and high solubility due to use of 

HA as polymer backbone. Additionally, β-CD complexation provides additional flexibility 

to electrostatically interact with pDNA, resulting in stable nanoparticles.

Modification of β-CD with 2.5kD poly(ethyleneimine) (CD-PEI+) on the 1° rim of the 

cyclodextrin unit enables the formation of stable transfection complexes with negatively 

charged nucleic acid cargo. HA-Ad:CD-PEI+:pDNA complexes display high water 

solubility, efficient transfection, and good cell viability; however, the target specificity and 

mechanistic details of the transfection process with these polyplexes has not been 

reported22, 23. This study describes the use of confocal microscopy and multicolor flow 

cytometry tools to provide new spatial and dynamic tracking information that may aid the 

design of transfection complexes targeted to CD44+ cells.

MATERIALS AND METHODS

Reagents

All solvents were reagent grade, purchased from commercial sources and used without 

further purification, except DMF and toluene, which were dried over CaH2 under N2, 

filtered, and distilled under reduced pressure. β-CD and rabbit anti-HYAL1 (ab1) antibody 

was obtained from Sigma-Aldrich. PEI (2.5kD) was purchased from Polysciences, Inc. 

Dialysis membranes (MWCO: 6000–8000) were purchased from Fisher Scientific. 1H NMR 

spectra were recorded on a 300 MHz Varian INOVA 300 spectrometer at 30 °C. Chemical 

shifts were referenced to the residual protonated solvent peak. Ultra-pure H2O (resistivity ≈ 
18.0 MΩ/cm−1) was generated using a NANOpure Ultrapure H2O system. AcGFP1 plasmid 

vector and MTS reagent were purchased from PromegaR. pDNA was amplified in E. coli 
and purified according to the supplier’s protocol (Qiagen, Hilden, Germany). HCAM siRNA 

and HYAL1 siRNA (h) was purchased from Santa Cruz Biotechnology. Secondary antibody 
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IRDye® 680 RD anti-Rabbit IgG (H+L) and IRDye® 800 RD anti-mouse IgG (H+L) were 

purchased from LI-COR. Anti-β-actin mouse antibody was purchased from Cell Signaling. 

Mouse anti-human CD44 antibody-BV421 (anti-CD44-BV421) was purchased from BD 

Biosciences. The concentration and purity of the pDNA was determined by absorption at 

260 and 280 nm and by agarose gel electrophoresis, respectively. The purified pDNA was 

re-suspended in TE buffer (10 mM Tris- Cl, pH 7.5, 1 mM EDTA) and kept frozen in 

aliquots at a concentration of 0.5 mg/mL. LipofectamineR2000 (L2K) transfection reagent, 

LysoTrackerRRed DND-99, and Alexa 680- Wheat Germ Agglutinin conjugate (Alexa680-

WGA) were obtained from Life Technologies. Fluorescein Label ITR nucleic acid labeling 

kit was obtained from Mirus. Cell culture reagents such as DMEM and RPMI media, FBS, 

sodium pyruvate, trypsin, and PBS were obtained from Atlanta Biologicals.

Synthesis of 1-Methaminoadamantane-modified Hyaluronic Acid Pendant Polymer (HA-Ad)

Hyaluronic acid-based pendant polymer was synthesized via EDC-mediated coupling of 350 

kD HA and adamantane methylamine as previously reported 21. (ESI†)

Synthesis of CD-PEI+

Poly(ethyleneimine) (2.5 kDa) was used to introduce a single modification on the β-

cyclodextrin as previously described 21, 24.

Formulation of HA-Ad:CD-PEI+:pDNA Complexes

HA-Ad pendant polymers solution (1 mM equivalent of Ad groups) were vortex mixed with 

an equal volume of β-CD-PEI+ (1mM equivalent of PEI) solution in water to form HA-

Ad:β-CD-PEI+ complexes. Transfection complexes were formed by adding the appropriate 

amount of HA-Ad:β-CD-PEI+ complexes to 1 μg of pDNA (unmodified or FITC-labelled) 

dissolved in 30 μL of TE buffer in 1.5 mL centrifuge tubes. The amount of HA-Ad:β-CD-

PEI+ added to DNA varied from 1–3 μL so as to achieve final N/P ratios of 5, 10, 20 & 30. 

The above solution was incubated at 4 °C for 1 h before use in transfection experiments.

Particle Size and Zeta (ζ) Potential Measurements

The diameters, size distributions, and ζ-potentials of the materials were evaluated by 

dynamic light scattering (DLS) using a Zetasizer Nano S (Malvern Instruments Ltd.) at 

20 °C with a scattering angle of 900. At least 40 measurements were made and averaged for 

each sample. The particles were diluted to 1 mL with HEPES buffer prior to analysis.

Gel Retardation Assay

The complexation ability of HA-Ad:CD-PEI+ with pDNA was determined by low melting 

point 1% agarose gel electrophoresis. The agarose gels were precast in TBE buffer with 

GelRed® dye at 1:10,000 dilution. HA-Ad:CD-PEI+:pDNA complexes containing 0.2 μg of 

pDNA at different N/P ratios were loaded onto the gel before addition of loading dye (1:5 

dilution) to each well and electrophoresis at a constant voltage of 55 V for 2 h in TBE buffer. 

The pDNA bands were then visualized under a UV transilluminator at λ = 365 nm.
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Cellular Uptake Studies

CD44+ HeLa, CD44− HeLa, and NIH 3T3 cells were used to study the uptake of the 

complexes by plating 75,000 cells per well in 24-well plates and incubating for 24 h before 

the experiment. HA-Ad:CD-PEI+:pDNA-FITC (1 μg per well) complexes at different N/P 

ratios were incubated with cells for 4 h at 37 °C in serum free DMEM media. After 4 h, the 

cells were stained with anti-CD44-BV421 at a concentration of 1 μg/mL for 30 min. After 

incubation, the spent media was removed, the cells washed with PBS (3X), and trypsinized. 

The cells were then collected and analyzed for cellular localization of HA-Ad:CD-

PEI+:pDNA-FITC and CD44 expression level using anti-CD44-BV421 by flow cytometry 

using a BD FACS Aria III. Statistical analysis for the biological studies was conducted using 

R software (http://cran.r-project. org). Data are reported as absolute values or as quantities 

relative to control values. Normality was evaluated for each variable using the Shapiro-Wilk 

test. Data with normal distribution were compared using ANOVA. Bonferroni was used as 

post-hoc analysis.

Free HA Competition Assay

To further validate CD44 receptor-mediated cellular uptake of HA-Ad:CD-PEI+:pDNA in 

CD44+ HeLa, a cellular uptake experiment in presence of free HA was carried out. HA (5 

mg/mL) was added to the media 2 h before addition of the particles. The particles were 

added to the HA containing transfection media and were incubated for an additional 4 h25. 

After incubation, the spent media was removed, the cells washed with PBS (3X), trypsinized 

and analyzed using a FC 500.

In Vitro Transfection Assay

CD44+ HeLa, CD44− HeLa and NIH 3T3 cells were cultured in complete DMEM medium 

with 10% FBS. All cells were incubated at 37 °C, 5% CO2, and 95% relative humidity, 

respectively, at a cell density of 75,000 cells/well in 24-well plates. After 24 h, the culture 

media was replaced with serum free media and HA-Ad:CD-PEI+:pDNA complexes 

containing 1 μg of AcGFP added at N/P ratios of 5, 10, 20 and 30. The cells were incubated 

with the complexes for 4 h, after which the spent media was aspirated and fresh serum-

supplemented media was added. After a total of 36 h incubation, the media was aspirated 

and the cells were washed with PBS, trypsinized, and analyzed by flow cytometry using a 

FC500. The % GFP mean fluorescence intensity was calculated relative to L2k controls, 

considered as 100%.

Western Blot Analysis of Cell Lysate

HeLa- Hyal1 knockdown experiments were performed using HYAL1 siRNA (h) (Santa Cruz 

biotechnology) and Lipofectamine 2000 following the standard protocol suggested by the 

vendor. For Western blot, untreated HeLa and HeLa- Hyal1 knockdown cells were grown in 

6 well plates to a density of 1.5–2 × 106 cells/mL before washing in ice-cold PBS and lysing 

by resuspension in a 10× pellet volume of RIPA lysis buffer containing 50 mM Tris-HCl, 

150 mM NaCl, 0.25% deoxycholate, 1% NP-40, and 1mM EDTA, plus 0.1% SDS and 

protease inhibitor tablets. Lysates were cleared by centrifugation at 4 °C using a bench top 

centrifuge at 11,000 rpm for 10 min. Protein concentration was determined using a 
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NanoDrop2000 at 280 nm. Aliquots (4 μg) of each lysate was resolved using SDS gels 

(10 % Acrylamide) transferred to PVDF and probed with the following antibodies in 

Odyssey blocking buffer: rabbit anti-HYAL1 (ab1) antibody (1:1000) and mouse anti-β-

actin antibody (1:15000). Following primary Ab incubation, membranes were probed with 

IRDyeR 680RD Goat anti-Rabbit IgG (1: 15000) or IRDyeR 800 RD Goat anti-mouse IgG 

(1:15000) and imaged using the LiCOR Odyssey system.

In vitro Cell Viability Assay

Cell viability of HA-Ad:CD-PEI+:pDNA complexes in HeLa cells relative to Lipofectamine 

2000 and untreated cells as positive and negative controls, respectively, was performed using 

the MTS assay. Cell viabilities were measured as a function of HA-Ad:CD-PEI +:pDNA 

complex N/P ratio. For the assay, HeLa cells were cultured overnight at a density of 10,000 

cells per well in complete DMEM medium supplemented with 10% FBS at 37 °C, 5% CO2, 

and 95% relative humidity in 96 well microtiter plates (Greiner, 96-well multiwall plates-flat 

bottom). After 24 h, the cells were washed with PBS and the HA-Ad:CD-PEI+:pDNA 

complexes in serum free DMEM media were added for 24 h before addition of MTS reagent 

(15μL) and incubation for 2 h. The absorbance was measured at a wavelength of 492 nm 

using a multimode plate reader (Beckman Coulter, DTX880). The cell viability (%) relative 

to control cells cultured in media without any transfection agent was calculated as [A]test/

[A]control × 100%, where [A]test was the absorbance of the wells with PR+ and [A]control was 

the absorbance of the control wells. All cytotoxicity values were measured in sextuplicate 

and averaged.

Intracellular Trafficking Analysis by Confocal Laser Scanning Microscopy (CLSM)

Confocal microscopy was used to study the intracellular traffcking of HA-Ad:CD-

PEI+:pDNA complexes. CD44+ HeLa cells were cultured in complete DMEM medium 

containing 10% FBS. All cells were incubated at 37 °C, 5% CO2, and 95% relative humidity 

at a cell density of 40,000 cells/well in 4-chamber confocal slides. After 24 h, the culture 

media was replaced with DMEM media containing HA-Ad:CD-PEI+:pDNA-FITC 

complexes at N/P ratios of 20. The cells were incubated with the complexes for a maximum 

of 4 h before replacing the medium with serum-supplemented DMEM media. At specified 

time points, the media was aspirated and cells were washed with PBS (3×), after which they 

were stained with Alexa680-WGA and Lysotracker Red DND. After the last wash, 500 μL 

of PBS containing 5 μL of Alexa680-WGA stock solution was added to cells and incubated 

at 37 °C for 10 min. After incubation, the dye was removed by PBS washing (3X), followed 

by addition of 500 μL of PBS containing 5 μL of LysoTracker Red DND stock solution and 

again incubated at 37 °C for 10 min. After cell staining was complete, the cells were washed 

with PBS (3×) before addition of fresh PBS (500 μL) and collection of confocal microscope 

images using a Nikon A1R MP Multiphoton microscope. Images were recorded at 60× 

magnification using an oil immersion objective.

RESULTS AND DISCUSSION

HA-Ad:CD-PEI+:pDNA complexes prepared by flow mixing have been reported as effective 

transfection agents 21; however, their use in a receptor-mediated endocytosis approach for 
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targeted delivery to CD44+ cells has not been described. In this study, we have compared the 

differences in cellular uptake, localization, and transfection of CD44+ and CD44− cells lines 

treated with HA-Ad:CD-PEI+:pDNA complexes. Three different cell lines, CD44+ HeLa, 

CD44− HeLa, and NIH 3T3 fibroblasts lacking functional CD44 hyaluronan receptors 26–28, 

were chosen for comparison. We hypothesized that HA-Ad:CD-PEI+:pDNA complexes 

would be internalized and efficiently transfect only the CD44+ cancer cell line. Comparison 

of the uptake and trafficking of the complexes in CD44+ versus CD44− cells would also aid 

in understanding the target specific internalization of these particles.

Physical Characterization of HA-Ad:CD-PEI+:pDNA Complexes

The abilities of the HA-Ad: CD-PEI+ pendant polymer assembly to form pDNA complexes 

was initially evaluated by analyzing their particle diameters and surface charges at different 

N/P ratios. Dynamic light scattering (DLS) was used to determine the number-averaged 

diameters produced using the different HA-Ad:CD-PEI+:pDNA complexes. Our data shows 

that the HA-Ad:CD-PEI+ pendant polymers formed complexes with diameters between 180 

– 350 nm. At low N/P ratios (e.g., 5), complexes in the 300 – 400 nm size regime were 

produced; however, the observed diameters dropped gradually, below 200 nm when N/P ≥ 

30, showing no appreciable change in diameter as the N/P ratio increased further (Figure S1-

A). This is in agreement with similar observations of bPEI:pDNA complexes wherein the 

particle diameters become smaller when N/P ≥ 5. The PDIs for all the complexes were in the 

range of 0.3–0.4.

The ζ-potentials of the HA-Ad:CD-PEI+:pDNA vectors were measured to determine the 

extent of charge development on the HA-Ad:CD-PEI+:pDNA transfection complexes 

(Figure S2-B). We found that all the complexes produced an increase in the observed ζ-

potential as the N/P ratio increased, with ζ-potentials observed in the range of + 20 to 40 

mV. It was also observed that increasing the N/P ratio affected the ζ-potential significantly, 

such that the HA-Ad: CD-PEI+ complexes displayed ζ-potentials between 30 – 35 mV at 

N/P = 30. In general, ζ-potentials above 25 mV can be considered as an indication of a 

stable nanoparticle dispersion, since higher charge causes repulsive interactions between the 

particles, thereby preventing their aggregation 29, 30. For biological studies, a positive 

nanoparticle complex ζ-potential typically promotes efficient in vitro cellular uptake; 

however, it also adversely affects their in vivo performance due to non-specific uptake, 

macrophage clearance, and mononuclear phagocytic system opsonization. Consequently, the 

formation of transfection complexes with modest postive ζ-potentials may contribute to their 

improved in vivo performance.

Complexation Properties and Colloidal Stability of HA-Ad:CD-PEI+:pDNA Complexes

The complexation properties and colloidal stabilities of the HA-Ad:CD-PEI+:pDNA 

complexes were determined by gel retardation assays31. Our data show that the 

complexation ability of HA-Ad: CD-PEI+ with pDNA increases with increasing N/P ratio. 

Although the complexes displayed modest condensation ability at N/P = 5, it improved 

significantly at N/P ratios of 10, 20 and 30, where pDNA release was almost insignificant 

after ≥10 (Figure S2).
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Analysis of CD44 Expression

In order to determine the CD44 status of the cells, the HeLa and NIH3T3 cell lines were 

stained with anti-CD44-BV421 and analyzed using flow cytometry. Significant differences 

in CD44 expression levels were observed, with ~16,000 times higher mean fluorescence 

intensity (MFI) found for CD44+ HeLa relative to the MFI levels observed for CD44− HeLa 

and NIH 3T3 cells (Figure 2 & S3). These results were in accordance with literature 

precedent suggesting that there was an overexpression of CD44 receptors in CD44+ HeLa 

and very low expression levels in CD44− HeLa and NIH 3T3 cells2832–34.

Cellular Uptake

Cellular uptake of polyplexes was performed simultaneously in all three cell lines and 

analyzed by flow cytometry using FITC-labeled pDNA (HA-Ad:CD-PEI+:pDNA-FITC) and 

anti-CD44-BV421 to probe for the presence of CD44 on the cell surface. Untreated, non-

labeled cells were used as a negative control and L2K:pDNA-treated cells were used as a 

positive, untargeted control. L2K complexes showed cellular uptake equally well in all three 

cell lines, regardless of CD44 expression. In the case of HA-Ad:CD-PEI+:pDNA-FITC 

particles; however, significantly higher levels of transfection complex uptake were observed 

for CD44+ HeLa cells relative to CD44− HeLa cells (3 – 7 fold increase, depending on N/P 

ratio). Moreover, CD44+ HeLa cells exhibited a 40-fold increase in uptake relative to NIH 

3T3 fibroblasts (Figures 3 and S4). Overall, HA complexes showed good cellular association 

with HeLa CD44+, where the maximum uptake efficiency (at N/P=30) was comparable to 

L2K complexes (~70%). It is interesting to note that cellular uptake was found to gradually 

increase with increasing N/P ratios for both HeLa CD44+ and HeLa CD44−; however a 

saturation effect was observed beyond N/P of 20. We attribute the gradual increase in 

cellular uptake to two factors in the case of CD44+ HeLa. The higher N/P ratio produces a 

higher polymer loading in the transfection complexes, leading to the more efficient binding 

of pDNA complexes to CD44+ HeLa cells at high N/P due to increased receptor-specific 

binding of the HA-Ad:CD-PEI+:pDNA particles. Furthermore, the higher positive charge 

resulting from higher N/P ratios (Figure S1) likely produces a greater number of particles 

that associate with the cells via non-specific electrostatic interactions with the negatively-

charged plasma membrane, thereby contributing to increased pDNA uptake (Figure S2).

Nonetheless, both CD44+ and CD44− HeLa cells showed modest (~15%) increases in uptake 

with increased N/P ratio. We infer from these findings that N/P ratio played a minor role in 

guiding the cellular uptake of these particles. Furthermore, the recycling rate for CD44 is 

known to be slow (1–2 d), therefore, the modest increases in uptake observed at high N/P 

ratios are likely due to the slow internalization kinetics of these CD44 receptor-HA ligand 

complexes 35, 36. No appreciable localization of HA-Ad:CD-PEI+:pDNA-FITC was 

observed in case of NIH 3T3 fibroblasts, an observation that we attribute to their low 

abundance of CD44 receptors and the widely reported finding that fibroblast cells are 

difficult to transfect with polymeric transfection agents 37.

Hyaluronic Acid Competition Assay

CD44 receptor-mediated binding and uptake of HA-Ad: CD-PEI+:pDNA complexes was 

further probed by competition assay using excess free HA ligand in the culture media 
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(Figure 4). The uptake efficiency of HA-Ad:CD-PEI+:pDNA was reduced by almost 75% in 

CD44+ HeLa cell cultures containing 5 mg/mL additional free HA relative to cells incubated 

in the absence of free HA. Uptake of L2K:pDNA complexes was not affected by the 

presence of excess HA. Receptor-mediated endocytosis is reported to be a major mechanism 

of cellular uptake for HA-based nanoparticles 38, 39, therefore, the enhanced cellular uptake 

of HA-Ad:CD-PEI+:pDNA complexes, and significant reduction in presence of free HA, is 

consistent with the specificity and competition for CD44 receptors on these cells 25.

Transfection Efficiency

GFP expression in HeLa cells transfected with L2K complexes was not dependent on CD44 

expression. Conversely, HA particles displayed a transfection performance that was strongly 

influenced by the CD44 status of the cells (Figures 5 & S5). High efficiencies were observed 

in CD44+ HeLa cells treated at higher N/P ratios (e.g., ~90% at N/P = 30). The complexes 

formed at N/P of 5 showed very poor transfection (~ 20 %), which can be attributed to poor 

stability as shown by their relative agarose gel shift assay behavior (Figure S2). Even though 

the complexes formed at N/P = 5 localize on the cell membrane surface, their lower colloidal 

stability during binding and uptake may result in the loss of particle morphology and pDNA 

retention, such that they are not internalized efficiently. It is noteworthy that cells treated at 

N/P of 20 or 30 were about 40% more efficient than treatment with N/P = 10 complexes, 

even though their cellular association levels were very similar at all three N/P ratios (Figure 

3). It has been reported that once the polyplexes are internalized, the transfection efficiency 

is typically dependent on the cargo release rate, i.e., the disassembly/degradation rate of the 

complexes within the endo/lysosomal compartment 40, 41. For the HA-Ad:CD-PEI+:pDNA 

complexes, we infer from our findings that disassembly occurs due to catalytic HA 

degradation by the hyaluronidase-1 (Hyal1) enzyme present in the endosomal and lysosomal 

compartments.42, 43 Since all the HA-Ad:CD-PEI+:pDNA complexes have HA as the core 

main chain polymer element, they can all be readily degraded by the Hyal1, regardless of 

N/P ratios at which they were formulated. Consequently, complexes formed at higher N/P 

showed higher transfection efficiencies due to their higher degrees of pDNA association 

with the CD44+ cells.

In the case of CD44− HeLa cells, the maximum transfection efficiency is about 20%, in 

accordance with their modest extent of cellular association. Similarly, transfection levels 

were not significant for NIH 3T3 fibroblasts, since their degree of binding and uptake was 

low (i.e., less than 5% at all N/P ratios).

The relative cell viability profiles of the HA-Ad:CD-PEI+:pDNA complexes and L2K:pDNA 

complexes were evaluated by MTS assay. HA-Ad:CD-PEI+:pDNA complexes showed high 

cell viability (>90%) at all N/P ratios, which was comparable or higher than L2K (Figure 

S6).

Role of Hyal1 in Disassembly of HA-Ad:CD-PEI+:pDNA Complexes

To investigate if Hyal1 plays any role in the catabolism of the HA carrier backbone, thus 

contributing to disassembly of HA-Ad:CD-PEI+:pDNA complexes, we sought to 

knockdown the Hyal1 levels in CD44+ HeLa using Hyal1-siRNA, and to compare their 
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transgene expression levels with unsilenced CD44+ HeLa cells treated with HA-Ad:CD-

PEI+:pDNA complexes (Figure 6). The knockdown of Hyal1 was verified by Western blot 

assay, which clearly showed 62 % knockdown of Hyal1 relative to control Hyal1 expression 

levels. It was interesting to observe that while cellular uptake of complexes was not 

significantly different in both cell types, the transfection efficiency of of HA-Ad: CD-

PEI+:pDNA was significantly decreased by ~39 % in the absence of Hyal1 relative to the 

transfection complex performance in the presence of Hyal1.

Intracellular Trafficking of HA Complexes Using CLSM

Intracellular trafficking of the HA-Ad: CD-PEI+:pDNA vehicles in CD44+ HeLa cells was 

monitored by confocal microscopy using Alexa680-WGA to label the cell membrane and 

LysotrackerR RED DND-99 to reveal the acidic endosomal and lysosomal compartments. 

HA-Ad:CD-PEI+:pDNA-FITC complexes were prepared to enable particle tracking within 

the cells at time points varying from 2 h to 24 h (Figures 7 & S6). Initial binding of the 

complexes occurred within the first 2 h, with subsequent internalization after 4 h and 

association of some HA-Ad:CD-PEI+:pDNA-FITC particles with acidic cellular 

compartments as described for other HA-based nanoparticle systems 39. Images collected 9 

h after exposure to HA-Ad:CD-PEI+:pDNA-FITC complexes showed that the particles were 

fully internalized within acidic compartments that stained yellow due to colocalization of the 

green HA-Ad:CD-PEI+:pDNA-FITC complexes and the red Lysotracker signals. 

Intracellular localization of the particles was confirmed by z-stack analysis.

These images clearly showed that the particles were inside the cell rather than just bound to 

the surface and coincident with the acidic compartments (Figure 8). Images collected at later 

time points (e.g., 24 h in Figure S6) showed that internalized complexes present in the 9 h 

time frame had gradually disappeared by the 24 h time point and that no additional 

complexes were visible on the cell surface. We infer from these findings that the HA-

Ad:CD-PEI+:pDNA particles disassemble on the 4 – 9 h time frame upon entry into the 

endosomal/lysosomal compartments to release the complexed pDNA throughout the cytosol, 

leading to dilution of the signal beyond the detection limit of CLSM as previously reported 

for internalized HA-based materials. 39

CONCLUSIONS

Our findings indicate that CD44 receptor expression has a major influence on cellular uptake 

and transgene expression levels of HA-Ad:CD-PEI+:pDNA transfection complexes. The 

HA-based complexes displayed significant target-specific cellular localization in CD44+ 

HeLa cells relative to CD44− HeLa and NIH 3T3 cells, regardless of N/P ratio. Transfection 

efficiencies of HA-Ad: CD-PEI+:pDNA complexes in CD44+ HeLa cells (>90 %) were 

comparable to the commercial standard, Lipofectamine2000; however, they were 

comparatively low in CD44− HeLa and NIH 3T3 fibroblasts. Binding of the complexes to 

the cell surface occurred within 2 – 4 h, with internalization within acidic endosome/

lysosome compartments occurring between 4 – 9 h, leading to release of the pDNA cargo 

within 24 h. In conclusion, HA-based pendant polymer:CD-PEI+:pDNA complexes promote 

CD44 target-specific cellular uptake and efficient transgene expression in vitro. These 
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materials may offer interesting opportunities for CD44- targeted transfections in vivo as 

well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of (left) HA-Ad and (right) CD-PEI
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Figure 2. 
Flow cytometry analysis using anti-CD44-BV421 antibody labeling to determine the CD44 

receptor expression levels in CD44+ HeLa cells, CD44− HeLa cells, and CD44− NIH 3T3 

fibroblasts. The CD44 receptor expression levels were determined by plating 75,000 cells 

per well in 24-well plates and incubating for 24 h before the experiment. Cells were then 

stained with CD44 antibody (mouse anti-human-CD44 antibody labeled with BV421) at a 

concentration of 1μg/mL in DMEM media for 30 min. After incubation, the spent media was 

removed and the cells were washed 3 times with PBS before trypsinization. The cells were 

then collected and analyzed using a BD FACS Aria III flow cytometer. Data points represent 

group mean ± SD (n = 6; ***P < 0.005; ANOVA).
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Figure 3. 
Cellular uptake of HA-Ad:CD-PEI+:pDNA and L2K:pDNA complexes after incubation for 

4 h with HeLa and NIH 3T3 cells. CD44+ HeLa, CD44− HeLa, and NIH 3T3 cells were 

used to study the uptake of the complexes by plating 75,000 cells per well in 24-well plates 

and incubating for 24 h before the experiment. HA-Ad:CD-PEI+:pDNA-FITC (1 μg per 

well) complexes at different N/P ratios were incubated with cells for 4 h at 37 °C in serum 

free DMEM media. After 4 h, the cells were stained with anti-CD44-BV421 (BD 

Biosciences) at a concentration of 1 μg/mL for 30 min. After incubation, the spent media 

was removed, the cells washed with PBS (3X), and trypsinized. The cells were then 

collected and analyzed by flow cytometry for the expression of CD44 and FITC-labelled 

complexes. Data points are expressed as a percentage of total parent population of cells and 

represent group mean ± SD (n = 6; ***P < 0.005; ANOVA).
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Figure 4. 
A: Cellular uptake of HA-Ad:CD-PEI+:pDNA and L2K:pDNA complexes in the absence 

and presence of free HA at different N/P ratios. B: Flow cytometry data for cellular uptake 

of L2K:pDNA and HA-Ad:CD-PEI+:pDNA complexes at N/P = 30 in the presence and 

absence of free HA. To further validate CD44 receptor-mediated cellular uptake of HA-Ad: 

CD-PEI+:pDNA in HeLa (CD44+), a cellular uptake experiment in the presence of free HA 

was carried out. HA (10 mg/mL) was added to the media 2 h before addition of the particles. 

The particles were added to the HA containing transfection media and were incubated for an 

additional 4 h. After incubation, the spent media was removed, the cells washed with PBS 

(3X), trypsinized and analyzed for using a FC500 (Beckman Coulter). Data points are 

expressed as a percentage of total parent population of cells and represent group mean ± SD 

(n = 6; ***P < 0.005; ANOVA).
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Figure 5. 
Flow cytometry analysis of in vitro transfection efficiencies in HeLa and NIH 3T3 cells 

treated with HA-Ad:CD-PEI+:pDNA complexes and L2K controls (4 h incubation, followed 

by readout after 36 h). CD44+ HeLa, CD44− HeLa, and NIH 3T3 cells were cultured in 

complete DMEM medium with 10% FBS. All cells were incubated at 37 °C, 5% CO2, and 

95% relative humidity, respectively, at a cell density of 75,000 cells/well in 24-well plates. 

After 24 h, the culture media was replaced with serum free media, with addition of HA-Ad: 

CD-PEI+:pDNA complexes containing 1 μg of AcGFP, at N/P ratios of 5, 10, 20 and 30. The 

cells were incubated with the complexes for 4 h, after which the spent media was aspirated 

and fresh serum-supplemented media was added. After a total of 36 h incubation, the media 

was aspirated and the cells were washed with PBS, trypsinized and analyzed by flow 

cytometry. The % GFP mean fluorescence intensity was calculated relative to L2k controls, 

considered as 100%. Data points represent group mean ± SD (n = 6; ***P < 0.005; 

ANOVA).

Badwaik et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2017 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Suppressed Hyal 1 expression led to decreased transfection performance of HA-Ad: CD-

PEI+:pDNA complexes. (A) Transfection performance of naked pDNA, pDNA complexed 

with L2K and HA-Ad:CD-PEI+:pDNA at N/P ratio of 30 in HeLa vs. HeLa- Hyal1 

knockdown cells. The transfection efficiency was analyzed using flow cytometry, with 

median intensity plotted as a relative percentage of L2K expression taken as 100%. (B) 

Treatment with Hyal1-siRNA results in reduced Hyal1 expression. HeLa cells were treated 

with 50 nM of siRNA for 36 h and Hyal expression was analyzed by Western blot. Analysis 

of β-actin was included as a loading control and (C) images were quantified using the 

Odyssey Infrared Imaging System software and plotted as the relative percentage of β-actin 

expression.
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Figure 7. 
Confocal microscopy images of HeLa cells treated with HA-Ad:CD-PEI+:pDNA complexes 

at N/P = 20 as a function of incubation time (indicated time, h). Top row: 60× magnification; 

bottom row: 100× magnification. Green: pDNA-FITC cargo in HA-Ad:CD-PEI +:pDNA 

complexes; Blue: plasma membrane labeled with Alexa680-WGA; Red: lysosomes labeled 

with Lysotracker DND-99.
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Figure 8. 
Confocal microscopy z-stack images of HeLa cells treated with HA-Ad:CD-PEI +:pDNA 

complexes at N/P = 20 as a function of incubation time (indicated time, h). Green: pDNA-

FITC cargo in HA-Ad:CD-PEI+:pDNA complexes; Blue: plasma membrane labeled with 

Alexa680-WGA; Red: lysosomes labeled with Lysotracker DND-99.
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