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Abstract

Local gene delivery systems utilizing RNA interference technology are a promising

approach for therapeutic applications where site-specific release of agents is desired. Poly-

electrolyte multilayers (PEMs) can be constructed using the layer-by-layer (LbL) technique

and serve as a depot for bioactive substances, which can then be released in a controlled

manner. Multilayers of hyaluronic acid/poly(ethylenimine) HA/PEI were built up with different

numbers of bilayers and PEI-siRNA particles were embedded in bioactive layers for gene

silencing. The increase of the bilayers and the release of siRNA particles were demon-

strated by fluorescence intensity measurement with a fluorescence reader. Two different

LbL techniques were tested for the reduction of ICAM–1 expression in EA.hy926: PEM

build-up by dipping or drying steps, respectively. Herein, the drying technique of the bioac-

tive layers with ICAM siRNA mediated a significant reduction of the ICAM–1 expression

from 3 to 24 bilayers. The fluorescent siRNA release study and the re-culturing of the HA/

PEI films demonstrated a release of the transfection particles within the first hour. The

advantage of dried built-up PEMs compared to a dried monolayer of PEI-siRNA particles

with the same siRNA concentration was a significant higher amount of viable cells.

1 Introduction

The RNA interference (RNAi) mechanism is a powerful and specific technique in molecular

biology and shows high potential for therapeutic applications, including cardiovascular dis-

eases (CVD), infectious diseases and cancer [1–8]. RNAi was first discovered by Fire et. al in

1998 in C. elegans with double-stranded RNA causing the silence of complementary messenger

RNA sequence [9]. This self-defense mechanism in Eukarya is known for preventing infec-

tions and following gene integrity by pathogens and regulating gene expression processes. The

ability to artificially produce short interfering RNA (siRNA) with 21–23 nucleotides which

binds specific to the target mRNA is a promising approach for various therapeutic applications

with the aim of transient gene silencing [10]. Despite promising therapeutic options, the deliv-

ery of siRNA to the target tissue or cells is one of the major challenges. Systemic delivery of

siRNA is preferred when the target of interest is quite difficult to access and especially in
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cancer therapy approaches [11–14]. However, if targeted silencing is desired, such as e.g. for

vascular stents or general implants, local application of siRNA is essential to avoid the occur-

rence of systemic off targets and to reduce the amount of active substances, while locally a high

release can be guaranteed [1, 3, 15–17].

Vascular cell adhesion molecule 1 (VCAM–1), E-selectin, and Intercellular Adhesion Mole-

cule 1 (ICAM–1) are cell adhesion molecules on endothelial cells which are increasingly

expressed in inflammation. Inflammatory processes can be observed in atherosclerotic lesions

or after vascular intervention like coronary artery stenting, which in the last case is called in-

stent restenosis. This adverse side effect of a neointimal hyperplasia should be avoided in ath-

erosclerotic therapy. A promising approach is the reduction of the inflammatory process by

siRNA gene silencing of the above mentioned involved adhesion proteins [18–20]. Reducing

inflammation is thought to decrease the probability of restenosis, avoid re-surgeries, and

reduce the duration of antithrombotic drug use.

The complexation of the siRNA with transfection agents for better stability benefits the

approach of substrate-mediated transfection. These complexes can be incorporated in large

quantities in coatings and act as a depot. Herein, the use of polyelectrolyte multilayers (PEMs)

is a promising approach in the field of substrate-mediated active substance delivery [1, 21–26].

The ability to incorporate drugs into the PEMs makes this system interesting for siRNA release

and the desired gene silencing [1, 27, 28]. A simple technique for the deposition of PEMs is the

versatile layer-by-layer (LbL) technique, in which polyelectrolytes are alternately deposited to

a substrate. The alternation of positive and negative charged materials creates electrostatic

interactions that stabilize the structure. Popular materials for cell biomaterial interaction were

used in many PEM research works like the cationic polyelectrolytes: poly(L-lysine), chitosan,

and poly(ethylenimine), and the anionic ones: alginate, hyaluronic acid, and polyacrylic acid

[29–34]. Among the cationic polymers, the poly(ethylenimine) (PEI) is much favored for the

complexation of negatively charged siRNA, as it forms a non-covalent bond with its strong cat-

ionic charge density. By complexing siRNA, the limiting factors of nucleic acid transfection,

such as negative charge, degradation by nucleases, stimulation of the immune system, can be

avoided. PEI has nitrogen on every third atom and is hence protonable in an endosome [35].

Due to its buffer capacity, chloride anions flow into the endosome which causes an influx of

water and consequently an osmotic swelling. This so called “proton-sponge-effect” causes the

endosome to burst and releases the PEI-siRNA complexes into the cytoplasm [36]. For suc-

cessful transfection, the choice of molecular weight, chemical structure and nitrogen phos-

phate (N/P) ratio is important. The N/P ratio is defined as the quotient of the moles of the

amine groups of cationic polymer to the phosphate groups of DNA or RNA and is crucial for

efficient gene delivery. The ratio determines the size of the particles for transfection and is

therefore an important measure for cell experiments [37–39].

Hyaluronic acid (HA) is a negatively charged glycosaminoglycan which occurs naturally

like in the extracellular matrix, synovial fluid, umbilical cord, and in blood [40, 41]. The bio-

polymer properties like biocompatibility, biodegradability, and no immunogenicity make

hyaluronic acid a suitable material in wound healing, treatment of knee osteoarthritis or for

tissue-engineered scaffolds [42–44]. Crucial for this is the molecular weight of the hyaluronic

acid which is responsible for the properties of the polymer. The high molecular weight hyal-

uronic acid has anti-inflammatory effects during tissue injury, while the low molecular weight

hyaluronic acid is responsible for the activation of pro-inflammatory chemokines and cyto-

kines [45]. Although HA is not a typical transfection agent due to its negative charge, it is often

used in nucleic acid delivery in combination with chitosan or poly-L-arginine [46, 47]. The

combined use of HA with the transfection agent PEI has the great advantage that HA can

reduce the cytotoxic effects of PEI [48].

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing
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The well considered choice of biomaterials is of particular importance for the success of

transfection and the necessary cell adhesion. In addition to parameters such as thickness,

roughness, and viscoelasticity of the substrate, stiffness is of great importance for cell adhesion

[49, 50]. The cultivation of primary cells on soft biomaterials from natural origin causes low

adhesion on the substrate and thus leads to apoptosis in in vitro assays [51]. As a result, soft

PEM layers cannot be properly assessed for toxicity. It is indistinguishable whether the apopto-

sis occurs due to the cytotoxicity of the polymer or because of low stiffness. The ‘reverse assay’

is a suitable method to avoid possible influence by the stiffness where coated substrates can be

placed on pre-cultured cells [51].

In this study we describe the potential of a PEM system that might be used as a coating for

medical devices which is capable to release siRNA from HA/PEI multilayers for ICAM–1 gene

knockdown in EA.hy926 in vitro. Bilayers from 3 to 24 were tested in an ‘reverse assay’ for

gene knockdown and transfection efficiency using two different LbL techniques, wet or dried

layers, on ICAM–1 silencing. The build-up of the (HA/PEI)n multilayers and the release of

siRNA particles were determined by fluorescence intensity as a scan of the coated substrates

and of the supernatant, respectively. A possible influence of the polymer on cell growth was

investigated with the determination of cell viability.

2 Materials and methods

2.1 Polyelectrolyte solutions for PEM build-up

Branched polyethylenimines (PEI), (molecular weight (MW) = 750 kDa and 25 kDa) were

purchased from Sigma-Aldrich (Steinheim, Germany) and prepared in ddH2O (Ampuwa, Fre-

senius Kabi, Bad Homburg, Germany). The concentration of 750 kDa PEI was 1 μM and of 25

kDa 100 μM. Sodium hyaluronate 95% (MW = 1500–2200 kDa) was obtained from Acros

Organics (Fisher Scientific, Schwerte, Germany) and 1 mg/mL was dissolved in 5 mM sodium

acetate buffer (pH 5.5). All solutions were sterilized by sterile filtration.

2.2 SiRNAs

The following siRNA was used for gene knockdown: intercellular adhesion molecule (ICAM)–

1 human with sense strand 5’-GCC UCA GCA CGU ACC UCU ATT-3’, antisense
5’-UAG AGG UAC GUG CUG AAG CTT-3’. E-selectin siRNA AF 488 was applied to

test the transfection efficiency: with sense strand 5’-UUG AGU GGU GCA UUC AAC
CTT-3’, antisense 5’-GGU UGA AUG CAC CAC UCA ATT-3’ (both from Euro-

fins MWG Operon, Ebersberg, Germany), and control nonsense siRNA (siSCR) (Qiagen, Hil-

den, Germany). Qiagen does not provide the sequence of their nonsilencing siRNAs but

ensure that they have no homology to any known mammalian gene. This nonsilencing siRNA

is validated by using Affymetrix GeneChip arrays and a variety of cell-based assays and shown

to ensure minimal nonspecific effects on gene expression and phenotype.

2.3 Glass slide as a substrate for PEM build-up

PEMs were built-up on glass slides from Marienfeld GmbH (Lauda-Königshofen, Germany).

The dimension of the slides was 10 x 10 x 1 mm. They were purified by ultrasonication (Ban-

delin RK 100H Sonorex, Bandelin electronic, Germany) with 2% Hellmanex solution from

Hellma (Müllheim, Germany) before rinsing with ddH2O. Air-dried slides were sterilized in a

heating furnace (Binder, Germany) at 200˚ C for 4 h prior using in PEM films build-up

procedure.
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2.4 Cultivation of EA.hy926

The human umbilical vein cell line EA.hy926 (LGC Standards GmbH, Wesel, Germany) was

used for all cell experiments. Cells were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) high glucose containing 10% fetal calf serum, 1% Penicillin/Streptomycin, and 1%

L-glutamine (gibco1 by Life Technologies, Carlsbad, California). Cell number and viability

was tested by a CASY cell counter (Schärfe System).

2.5 Complexation of PEI-siRNA particles

PEI-siRNA particles were formed by diluting siRNA (20 μM) and PEI 25 kDa in 0.15 M NaCl

(Fresenius Kabi, Bad Homburg, Germany) each. For PEM-mediated transfection, 0.5 μg

siRNA was used for one layer. After 10 min incubation the two solutions were mixed, shortly

vortexed and span down. Within 20 min, the PEI-siRNA particles were allowed to form at RT.

All PEI-siRNA particles used in the PEM build-up had an mN/P ratio of 18.75. The N/P ratio

is determined by the amount of moles of primary amine groups (PEI) and the number of

moles of phosphate groups of siRNA.

2.6 Build-up of PEM films

PEMs were built-up manually with increasing number of bilayers: PEI(HA/PEI)2(HA/PEI-

siRNA)3,5,7,10,12,24. Therefore, purified and sterilized glass slides were coated using the layer-

by-layer technique. Layers of HA/PEI are designated as precursor layers, whereas HA/PEI-

siRNA layers are designated as bioactive layers throughout this manuscript. The first precursor

layer of 750 kDa PEI was deposited by dipping the glass slide for 10 min in PEI solution. After

extensively rinsing for 3 x 2 min in 0.15 M NaCl, two further precursor bilayers of HA and 25

kDa PEI (HA/PEI)2 were alternately added (dipping time: 10 min). Between each deposition, a

washing step (3 x 2 min) with sodium acetate buffer and NaCl solution was held. Following

this, bioactive layers were produced in two different ways. In the layer-by-layer method, the

desired number of active layers (HA/PEI-siRNA) was deposited on precursor layers as follows:

Glass slides were dipped in HA and PEI-siRNA particle solution for 10 min with washing steps

as described above. In the modified layer-by-layer coating method, glass slides were dipped in

HA for 20 sec and air-dried. Subsequently, PEI/siRNA particles (0.5 μg siRNA) were pipetted

and not dipped onto the slide and air-dried, too. The coated slides were used for substrate

mediated delivery in transfection experiments with EA.hy926 and for the release study.

2.7 Build-up of monolayer films

As described in the chapter before, prepared glass slides served as a substrate for the monolayer

coatings in cell culture experiments. PEI-siRNA particles with either siICAM–1 or siSCR were

complexed with PEI 25 kDa as described in chapter 2.5. The 10-fold amount of siRNA, PEI

and NaCl was used for the total amount of 5 μg siRNA, which was also present in the 10 bilay-

ers. The transfection solution was pipetted onto the glass slides and air-dried. Monolayer films

were tested in cell culture experiments for the comparison of cell viability with PEMs.

2.8 PEM-mediated transfection

Cell seeding with 1 x 105 cells in a 24–well plate was prepared 48 h before transfection with PEM-

or monolayer-coated glass slides. After media exchange, the coated glass slides with siRNA AF

488 and siSCR were deposited onto the cells in a so called reverse assay [52]. This assay is illus-

trated in Fig 1. After deposition of the glass slides 1 mL medium was added into each well and

incubated for 24 h at 37˚C with 5% CO2. Uncoated glass slides served as a negative control.

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing
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2.9 Flow cytometry

Transfection efficiency was determined by flow cytometry after 24 h cultivation. Glass slides

were removed from the cells and they were washed and detached from cell culture plate before

fixing them with 2.5% paraformaldehyde (PFA) in round-bottom special tubes for flow cytom-

etry applications (Falcon1). Flow cytometry analysis was performed with 5000 cells/measure-

ment (FACScan™, Becton Dickinson GmbH) and evaluated with CellQuestPro software

(Becton Dickinson GmbH). Knockdown of ICAM–1 protein expression was examined as fol-

lows, cells were stimulated with 5 ng/mL tumor necrosis factor (TNF)-α (BD Biosciences, Ger-

many) for 14 h to induce ICAM–1 expression. Immunofluorescence staining with PE mouse

anti-human CD54 (BD Bioscience, Germany) was prepared before paraformaldehyde (PFA)

fixing and flow cytometry analysis for 30 min at 37˚ C.

2.10 Release of PEI-siRNA AF 488 particles

Testing the PEM-mediated release of PEI-siRNA particles, complexes with 0.5 μg siRNA

AF488 were formed with a mN/P ratio of 18.75. PEMs with 3, 5, 7, and 10 bilayers were built-

up as described before. An uncoated glass slide and a 10 bilayer coated slide without siRNA

served as controls. The slides were incubated in a 24-well plate with 500 μL PBS at 37˚ C. At

different time points (1 h, 4 h, 24 h, and 48 h), the fluorescence intensity of the supernatant

was measured with the fluorescence reader Mithras LB 940 (Berthold Technologies, Germany)

with an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Additionally,

coated glass slides were scanned after buffer removal with 25 x 25 horizontal and vertical steps

by rows, a rectangular scanning mode and a point displacement at 0.65 mm.

2.11 Statistics

The experiments were performed three times independently and the resulting values were

tested and proven for Gaussian distribution. The values were compared by One-way ANOVA

and Bonferroni correction as a Post-test. Difference between different treatment groups were

determined as significant, if p< 0.05.

The analysis were performed with the statistic program GraphPad Prism 5 (GraphPad Soft-

ware, La Jolla, USA).

3 Results

3.1 Reduction of ICAM–1 expression by polyelectrolyte multilayers

PEMs were prepared by incubating in the respective solution without drying PEI-siRNA parti-

cles on the preceding layers as described in the method for modified PEMs. The PEI(HA/

Fig 1. Reverse assay for cell transfection. The coated glass slide is placed on the previously seeded and cultured cells to transfect

them.

https://doi.org/10.1371/journal.pone.0212584.g001
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PEI)2(HA/PEI-siRNA)3,10 coating showed a minimal decrease of ICAM–1 expression with

remaining 89% and 86% but was not significant compared to the control (Fig 2). Only the PEI

(HA/PEI)2(HA/PEI-siRNA)10 and PEI(HA/PEI)2(HA/PEI-siSCR)10 coatings differed signifi-

cantly from each other with 86% ICAM–1 expression and 102%, respectively.

3.2 Transfection efficiency of EA.hy926 mediated by PEI-siRNA AF488

modified polyelectrolyte multilayers

The efficient uptake of agents into cells is mandatory for their effectiveness and the following

response of the cells. Fluorescent labeled siRNA is a suitable and smart device determining the

uptake of siRNA into the cells by flow cytometry. Therefore, we examined the transfection effi-

ciency of PEI(HA/PEI)2(HA/PEI-siRNAf)3,10 with incorporated siRNA AF488 and EA.hy926

cells. After 24 h incubation of coated slides on pre-cultured EA.hy926, the uptake of siRNA AF

488 particles was evaluated by flow cytometry. A transfection efficiency of 21% was measured

with PEM PEI(HA/PEI)2(HA/PEI-siRNAf)3 and 50% with PEM PEI(HA/PEI)2(HA/PEI-siR-

NAf)10 (Fig 3). Both active PEMs with siRNA AF 488 showed significant higher transfection

efficiency values than the control slides PEI(HA/PEI)2(HA/PEI)3,10. Furthermore, the PEM

PEI(HA/PEI)2(HA/PEI-siRNAf)10 with 10 bilayers achieved a significantly higher transfection

efficiency than PEI(HA/PEI)2(HA/PEIf)3.

3.3 ICAM–1 expression after transfection with modified polyelectrolyte

multilayers

To determine the most effective amount of bilayers for gene knockdown, we tested 3, 5, 7, 10,

12 bilayers of (HA/PEI-siRNA)n. The results show that the desired ICAM–1 expression

decrease was achieved in the samples with increasing number of layers and amount of siI-

CAM–1. PEI(HA/PEI)2(HA/PEI-siICAM–1)3,5,7,10,12 showed significant reduction of ICAM–

Fig 2. ICAM–1 expression of EA.hy926 after cultivation with PEMs. The multilayers were prepared by the dip and

wash method without drying the PEI-siRNA particles as in the modified method. After 24 h of cultivation using the

reverse assay, ICAM–1 expression was determined by flow cytometry and untreated but TNF-α stimulated cells were

set to 100%. BL = bilayer, Ab = antibody. Each bar represents the mean ± standard error (SEM) of n = 6. � Statistical

significance at p< 0.05.

https://doi.org/10.1371/journal.pone.0212584.g002
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1 expression in comparison to control cells which were stimulated with TNF-α and antibody

treated. The highest knockdown was achieved with 10 bilayers and remaining 44% ICAM–1

expression (Fig 4). 7 and 12 bilayer revealed similar ICAM–1 expression levels with 49% and

48% respectively. The ICAM–1 expression of control PEMs with siSCR were at the expression

level of the control cells.

3.4 The effectiveness of modified polyelectrolyte multilayers for ICAM–1

knockdown

Two sizes of PEM bilayers PEI(HA/PEI)2(HA/PEI-siICAM–1)10,24 were evaluated for the

delivery of siICAM–1 and the following knockdown of the ICAM–1 receptor in EA.hy926. 10

bilayers were chosen due to the results in 2.3 where 10 bilayers provoked the highest ICAM–1

knockdown. Additionally, a high amount of PEMs with 24 bilayers was tested to verify if a sig-

nificant increase in bilayers and thus total siRNA levels could result in higher knockdown or

Fig 3. Evaluation of the siRNA uptake in EA.hy926 by flow cytometry. Cells were incubated with PEI(HA/PEI)2(HA/PEI-siRNAf)3,10 coated

slides in the reverse assay for 24 h. The fluorescence signal of transfected cells was measured by flow cytometry. Control slides were prepared

without siRNA AF 488. BL = bilayer; ctrl = control. Each bar represents the mean ± standard error (SEM) of n = 3. ��� Statistical significance at

p< 0.001, �� statistical significance at p< 0.01.

https://doi.org/10.1371/journal.pone.0212584.g003
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prolonged release. First, cells were incubated with PEI(HA/PEI)2(HA/PEI-siICAM–1)10,24 and

PEI(HA/PEI)2(HA/PEI-siSCR)10,24 for 24 h. Afterwards the same PEM coated glass slides

were incubated with new pre-cultured cells for another 24 h.

The ICAM–1 expression was significant reduced by 10 and 24 bilayers after the first 24 h of

incubation (Fig 5A). The 10 bilayers achieved a slightly higher ICAM–1 knockdown (5%)

compared to 24 bilayers. Re-cultivation of the same PEMs for 24 h did not cause any signifi-

cant knockdown of the ICAM–1 receptor in fresh cultured cells (Fig 5B).

Fig 4. ICAM–1 expression after 24 h reverse assay with EA.hy926. Cells were cultivated with PEI(HA/PEI)2(HA/PEI-siRNA)3,5,7,10,12 coated

glass slides for 24 h. Thereafter cells were stimulated with TNF-α for 14 h. After ICAM–1 antibody staining, fluorescence signal was determined

by flow cytometry. Untreated but TNF-α stimulated cells were set to 100% and the results of the treatment groups represent the expression of

ICAM–1 receptor in %. Ab = antibody, BL = bilayer. Each bar represents the mean ± standard error (SEM) of n = 5. ��� Statistical significance at

p< 0.001.

https://doi.org/10.1371/journal.pone.0212584.g004
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3.5 Release of siRNA AF 488 from modified polyelectrolyte multilayers

The release of siRNA AF 488 (siRNAf) from PEMs PEI(HA/PEI)2(HA/PEI-siRNAf)3,5,7,10 was

determined after 1, 4, 24, and 48 hours incubation in PBS (Fig 6A). The supernatant was mea-

sured with a fluorescent reader. After 1 h of incubation, the highest relative fluorescence unit

(RFU) signal (16,899) was measured with 10 bilayers. The values of the RFU were getting less

with the decrease of bilayers: 14,409 RFU with 7 bilayers, 13,325 RFU with 5 bilayers and

10,184 with 3 bilayers. Both control glass slides, the uncoated and the PEI(HA/PEI)2(HA/PEI-

siSCR)10, showed low fluorescence signals with 1,874 and 2,034 RFU, respectively. After 4

hours incubation, the fluorescence signals of PEI(HA/PEI)2(HA/PEI-siRNAf)3,5,7,10 decreased

into the range of both controls with 2,900, 2,779, 2,731, and 2,444 RFU for 10, 7, 5, and 3 dou-

ble layers, respectively. The following RFU values of PEI(HA/PEI)2(HA/PEI-siRNAf)3,5,7,10

glass slides were on the RFU level of the control and uncoated glass slides after 24 and 48 h.

In order to determine the total amount of siRNA AF 488 applied during PEM coating, the

glass slides were scanned immediately after the coating procedure (time point 0 h) and the

fluorescence was analyzed. Furthermore, the glass slides were scanned after the incubation

times (1 h, 4 h, 24 h, and 48 h) after removal of the supernatants (Fig 6B). Highest fluorescence

intensity sum was found at timepoint zero directly after PEM coating with 2.6 x 107 RFU for 3

bilayers, 3.2 x 107 RFU for 5 bilayers, 3.5 x 107 RFU for 7 bilayers, and 4.1 x 107 RFU 10 bilay-

ers. After 1 h incubation all intensity values of 3, 5, 7, and 10 bilayers were significantly

reduced to 1.7 x 107 and 1.8 x 107 RFU and were nearly at control level, which was 1.5 x107

RFU. From the time point 4 h there was no significant change in the fluorescence intensity of

siRNA AF 488-containing PEM and all samples had similar RFU values.

3.6 Influence of different siRNA coatings on cell viability

Polyelectrolyte multilayers, siRNA and transfection agents may influence the cell viability dur-

ing the cultivation. The influence of these parameters was tested by determination of cell num-

ber and viability of EA.hy926 with a CASY cell counter. It is of interest whether the PEMs are

Fig 5. ICAM–1 expression after 24 h and following 24 h after re-cultivation of the same PEMs with new seeded EA.hy926. A: After 24 h

reverse assay with 10 and 24 bilayers, cells were analyzed by flow cytometry and untreated but with TNF-α stimulated cells were set to 100%. B:

The same 10 and 24 bilayer were cultivated for another 24 h with new pre-cultivated EA.hy926 and analyzed as described in A. Ab = antibody,

BL = bilayer. Each bar represents the mean ± standard error (SEM) of n = 6. ��� Statistical significance at p< 0.001.

https://doi.org/10.1371/journal.pone.0212584.g005
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Fig 6. Release of siRNA AF 488 from PEMs within 48 h. A: Release of siRNA AF 488 by measurement of the supernatant.

The fluorescence intensity of the supernatants was measured after 1, 4, 24, and 48 h incubation in PBS with a fluorescence

reader at 485 nm excitation and 535 nm emission wavelength. In the right box an enlarged section of the period 1 to 4 h is

shown. Each bar represents the mean ± standard error (SEM) of n = 3. B: Glass slide scan for release control. After the

removal of the supernatant, glass slides were scanned with a resolution of 25 x 25 measurement points, at the same

wavelengths as described before. The sum of all measurement points = fluorescence intensity, was determined at different

timepoints. BL = bilayer; ctrl = control. Each bar represents the mean ± standard error (SEM) of n = 3. ��� Statistical

significance at p< 0.001.

https://doi.org/10.1371/journal.pone.0212584.g006
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superior to the monolayer system in terms of cell viability. To determine the compatibility of

PEM-coated slides in comparison to the same amount of PEI-siRNA in a monolayer system

(hereby, the same amount of siRNA and PEI which was used for 10 bilayers was used to dry

into a monolayer), cells were analyzed after 24 h reverse assay. PEM of PEI(HA/PEI)2(HA/

PEI-siICAM–1)10 showed a significant higher cell number of 3.2 x 105 in comparison to the

monolayer with the same siICAM–1 amount and the cell number 1.7 x 105 (Fig 7). The same

result can be seen in the samples with siSCR. Again, the cell numbers are significantly different

from each other and the PEM of PEI(HA/PEI)2(HA/PEI-siSCR)10 had a significantly higher

number on 3.9 x 105 cells than the monolayer with 1.7 x 105 cells. The control sample where

cells were cultivated with uncoated glass slides showed a cell number of 2.6 x 105 and is even

lower than the cell number of PEMS.

4 Discussion

Substrate-mediated gene silencing by RNAi has great potential for therapeutic approaches

where local effect is desired. A sophisticated and today well developed method is the LbL

Fig 7. Cell number of EA.hy926 after incubation with PEI-siRNA particles and PEMs. EA.hy926 were incubated with different coated glass

slides for 24 h and then tested for cell number after detachment with a CASY cell counter. Cells cultivated with an uncoated glass slide served as a

control. 10 BL PEMs were compared with the monolayer of PEI-siRNA with the same siRNA amount (5 μg). BL = bilayer, ctrl = control. Each bar

represents the mean ± standard error (SEM) of n = 3. ��� Statistical significance at p< 0.001, �� statistical significance at p< 0.01, � statistical

significance at p< 0.005.

https://doi.org/10.1371/journal.pone.0212584.g007
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technique, where a multilayer system can be built with different biomaterials of natural or syn-

thetic origin with opposite charges. The structure of these PEMs allows the embedding of

siRNA nanoparticles for gene silencing. To transport the siRNA, a cationic polymer like PEI

can be used so that the siRNA, protected from enzymatic degradation, enters the cell for

transfection.

The purpose of this study was the development of an siRNA-eluting coating using the LbL

technique for gene silencing of the adhesion molecule ICAM–1 that plays a key role in the

adhesion of leukocytes during leukocyte diapedesis at inflammatory sites [53]. Two different

build-up methods with either dipping or drying (modified PEMs) steps were tested for HA/

PEI PEMs. The PEMs were characterized for siRNA release, for cell viability, for transfection

efficiency and ICAM–1 knockdown. Therefore, the reverse assay [51, 54] was applied for all

cell culture assays to evade the possible influence of mechanical properties of the biomaterials

HA and PEI on cell growth.

The build-up of PEMs PEI(HA/PEI)2(HA/PEI-siRNA)n was initially prepared by the dip

and wash method. The ICAM–1 expression results showed that neither 3 bilayers (1.5 μg

siRNA) nor 10 dipped bilayers (5 μg siRNA) could induce uptake of siRNA after 24 h (Fig 2).

The small decrease in ICAM–1 expression with 3 and 10 bilayers suggests that only small

amounts of siRNA particles were incorporated into PEMs which results in a low transfection

efficiency. We suppose that during the dipping step with PEI-siRNA particles, the incubation

time was insufficient to bind to the hyaluronic acid. A recent study of Holmes and Tabrizian

showed an efficient LbL system with glycol-chitosan/HA PEMs where DNA lipoplexes were

adsorbed for 2 h followed washing and further adsorption steps. Herein, NIH3T3 and

HEK293 cells were successfully transfected with different amount of DNA (2; 4; 6 μg) [22].

Consequently, we modified the process of the LbL method by omitting the washing steps

after the precursor layers and dried the functional bilayers of PEI-siRNA and HA on the plate-

lets. The purpose of the modification was to change the build-up of the PEMs as little as possi-

ble. With the modified drying method of PEM assembly, a coating could be established that

released PEI-siRNA particles which were taken up by the cells through substrate-mediated

transfection. The transfection efficiency showed the significant uptake of siRNA with 3 and 10

bilayers compared to control, moreover 10 bilayers provoked with 50% a significantly higher

transfection efficiency compared with 3 bilayers with 21% (Fig 3). The results of ICAM–1

expression underlined the effectiveness of the modified method, where ICAM–1 expression

could be significantly reduced up to 44% with 10 bilayers in comparison to the TNF-α/Ab con-

trol and the associated siSCR control (Fig 4). The 3, 5, 7, and 12 bilayers also showed signifi-

cant ICAM–1 reduction in comparison to both controls. Within the experimental siICAM–1

series, there was also a significant difference between the 3 bilayers and the 7, 10 and 12 bilay-

ers. This result indicates that an augmentation of bilayers up to 10 is meaningful for reaching

the highest reduction of ICAM–1 expression. This was also proved with the knockdown exper-

iment with 10 and 24 bilayers in comparison (Fig 5A). An increase in the number of bilayers,

and the associated additional increase of siICAM–1 in the layers cause no further reduction in

ICAM–1 expression. We might suppose with regard to this result either transfected cells were

saturated with siRNA particles from the bilayers and consequently were no longer capable for

siRNA uptake or the build-up of PEMs has reached its maximum after 10 bilayers in our

study. In a previous preliminary study it was observed that also the application of 15 bilayers

had no higher reduction of the ICAM–1 expression, and the value was between that of the 10

and 12 bilayers.

The decrease of the ICAM–1 expression (Fig 4) in response to the increase in the number

of layers indicates that the layer build-up has taken place successfully using the drying method.

The glass slide scanning dates at time point zero corroborate these results showing an increase
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in fluorescence intensity with an increase in bilayers (Fig 6B) as well as the release results after

1 h incubation (Fig 6A). Consequently, these results suggest that the amount of siRNAf-PEI

has been incorporated in every bilayer.

The duration of siRNA release for substrate-mediated transfection is of particular impor-

tance for the transfer of the system to medical devices, such as stents or balloon catheters in

atherosclerosis therapy. For long-term release of drugs, the stent is a suitable medical device in

percutaneous transluminal coronary angioplasty (PTCA) and is called drug eluting stent

(DES) [55, 56]. However, fast-release systems are of particular interest in medical interventions

where no medical device remains in the body that releases a drug in the long-term. Currently,

coated balloon catheters are used for the treatment of atherosclerosis with for instance pacli-

taxel, which is intended to prevent or ameliorate restenosis [57–59]. This fast-release coatings

may be beneficial to deliver the drug during treatment to the site of action. The release experi-

ment over 48 h (Fig 6A) showed on the basis of the fluorescence intensity that almost the entire

amount of PEI-siRNAf particles was released from the PEM within the first hour. After 4

hours the values of all BL approximated to the values of the control glass slide. The glass slide

scanning results underlined this finding. At the measuring point 1 h a significant decrease in

the fluorescence intensity of all siRNAf bilayers was observed. The fluorescence intensity of

these samples continued to decline at point 4 h, 24 h, and 48 h with an approach to the control

values (Fig 6B). In conclusion, an initial burst release followed by minor siRNAf release could

be achieved with the modified drying build-up method. The re-cultivation of the glass slides

PEI(HA/PEI)2(HA/PEI-siICAM–1/siSCR)10,24 for another 24 h confirmed the burst release

because no significant decrease of ICAM–1 expression could be achieved after their deposition

on pre-cultured EA.hy926 (Fig 5B).

Next to the transfection efficiency, the cell viability is of great importance for substrate-

mediated transfection with PEM systems. Therefore, we used the reverse assay with 24 h culti-

vation of EA.hy926 and counted the cell number with the CASY1 system. For cells that were

cultivated with a monolayer containing 5 μg PEI-siICAM–1 or 5 μg PEI-siSCR, the cell num-

bers were reduced in comparison to the control cells incubated with an uncoated glass slide.

On the other hand the cells that were cultivated with the PEM PEI(HA/PEI)2(HA/PEI-siI-

CAM–1/siSCR)10, the cell numbers were higher than the control (Fig 7). The direct compari-

son between monolayer and the PEM system revealed significant higher cell numbers of EA.

hy926 cultivated with PEI(HA/PEI)2(HA/PEI-siICAM–1/siSCR)10. We presume that these

findings are due to the HA which is incorporated in the PEM system but is not present in the

monolayer. Han et al. discovered in their study the positive effect of HA regarding the cytotox-

icity of PEI in their HA-PEI delivery system. They detected that the combination of HA-PEI

provoked less cytotoxicity than PEI alone [48]. Furthermore, McKee et al. described an anti-

inflammatory effect of high molecular weight HA which was used in our and Han’s study [45].

We suppose that this effect is able to protect the cells from PEI cytotoxic side effects.

Conclusion

In this study we established a multilayer system consisting of the polyelectrolytes PEI and HA

by an LbL technique which successfully transfected cells with siRNA by substrate-mediated

transfection. We proofed that the classic LbL dipping method is not capable to provoke a sig-

nificant reduction of ICAM–1 expression after 24 h. Therefore, we modified the LbL method

by a new developed drying method and achieved significant ICAM–1 expression reduction

from 3 BL, 5 BL, 7 BL, 10 BL, up to 12 BL. The coating with 10 BL showed the highest knock-

down with 44% remaining ICAM–1 expression and transfection efficiency with fluorescent

labeled siRNA of 50%. An increase in the number of bilayer up to 24 did not yield any further
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reduction of ICAM–1 expression. The release study of the PEMs demonstrated that there is a

burst release within the first hour followed by a minor release. The re-cultivation of previously

laid out 10 and 24 BL PEMs confirmed this result. We demonstrated by counting the viable

cells that the PEM system influences the cell number positively in comparison to the mono-

layer system, where cell number was reduced significantly. This new developed modified LbL

coating could be easily adapted for medical devices where a fast substrate-mediated transfec-

tion of cells is desired, e.g. balloon catheter during PTCA. Therefore, we see great potential for

an application in the prevention of restenosis on molecular level after a balloon catheter inter-

vention via PTCA The high knockdown results make the construction interesting for further

developments in the field of local gene delivery systems.

Author Contributions

Conceptualization: Olivia Koenig, Bernd Neumann, Hans Peter Wendel, Andrea Nolte.

Data curation: Olivia Koenig.

Investigation: Bernd Neumann.

Methodology: Olivia Koenig, Bernd Neumann, Andrea Nolte.

Project administration: Christian Schlensak, Hans Peter Wendel.

Supervision: Hans Peter Wendel, Andrea Nolte.

Visualization: Olivia Koenig.

Writing – original draft: Olivia Koenig.

Writing – review & editing: Hans Peter Wendel, Andrea Nolte.

References

1. Hossfeld S, Nolte A, Hartmann H, Recke M, Schaller M, Walker T, et al. Bioactive coronary stent coating

based on layer-by-layer technology for siRNA release. Acta biomaterialia. 2013; 9(5):6741–52. Epub

2013/01/22. https://doi.org/10.1016/j.actbio.2013.01.013 PMID: 23333865.

2. Nolte A, Walker T, Schneider M, Kray O, Avci-Adali M, Ziemer G, et al. Small-interfering RNA-eluting

surfaces as a novel concept for intravascular local gene silencing. Molecular medicine (Cambridge,

Mass). 2011; 17(11–12):1213–22. Epub 2011/07/28. https://doi.org/10.2119/molmed.2011.00143

PMID: 21792480; PubMed Central PMCID: PMCPmc3321820.

3. Koenig O, Zengerle D, Perle N, Hossfeld S, Neumann B, Behring A, et al. RNA-Eluting Surfaces for the

Modulation of Gene Expression as A Novel Stent Concept. Pharmaceuticals (Basel, Switzerland).

2017; 10(1). Epub 2017/02/18. https://doi.org/10.3390/ph10010023 PMID: 28208634; PubMed Central

PMCID: PMCPmc5374427.

4. Qu Y, Shi X, Zhang H, Sun W, Han S, Yu C, et al. VCAM-1 siRNA reduces neointimal formation after

surgical mechanical injury of the rat carotid artery. Journal of vascular surgery. 2009; 50(6):1452–8.

Epub 2009/12/05. https://doi.org/10.1016/j.jvs.2009.08.050 PMID: 19958991.

5. Wang B, Qian H, Yang H, Xu L, Xu W, Yan J. Regression of atherosclerosis plaques in apolipoprotein

E-/- mice after lentivirus-mediated RNA interference of CD40. International journal of cardiology. 2013;

163(1):34–9. Epub 2011/06/07. https://doi.org/10.1016/j.ijcard.2011.05.053 PMID: 21640399.

6. Tabernero J, Shapiro GI, LoRusso PM, Cervantes A, Schwartz GK, Weiss GJ, et al. First-in-humans

trial of an RNA interference therapeutic targeting VEGF and KSP in cancer patients with liver involve-

ment. Cancer discovery. 2013; 3(4):406–17. Epub 2013/01/30. https://doi.org/10.1158/2159-8290.CD-

12-0429 PMID: 23358650.

7. Palliser D, Chowdhury D, Wang QY, Lee SJ, Bronson RT, Knipe DM, et al. An siRNA-based microbicide

protects mice from lethal herpes simplex virus 2 infection. Nature. 2006; 439(7072):89–94. Epub 2005/

11/25. https://doi.org/10.1038/nature04263 PMID: 16306938.

8. Castanotto D, Rossi JJ. The promises and pitfalls of RNA-interference-based therapeutics. Nature.

2009; 457(7228):426–33. https://doi.org/10.1038/nature07758 PMC2702667. PMID: 19158789

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing

PLOS ONE | https://doi.org/10.1371/journal.pone.0212584 March 19, 2019 14 / 17

https://doi.org/10.1016/j.actbio.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23333865
https://doi.org/10.2119/molmed.2011.00143
http://www.ncbi.nlm.nih.gov/pubmed/21792480
https://doi.org/10.3390/ph10010023
http://www.ncbi.nlm.nih.gov/pubmed/28208634
https://doi.org/10.1016/j.jvs.2009.08.050
http://www.ncbi.nlm.nih.gov/pubmed/19958991
https://doi.org/10.1016/j.ijcard.2011.05.053
http://www.ncbi.nlm.nih.gov/pubmed/21640399
https://doi.org/10.1158/2159-8290.CD-12-0429
https://doi.org/10.1158/2159-8290.CD-12-0429
http://www.ncbi.nlm.nih.gov/pubmed/23358650
https://doi.org/10.1038/nature04263
http://www.ncbi.nlm.nih.gov/pubmed/16306938
https://doi.org/10.1038/nature07758
http://www.ncbi.nlm.nih.gov/pubmed/19158789
https://doi.org/10.1371/journal.pone.0212584


9. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic interfer-

ence by double-stranded RNA in Caenorhabditis elegans. Nature. 1998; 391(6669):806–11. Epub

1998/03/05. https://doi.org/10.1038/35888 PMID: 9486653.

10. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. Duplexes of 21-nucleotide RNAs

mediate RNA interference in cultured mammalian cells. Nature. 2001; 411(6836):494–8. Epub 2001/05/

25. https://doi.org/10.1038/35078107 PMID: 11373684.

11. Nishida H, Matsumoto Y, Kawana K, Christie RJ, Naito M, Kim BS, et al. Systemic delivery of siRNA by

actively targeted polyion complex micelles for silencing the E6 and E7 human papillomavirus onco-

genes. Journal of controlled release: official journal of the Controlled Release Society. 2016; 231:29–

37. Epub 2016/03/17. https://doi.org/10.1016/j.jconrel.2016.03.016 PMID: 26979870.

12. Kenjo E, Asai T, Yonenaga N, Ando H, Ishii T, Hatanaka K, et al. Systemic delivery of small interfering

RNA by use of targeted polycation liposomes for cancer therapy. Biological & pharmaceutical bulletin.

2013; 36(2):287–91. Epub 2013/02/02. PMID: 23370357.

13. Navarro G, Sawant RR, Biswas S, Essex S, Tros de Ilarduya C, Torchilin VP. P-glycoprotein silencing

with siRNA delivered by DOPE-modified PEI overcomes doxorubicin resistance in breast cancer cells.

Nanomedicine (London, England). 2012; 7(1):65–78. Epub 2011/12/24. https://doi.org/10.2217/nnm.

11.93 PMID: 22191778; PubMed Central PMCID: PMCPmc3422569.

14. Choi KM, Kim K, Kwon IC, Kim IS, Ahn HJ. Systemic delivery of siRNA by chimeric capsid protein:

tumor targeting and RNAi activity in vivo. Molecular pharmaceutics. 2013; 10(1):18–25. Epub 2012/06/

06. https://doi.org/10.1021/mp300211a PMID: 22663765.

15. Hoffmann N, Mittnacht U, Hartmann H, Baumer Y, Kjems J, Oberhoffner S, et al. Neuronal and glial

responses to siRNA-coated nerve guide implants in vitro. Neuroscience letters. 2011; 494(1):14–8.

Epub 2011/03/01. https://doi.org/10.1016/j.neulet.2011.02.043 PMID: 21352894.

16. Katz MG, Fargnoli AS, Pritchette LA, Bridges CR. Gene delivery technologies for cardiac applications.

Gene therapy. 2012; 19(6):659–69. Epub 2012/03/16. https://doi.org/10.1038/gt.2012.11 PMID:

22418063; PubMed Central PMCID: PMCPmc3668697.

17. Dykxhoorn DM, Palliser D, Lieberman J. The silent treatment: siRNAs as small molecule drugs. Gene

therapy. 2006; 13(6):541–52. Epub 2006/01/07. https://doi.org/10.1038/sj.gt.3302703 PMID:

16397510.

18. Nolte A, Walker T, Schneider M, Kray O, Avci-Adali M, Ziemer G, et al. Small-Interfering RNA–Eluting

Surfaces as a Novel Concept for Intravascular Local Gene Silencing. Molecular Medicine. 2011; 17(11–

12):1213–22. https://doi.org/10.2119/molmed.2011.00143 PMC3321820. PMID: 21792480

19. Koenig O, Nothdurft D, Perle N, Neumann B, Behring A, Degenkolbe I, et al. An Atelocollagen Coating

for Efficient Local Gene Silencing by Using Small Interfering RNA. Molecular therapy Nucleic acids.

2017; 6:290–301. Epub 2017/03/23. https://doi.org/10.1016/j.omtn.2017.01.006 PMID: 28325296;

PubMed Central PMCID: PMCPmc5363512.

20. Luc G, Arveiler D, Evans A, Amouyel P, Ferrieres J, Bard J-M, et al. Circulating soluble adhesion mole-

cules ICAM-1 and VCAM-1 and incident coronary heart disease: The PRIME Study. Atherosclerosis.

170(1):169–76. https://doi.org/10.1016/S0021-9150(03)00280-6 PMID: 12957696

21. Castleberry S, Wang M, Hammond PT. Nanolayered siRNA Dressing for Sustained Localized Knock-

down. ACS Nano. 2013; 7(6):5251–61. https://doi.org/10.1021/nn401011n PMID: 23672676

22. Holmes CA, Tabrizian M. Substrate-mediated gene delivery from glycol-chitosan/hyaluronic acid poly-

electrolyte multilayer films. ACS applied materials & interfaces. 2013; 5(3):524–31. Epub 2013/01/04.

https://doi.org/10.1021/am303029k PMID: 23281737.

23. Keeney M, Waters H, Barcay K, Jiang X, Yao Z, Pajarinen J, et al. Mutant MCP-1 protein delivery from

layer-by-layer coatings on orthopedic implants to modulate inflammatory response. Biomaterials. 2013;

34(38):10287–95. https://doi.org/10.1016/j.biomaterials.2013.09.028 PMID: 24075408

24. Zhi F, Dong H, Jia X, Guo W, Lu H, Yang Y, et al. Functionalized Graphene Oxide Mediated Adriamycin

Delivery and miR-21 Gene Silencing to Overcome Tumor Multidrug Resistance In Vitro. PLOS ONE.

2013; 8(3):e60034. https://doi.org/10.1371/journal.pone.0060034 PMID: 23527297

25. Wood KC, Chuang HF, Batten RD, Lynn DM, Hammond PT. Controlling interlayer diffusion to achieve

sustained, multiagent delivery from layer-by-layer thin films. Proceedings of the National Academy of

Sciences. 2006; 103(27):10207–12. https://doi.org/10.1073/pnas.0602884103 PMID: 16801543

26. Macdonald ML, Samuel RE, Shah NJ, Padera RF, Beben YM, Hammond PT. Tissue integration of

growth factor-eluting layer-by-layer polyelectrolyte multilayer coated implants. Biomaterials. 2011; 32

(5):1446–53. Epub 2010/11/19. https://doi.org/10.1016/j.biomaterials.2010.10.052 PMID: 21084117;

PubMed Central PMCID: PMCPmc3033887.

27. Hartmann H, Hossfeld S, Schlosshauer B, Mittnacht U, Pêgo AP, Dauner M, et al. Hyaluronic acid / chit-

osan multilayer coatings on neuronal implants for localized delivery of siRNA nanoplexes. Journal of

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing

PLOS ONE | https://doi.org/10.1371/journal.pone.0212584 March 19, 2019 15 / 17

https://doi.org/10.1038/35888
http://www.ncbi.nlm.nih.gov/pubmed/9486653
https://doi.org/10.1038/35078107
http://www.ncbi.nlm.nih.gov/pubmed/11373684
https://doi.org/10.1016/j.jconrel.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/26979870
http://www.ncbi.nlm.nih.gov/pubmed/23370357
https://doi.org/10.2217/nnm.11.93
https://doi.org/10.2217/nnm.11.93
http://www.ncbi.nlm.nih.gov/pubmed/22191778
https://doi.org/10.1021/mp300211a
http://www.ncbi.nlm.nih.gov/pubmed/22663765
https://doi.org/10.1016/j.neulet.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21352894
https://doi.org/10.1038/gt.2012.11
http://www.ncbi.nlm.nih.gov/pubmed/22418063
https://doi.org/10.1038/sj.gt.3302703
http://www.ncbi.nlm.nih.gov/pubmed/16397510
https://doi.org/10.2119/molmed.2011.00143
http://www.ncbi.nlm.nih.gov/pubmed/21792480
https://doi.org/10.1016/j.omtn.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28325296
https://doi.org/10.1016/S0021-9150(03)00280-6
http://www.ncbi.nlm.nih.gov/pubmed/12957696
https://doi.org/10.1021/nn401011n
http://www.ncbi.nlm.nih.gov/pubmed/23672676
https://doi.org/10.1021/am303029k
http://www.ncbi.nlm.nih.gov/pubmed/23281737
https://doi.org/10.1016/j.biomaterials.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24075408
https://doi.org/10.1371/journal.pone.0060034
http://www.ncbi.nlm.nih.gov/pubmed/23527297
https://doi.org/10.1073/pnas.0602884103
http://www.ncbi.nlm.nih.gov/pubmed/16801543
https://doi.org/10.1016/j.biomaterials.2010.10.052
http://www.ncbi.nlm.nih.gov/pubmed/21084117
https://doi.org/10.1371/journal.pone.0212584


Controlled Release. 2013; 168(3):289–97. https://doi.org/10.1016/j.jconrel.2013.03.026 PMID:

23562632

28. Wu L, Wu C, Liu G, Liao N, Zhao F, Yang X, et al. A surface-mediated siRNA delivery system developed

with chitosan/hyaluronic acid-siRNA multilayer films through layer-by-layer self-assembly. Applied Sur-

face Science. 2016; 389(Supplement C):395–403. https://doi.org/10.1016/j.apsusc.2016.06.051.

29. Antunes JC, Pereira CL, Molinos M, Ferreira-da-Silva F, Dessı̀ M, Gloria A, et al. Layer-by-Layer Self-

Assembly of Chitosan and Poly(γ-glutamic acid) into Polyelectrolyte Complexes. Biomacromolecules.

2011; 12(12):4183–95. https://doi.org/10.1021/bm2008235 PMID: 22032302

30. Haidar ZS, Hamdy RC, Tabrizian M. Protein release kinetics for core–shell hybrid nanoparticles based

on the layer-by-layer assembly of alginate and chitosan on liposomes. Biomaterials. 2008; 29(9):1207–

15. https://doi.org/10.1016/j.biomaterials.2007.11.012 PMID: 18076987

31. Meng S, Liu Z, Shen L, Guo Z, Chou LL, Zhong W, et al. The effect of a layer-by-layer chitosan–heparin

coating on the endothelialization and coagulation properties of a coronary stent system. Biomaterials.

2009; 30(12):2276–83. https://doi.org/10.1016/j.biomaterials.2008.12.075 PMID: 19168214

32. Khademhosseini A, Suh KY, Yang JM, Eng G, Yeh J, Levenberg S, et al. Layer-by-layer deposition of

hyaluronic acid and poly-l-lysine for patterned cell co-cultures. Biomaterials. 2004; 25(17):3583–92.

https://doi.org/10.1016/j.biomaterials.2003.10.033 PMID: 15020132

33. Picart C, Lavalle P, Hubert P, Cuisinier FJG, Decher G, Schaaf P, et al. Buildup Mechanism for Poly(l-

lysine)/Hyaluronic Acid Films onto a Solid Surface. Langmuir. 2001; 17(23):7414–24. https://doi.org/10.

1021/la010848g

34. Lutkenhaus JL, McEnnis K, Hammond PT. Nano- and Microporous Layer-by-Layer Assemblies Con-

taining Linear Poly(ethylenimine) and Poly(acrylic acid). Macromolecules. 2008; 41(16):6047–54.

https://doi.org/10.1021/ma800003x

35. Boussif O, Lezoualc’h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, et al. A versatile vector for

gene and oligonucleotide transfer into cells in culture and in vivo: polyethylenimine. Proceedings of the

National Academy of Sciences of the United States of America. 1995; 92(16):7297–301. Epub 1995/08/

01. PMID: 7638184; PubMed Central PMCID: PMCPmc41326.

36. Behr J-P. The Proton Sponge: a Trick to Enter Cells the Viruses Did Not Exploit. CHIMIA International

Journal for Chemistry. 1997; 51(1–2):34–6.

37. Wood KC, Little SR, Langer R, Hammond PT. A family of hierarchically self-assembling linear-dendritic

hybrid polymers for highly efficient targeted gene delivery. Angewandte Chemie (International ed in

English). 2005; 44(41):6704–8. Epub 2005/09/21. https://doi.org/10.1002/anie.200502152 PMID:

16173106.

38. Wang XL, Ramusovic S, Nguyen T, Lu ZR. Novel polymerizable surfactants with pH-sensitive amphi-

philicity and cell membrane disruption for efficient siRNA delivery. Bioconjugate chemistry. 2007; 18

(6):2169–77. Epub 2007/10/18. https://doi.org/10.1021/bc700285q PMID: 17939730.

39. Kim SH, Lee SH, Tian H, Chen X, Park TG. Prostate cancer cell-specific VEGF siRNA delivery system

using cell targeting peptide conjugated polyplexes. Journal of drug targeting. 2009; 17(4):311–7. Epub

2009/02/27. https://doi.org/10.1080/10611860902767232 PMID: 19242850.

40. Laurent TC, Laurent UB, Fraser JR. The structure and function of hyaluronan: An overview. Immunol-

ogy and cell biology. 1996; 74(2):A1–7. Epub 1996/04/01. https://doi.org/10.1038/icb.1996.32 PMID:

8724014.

41. Maharjan AS, Pilling D, Gomer RH. High and Low Molecular Weight Hyaluronic Acid Differentially Reg-

ulate Human Fibrocyte Differentiation. PLoS ONE. 2011; 6(10):e26078. https://doi.org/10.1371/journal.

pone.0026078 PMC3191166. PMID: 22022512

42. Voigt J, Driver VR. Hyaluronic acid derivatives and their healing effect on burns, epithelial surgical

wounds, and chronic wounds: a systematic review and meta-analysis of randomized controlled trials.

Wound repair and regeneration: official publication of the Wound Healing Society [and] the European

Tissue Repair Society. 2012; 20(3):317–31. Epub 2012/05/09. https://doi.org/10.1111/j.1524-475X.

2012.00777.x PMID: 22564227.

43. Hemmrich K, von Heimburg D, Rendchen R, Di Bartolo C, Milella E, Pallua N. Implantation of preadipo-

cyte-loaded hyaluronic acid-based scaffolds into nude mice to evaluate potential for soft tissue engi-

neering. Biomaterials. 2005; 26(34):7025–37. Epub 2005/06/21. https://doi.org/10.1016/j.biomaterials.

2005.04.065 PMID: 15964623.

44. Tashiro T, Seino S, Sato T, Matsuoka R, Masuda Y, Fukui N. Oral administration of polymer hyaluronic

acid alleviates symptoms of knee osteoarthritis: a double-blind, placebo-controlled study over a 12-

month period. TheScientificWorldJournal. 2012; 2012:167928. Epub 2012/12/12. https://doi.org/10.

1100/2012/167928 PMID: 23226979; PubMed Central PMCID: PMCPmc3512263.

45. McKee CM, Penno MB, Cowman M, Burdick MD, Strieter RM, Bao C, et al. Hyaluronan (HA) fragments

induce chemokine gene expression in alveolar macrophages. The role of HA size and CD44. The

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing

PLOS ONE | https://doi.org/10.1371/journal.pone.0212584 March 19, 2019 16 / 17

https://doi.org/10.1016/j.jconrel.2013.03.026
http://www.ncbi.nlm.nih.gov/pubmed/23562632
https://doi.org/10.1016/j.apsusc.2016.06.051
https://doi.org/10.1021/bm2008235
http://www.ncbi.nlm.nih.gov/pubmed/22032302
https://doi.org/10.1016/j.biomaterials.2007.11.012
http://www.ncbi.nlm.nih.gov/pubmed/18076987
https://doi.org/10.1016/j.biomaterials.2008.12.075
http://www.ncbi.nlm.nih.gov/pubmed/19168214
https://doi.org/10.1016/j.biomaterials.2003.10.033
http://www.ncbi.nlm.nih.gov/pubmed/15020132
https://doi.org/10.1021/la010848g
https://doi.org/10.1021/la010848g
https://doi.org/10.1021/ma800003x
http://www.ncbi.nlm.nih.gov/pubmed/7638184
https://doi.org/10.1002/anie.200502152
http://www.ncbi.nlm.nih.gov/pubmed/16173106
https://doi.org/10.1021/bc700285q
http://www.ncbi.nlm.nih.gov/pubmed/17939730
https://doi.org/10.1080/10611860902767232
http://www.ncbi.nlm.nih.gov/pubmed/19242850
https://doi.org/10.1038/icb.1996.32
http://www.ncbi.nlm.nih.gov/pubmed/8724014
https://doi.org/10.1371/journal.pone.0026078
https://doi.org/10.1371/journal.pone.0026078
http://www.ncbi.nlm.nih.gov/pubmed/22022512
https://doi.org/10.1111/j.1524-475X.2012.00777.x
https://doi.org/10.1111/j.1524-475X.2012.00777.x
http://www.ncbi.nlm.nih.gov/pubmed/22564227
https://doi.org/10.1016/j.biomaterials.2005.04.065
https://doi.org/10.1016/j.biomaterials.2005.04.065
http://www.ncbi.nlm.nih.gov/pubmed/15964623
https://doi.org/10.1100/2012/167928
https://doi.org/10.1100/2012/167928
http://www.ncbi.nlm.nih.gov/pubmed/23226979
https://doi.org/10.1371/journal.pone.0212584


Journal of clinical investigation. 1996; 98(10):2403–13. Epub 1996/11/15. https://doi.org/10.1172/

JCI119054 PMID: 8941660; PubMed Central PMCID: PMCPmc507693.

46. Al-Qadi S, Alatorre-Meda M, Zaghloul EM, Taboada P, Remunan-Lopez C. Chitosan-hyaluronic acid

nanoparticles for gene silencing: the role of hyaluronic acid on the nanoparticles’ formation and activity.

Colloids and surfaces B, Biointerfaces. 2013; 103:615–23. Epub 2013/01/01. https://doi.org/10.1016/j.

colsurfb.2012.11.009 PMID: 23274155.

47. Kim EJ, Shim G, Kim K, Kwon IC, Oh YK, Shim CK. Hyaluronic acid complexed to biodegradable poly

L-arginine for targeted delivery of siRNAs. The journal of gene medicine. 2009; 11(9):791–803. Epub

2009/07/02. https://doi.org/10.1002/jgm.1352 PMID: 19569085.

48. Han SE, Kang H, Shim GY, Kim SJ, Choi HG, Kim J, et al. Cationic derivatives of biocompatible hyal-

uronic acids for delivery of siRNA and antisense oligonucleotides. Journal of drug targeting. 2009; 17

(2):123–32. Epub 2008/11/18. https://doi.org/10.1080/10611860802472461 PMID: 19012052.

49. Picart C. Polyelectrolyte multilayer films: from physico-chemical properties to the control of cellular pro-

cesses. Current medicinal chemistry. 2008; 15(7):685–97. Epub 2008/03/14. PMID: 18336282.

50. Schneider A, Richert L, Francius G, Voegel JC, Picart C. Elasticity, biodegradability and cell adhesive

properties of chitosan/hyaluronan multilayer films. Biomedical materials (Bristol, England). 2007; 2(1):

S45–51. Epub 2008/05/07. https://doi.org/10.1088/1748-6041/2/1/s07 PMID: 18458419.

51. Nolte A, Hossfeld S, Schroeppel B, Mueller A, Stoll D, Walker T, et al. Impact of polyelectrolytes and

their corresponding multilayers to human primary endothelial cells. Journal of biomaterials applications.

2013; 28(1):84–99. Epub 2012/03/30. https://doi.org/10.1177/0885328212437610 PMID: 22457040.

52. Nolte A, Hossfeld S, Schroeppel B, Mueller A, Stoll D, Walker T, et al. Impact of polyelectrolytes and

their corresponding multilayers to human primary endothelial cells. Journal of Biomaterials Applications.

2013; 28(1):84–99. https://doi.org/10.1177/0885328212437610 PMID: 22457040

53. Long EO. ICAM-1: Getting a Grip on Leukocyte Adhesion. The Journal of Immunology. 2011; 186

(9):5021–3. https://doi.org/10.4049/jimmunol.1100646 PMID: 21505213

54. Minuth WW, Schumacher K, Strehl R, de Vries U. Mikroreaktortechnik für Tissue Engineering. 3 ed.

Wintermantel E, Ha S-W, editors. Berlin, Germany: Springer; 2002.

55. Ma X, Oyamada S, Gao F, Wu T, Robich MP, Wu H, et al. Paclitaxel/sirolimus combination coated

drug-eluting stent: In vitro and in vivo drug release studies. Journal of pharmaceutical and biomedical

analysis. 2011; 54(4):807–11. https://doi.org/10.1016/j.jpba.2010.10.027 PMC3008332. PMID:

21126843

56. Acharya G, Park K. Mechanisms of controlled drug release from drug-eluting stents. Advanced drug

delivery reviews. 2006; 58(3):387–401. https://doi.org/10.1016/j.addr.2006.01.016 PMID: 16546289

57. Scheller B, Speck U, Abramjuk C, Bernhardt U, Bohm M, Nickenig G. Paclitaxel balloon coating, a

novel method for prevention and therapy of restenosis. Circulation. 2004; 110(7):810–4. Epub 2004/08/

11. https://doi.org/10.1161/01.CIR.0000138929.71660.E0 PMID: 15302790.

58. Byrne RA, Neumann F-J, Mehilli J, Pinieck S, Wolff B, Tiroch K, et al. Paclitaxel-eluting balloons, pacli-

taxel-eluting stents, and balloon angioplasty in patients with restenosis after implantation of a drug-elut-

ing stent (ISAR-DESIRE 3): a randomised, open-label trial. The Lancet. 2013; 381(9865):461–7.

https://doi.org/10.1016/S0140-6736(12)61964-3.

59. Alfonso F, Garcı́a-Guimaraes M, Navarrete G, Cuesta J, Bastante T, Benedicto A, et al. Drug-eluting

balloons in coronary interventions: the quiet revolution? Expert Opinion on Drug Delivery. 2017; 14

(7):841–50. https://doi.org/10.1080/17425247.2017.1245291 PMID: 27718756

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayers for gene silencing

PLOS ONE | https://doi.org/10.1371/journal.pone.0212584 March 19, 2019 17 / 17

https://doi.org/10.1172/JCI119054
https://doi.org/10.1172/JCI119054
http://www.ncbi.nlm.nih.gov/pubmed/8941660
https://doi.org/10.1016/j.colsurfb.2012.11.009
https://doi.org/10.1016/j.colsurfb.2012.11.009
http://www.ncbi.nlm.nih.gov/pubmed/23274155
https://doi.org/10.1002/jgm.1352
http://www.ncbi.nlm.nih.gov/pubmed/19569085
https://doi.org/10.1080/10611860802472461
http://www.ncbi.nlm.nih.gov/pubmed/19012052
http://www.ncbi.nlm.nih.gov/pubmed/18336282
https://doi.org/10.1088/1748-6041/2/1/s07
http://www.ncbi.nlm.nih.gov/pubmed/18458419
https://doi.org/10.1177/0885328212437610
http://www.ncbi.nlm.nih.gov/pubmed/22457040
https://doi.org/10.1177/0885328212437610
http://www.ncbi.nlm.nih.gov/pubmed/22457040
https://doi.org/10.4049/jimmunol.1100646
http://www.ncbi.nlm.nih.gov/pubmed/21505213
https://doi.org/10.1016/j.jpba.2010.10.027
http://www.ncbi.nlm.nih.gov/pubmed/21126843
https://doi.org/10.1016/j.addr.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16546289
https://doi.org/10.1161/01.CIR.0000138929.71660.E0
http://www.ncbi.nlm.nih.gov/pubmed/15302790
https://doi.org/10.1016/S0140-6736(12)61964-3
https://doi.org/10.1080/17425247.2017.1245291
http://www.ncbi.nlm.nih.gov/pubmed/27718756
https://doi.org/10.1371/journal.pone.0212584

