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A B S T R A C T

Although therapeutic nucleic acids reached the clinical application for a decade, the success of these new
drugs is dependent on their delivery strategies, which are still a challenge. In particular, local delivery
of nucleic acids is a promising approach to develop therapies with a spatially controlled site of action.
However, compared to techniques for systemic administration, local nucleic acid delivery systems are still
rarely described. In this study, we present a promising approach to fill this gap by the design of surface
coatings based on polysaccharides for local delivery of nucleic acids. An automatized Layer-by-Layer deposition
approach was applied using hyaluronic acid and chitosan to form polyelectrolyte multilayer systems, into which
lipid nanoparticles, more specific lipoplexes, were embedded as nucleic acid carriers. Different manufacturing
parameters, in particular the number of deposited polyelectrolyte layers and the preparation buffer, were
varied. The multilayer film characteristics were investigated systematically regarding their physical properties,
with a focus on thickness and topology as well as lipoplex deposition, to identify a system with efficient
transfection properties. The multilayer systems prepared in acetate buffer were characterized by a good lipoplex
embedding with a more uniform distribution and lower tendency for formation of large lipoplex aggregates in
the polyelectrolyte film. Additionally, we were able to demonstrate the functionality of the developed system
for nucleic acid delivery. The nucleic acids were successfully transferred into cells in a contact-triggered
manner. Furthermore, we could demonstrate the enzymatic degradation-based release of nucleic acid cargo
from the delivery system caused by hyaluronidase, followed by successful in vitro transfection.
1. Introduction

Nucleic acids have great potential as therapeutics, enabling the
exogenous regulation of cellular processes by permanent or transient
changes in gene expression. This is referred to as gene therapy. There-
fore, disease-related genes can be altered with therapeutic nucleic acids
by adding, removing, or replacing genetic material as well as activating
and suppressing gene expression (Piotrowski-Daspit et al., 2020).

The application of nucleic acids as functional drug molecules offers
new treatment options to cure diseases on their molecular level, but
also raises particular requirements in terms of administration and drug
formulation. Specific difficulties for this class of active pharmaceutical
ingredients include their rapid enzymatic degradation and the inability
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to pass biomembranes due to their high molecular weight and high
negative charge density (Lin and Qi, 2023). In order to guarantee an
effective and safe therapy with nucleic acids, the right delivery systems
are of central and decisive importance (Sung and Kim, 2019). The
development of delivery strategies to overcome biological barriers and
enable the intracellular uptake of nucleic acids has been extensively
explored in recent years, but remains a major challenge for nucleic
acids (Mendes et al., 2022).

Particularly, local application has the potential to improve therapies
with highly potent active substances like nucleic acids through a spa-
tially controlled mode of action in a tissue (Talebian et al., 2023). These
implantable delivery systems for nucleic acids additionally benefit from
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Fig. 1. Illustration of the concept of the studies. LPX composed of the ionizable lipid OH4 and the co-lipid DOPE were embedded in PEMs manufactured in different media and
with increasing number of polyelectrolyte bilayers in the basal layer.
a prolonged local release of the genetic cargo. One example of a local
nucleic acid delivery system are implantable biomaterials that allow
an accurate spatiotemporal release of therapeutic nucleic acids in the
field of cartilage regeneration (Yang et al., 2020). Such implantable
delivery systems can be hydrogel-based or solid scaffold-based. For the
latter systems, surface functionalization of the scaffold with nucleic
acid carriers is a potential way of nucleic acid cargo loading. Within the
various possibilities to realize surface attachment of macromolecular
therapeutics, the Layer-by-Layer (LbL) approach has been proven ben-
eficial (Hautmann et al., 2024). This strategy is based on the formation
of polyelectrolyte multilayers (PEM) by the alternating deposition of
oppositely charged polymers on surfaces (Su et al., 2009). Even though
it is a simple and cost-effective technology, the LbL approach offers
the possibility of creating versatile nano-structured functional materials
with precisely controlled composition and structure, allowing for very
accurate tailoring of the properties of the surface coating (Borges
and Mano, 2014). Consequently, there are multiple possibilities for
the functionalization of surfaces with nucleic acids using materials
fabricated by the LbL technique (Linnik et al., 2021).

The simultaneous modification of the surfaces of scaffolds or im-
plants through the application of LbL coatings and their functional-
ization by the immobilization of nucleic acids is considered especially
attractive (Talebian et al., 2023). Conceivable applications for these
types of surface coatings include the functionalization of stents for the
prevention of restenosis and stent thrombosis (Hossfeld et al., 2013)
and the modification of sutures (Castleberry et al., 2016; Chou et al.,
2021). The strategy was also applied to modify wound dressings for the
treatment of chronic non-healing wounds (Berger et al., 2023). Appli-
cations for the encapsulation of cochlear implants (Wey et al., 2021)
and intraocular lenses (Wang et al., 2023) to counteract difficulties
after implantation are also contemplated. According to the diversity
of possible uses, substantially different characteristics are required for
such multilayer systems.

Furthermore, the efficiency of LbL coatings for gene delivery does
not only depend on the properties of the PEM and the interaction with
the surrounding tissue, but the incorporated nucleic acid delivery sys-
tem also plays a central role. Since it facilitates the nucleic acid uptake
into the cell, the selection of a suitable delivery system for the nucleic
acid is of decisive importance for the success of the therapy. Currently,
virus-based vectors appear as the most established in clinical studies,
although the disadvantages of these systems such as possible carcino-
genic potential and the tendency to cause strong immune reactions in
patients are well known (Fus-Kujawa et al., 2021). Dimitrova et al.
demonstrated that it is generally possible to embed bioactive adenoviral
vectors in LbL coatings (Dimitrova et al., 2007). Nevertheless, this
approach has not prevailed, and chemical non-viral delivery systems
are employed far more frequently as the transfection-active component
in LbL-films.

Initially, it was attempted to directly incorporate the nucleic acid
as the polyanion in LbL-films (Flessner et al., 2011; Saurer et al., 2013;
Zou et al., 2014). However, degradation of PEM systems designed
2

in this way often leads to the formation of nano-sized nucleic acid-
polycation complexes (Xie et al., 2018; Demuth et al., 2013), which
subsequently serve as transfection vectors. As the formation of these
nucleic acid-polycation nanoparticles is uncontrolled, it does not ap-
pear to be ideal for therapies with nucleic acids that need to be highly
reproducible.

With cationic and ionizable lipids offering an appealing option
for transfection systems due to their versatility and cost-effectiveness,
they currently represent the most attractive non-viral transfection vec-
tors (Ponti et al., 2021). However, there have only been few published
attempts with substrate-mediated gene delivery by lipofection. Two
initial methodologies were explored, both employing a primary LbL se-
quence comprising multiple layers of lipid-complexed DNA paired with
layers of ‘naked’ DNA (Yamauchi et al., 2006) or layers of hyaluronic
acid (Liu et al., 2011). These two systems focused heavily on the DNA
itself as a coating component. Subsequently, Holmes et al. Holmes
and Tabrizian (2013), Holmes et al. (2014) modified the strategy
by introducing a technique based on an LbL-film of two polymers,
hyaluronic acid and chitosan, with a single layer of embedded lipid
nanoparticles. The described systems share a common feature: the
utilization of lipofectamine 2000, a commercially available transfection
reagent, as the transfection-active lipid component.

The approach to combine the beneficial properties of biopolymers
in surface coatings with their use as lipid-based nucleic acid deliv-
ery systems was addressed in our research group, leading to the de-
velopment of two new gene-functionalized surface coating systems
incorporating lipoplexes (LPX). The active components of the LPX
were newly designed ionizable lipids. One LbL-film design consisted
of hyaluronic acid (HA) and chitosan (CHI), while the other con-
sisted of chondroitin sulfate and collagen. Both approaches were pub-
lished in proof-of-concept studies and provide different advantageous
characteristics (Husteden et al., 2023, 2020a).

The study presented herein focuses on advancing the system com-
prising HA and CHI. Both of the utilized polymers are derived from
natural sources and offer beneficial attributes for medical use, includ-
ing biocompatibility, biodegradability, and absence of immunogenic-
ity (Knopf-Marques et al., 2016; Bernkop-Schnürch and Dünnhaupt,
2012). In addition, both polymers have a monograph in the Euro-
pean Pharmacopoeia, which simplifies their subsequent translation to
clinical application (Anon, 2023a,b). Notably, the employed CHI is
recognized for its antibacterial properties (Hautmann et al., 2022;
Rabea et al., 2003), and the synergy with HA, known for its anti-
inflammatory effects (AlKhoury et al., 2020; Alkhoury et al., 2020;
Altman et al., 2019), presents a particularly advantageous combination.
Paving the path to preclinical in vivo transfer of the technique, this work
focus on improving the manufacturing process of HA/CHI PEMs with
embedded LPX composed of the newly designed ionizable lipid OH4 in
combination with the established co-lipid DOPE (Fig. 1). As the proof-
of-concept studies were performed using a time consuming pipetting
approach, which is unfavourable for clinical application, improvements
were required. We address an automatized production process allowing
for the coating of complex structures. The surface coating based on
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HA and CHI was systematically investigated to develop an automatized
manufacturing of PEMs with increasing layer number using a dipping
approach.

Different process parameters were varied as demonstrated in Fig. 1
and the resulting PEMs characterized according to surface topology.
The main focus was to understand the effect of LbL-film properties on
the quality and quantity of LPX incorporation. It was possible to iden-
tify manufacturing conditions suitable to prepare LPX-functionalized
HA/CHI-PEMs. Finally, the functionality of the PEM was successfully
proven by transferring reporter genes into cells using different experi-
mental setups, either based on direct cell-PEM contact, or a contact-free
setup in presence of hyaluronidase. These experiments also elucidate
the mechanism of LPX release from the PEM. Summarizing, we present
a highly versatile and adaptable system for local nucleic acid delivery
and contact-mediated transfection.

2. Materials and methods

2.1. Materials

Except when indicated otherwise, all chemicals were purchased
from Sigma-Aldrich (Taufkirchen, Germany). The phospholipids 1,2-di-
(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-
di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine-N-(lissamine
hodamine B sulfonyl) (ammonium salt) 18:1 (Rhod-DOPE) were ob-

tained from Avanti Polar Lipids (Alabaster, USA). The ionizable lipid
-{6-amino-1-[N-(9Z)-octa|dec-9-enyl|amino]-1-oxo|hexan-(2S)-2-yl}-
′-{2-[N,N-bis(2-amino|ethyl)|amino]|ethyl}-|2-| hexadecyl|propan|di|
mide (OH4) was synthesized in our group using established meth-
ds (Janich et al., 2014). Sodium hyaluronate (HA) (MW ≈ 1.3 MDa)
as provided by Kraeber & Co GmbH (Ellerbek, Germany) and Chitosan
5/500 (CHI) (MW ≈ 0.2-0.4 MDa, degree of deacylation ≈ 85%) by
eppe Medical Chitosan GmbH (Halle, Germany). The pCMV-GFP plas-

mid, encoding for the reporter gene for expression of green fluorescent
rotein (GFP), was acquired from PlasmidFactory GmbH (Bielefeld,
ermany). The GeneRuler 1 kb DNA-Ladder and TriTrack DNA Loading
ye (6X) were purchased from Thermo Fisher Scientific (Darmstadt,
ermany).

2.2. Preparation of cationic liposomes

Lipid stock solutions (2 mg/mL) of OH4 (Janich et al., 2015) and
OPE were prepared separately with chloroform/methanol (8:2 V:V) as

olvent and combined to a molar ratio of 1:1. A rotary evaporator was
sed to remove the organic solvent at 500 mbar for 30 min, followed
y further drying of the lipid film at 10 mbar for 1.5 h. Afterwards,
terile filtrated 0.1 M sodium acetate buffer (pH 5.5) was added to the
ried lipid film to yield a final total lipid concentration of 1 mg/mL.
he lipid dispersion was shaken at 1400 rpm for 30 min using an
ppendorf ThermoMixer C (Eppendorf SE, Hamburg, Germany) and
ubsequently sonicated at 37 kHz for 15 min using an Elmasonic P
onication bath (Elma Schmidbauer GmbH, Singen, Germany), both at
0 ◦C. The liposomes were stored at 4 ◦C for up to one month and
onicated at room temperature for 5 min before LPX preparation.

2.3. Lipoplex preparation

The preparation of LPX was carried out by adding the plasmid DNA
pDNA) to the cationic liposomes in one step at a N/P ratio of 4 (ratio
f primary amines of OH4 - N - to phosphate groups of the nucleic acid -
) in sterile filtrated 0.1 M sodium acetate buffer (pH 5.5). LPX of other
/P ratios were prepared for complexation studies. After combining the

components by gentle pipetting, the LPX preparation was incubated
for 15 min at room temperature while shaking at 300 rpm on an
Eppendorf ThermoMixer C (Eppendorf SE, Hamburg, Germany). After
complexation, the LPX dispersion was diluted to 300 μL per well (24
well plate) with the associated buffer, depending on the preparation of
the basal PEM.
3

i

2.4. Nanoparticle characterization

Particle size measurements were carried out by dynamic light scat-
ering (DLS) using a Litesizer 500 (Anton Paar GmbH, Austria) and

quartz cuvettes at 25 ◦C in 90◦ side scatter. The hydrodynamic diam-
eter and the polydispersity index were derived from the correlation
function by the Stokes–Einstein equation assuming a solvent viscosity
of 0.890308 mPa s using the Kalliope software. The same instrument
was used for electrophoretic light scattering (ELS) in Omega cuvettes
(Mat.No. 225288). The zeta potential 𝜁 was calculated using the Smolu-
chowski equation with the Kalliope software. For both measurements,
the samples were adjusted to 20 μg(total lipid)/mL for liposomes and
LPX.

2.5. Polyelectrolyte solutions

The polyelectrolyte solutions have been prepared the day before
EM assembly at a concentration of 2 mg/mL, stirred overnight and

sterile filtered before use. Polyethylenimine (PEI, MW≈750 kDa) was
dissolved in 150 mM NaCl at pH 7.4. CHI and HA were dissolved in two
ifferent media to investigate the influence of the preparation buffer
n the properties of the formed films: (i) 0.15 M NaCl solution adjusted
o pH 4 using hydrochloric acid and (ii) 0.1 M sodium acetate buffer
H 5.5 (Fig. 1).

2.6. Basal PEM formation using a LbL dipping protocol

The basal PEM-films have been prepared using the DR 0 Layer-by-
ayer deposition robot (Riegler & Kirstein GmbH, Potsdam, Germany)
riven by Dipp3dWin software by alternating incubation of the sub-
trates in either HA or CHI solution. If not stated otherwise, the used
odel substrates were circular glass cover slips with a diameter of
3 mm and a height of 0.13–0.16 mm (Karl Hecht GmbH & Co KG,
ondheim vor der Rhön, Germany). The substrate-holder illustrated in

Fig. 2 has been custom designed and 3D-printed (material polylactide)
to fix the cover slips during the LbL dipping procedure. The first
immersion step of the substrates has been performed in the PEI solution
for a duration of 15 min, followed by a washing step of 2.5 min. The
washing solution media were identical to the media in which the poly-
electrolytes were dissolved. Finally, the substrates were alternatingly
incubated in either HA or CHI solution for 5 min, with intermediate
washing steps for a period of 2.5 min between the polyelectrolyte
incubations. The films were produced with 5, 25 and 50 HA/CHI-
bilayers, as emphasized in Fig. 1, and terminated with one additional
ayer of HA to provide a negative surface charge for LPX adsorption.
he films were stored in the preparation buffer in 24 well plates at
◦C in the fridge. To avoid microbiological contamination for cell

ulture, the films were incubated in 70% (V/V) ethanol (AppliChem
mbH, Darmstadt, Germany) in Dulbecco’s PBS (AppliChem GmbH,
armstadt, Germany) for 10 min and subsequently rinsed with PBS two

imes.

2.6.1. Lipoplex deposition on PEM-films
The diluted LPX dispersion was pipetted onto the PEM-films in

the 24 well plate and incubated for 2 h on the 3D rocker shaker at
8 speed/tilt (VWR International GmbH, Darmstadt, Germany). The
applied volume of the LPX dispersion accounted 300 μL per well and
he concentrations were set to 1.3 μg/mL total DNA for a aspired
oading density of 0.3 μg/cm2 and 4.33 μg/mL total DNA for a aspired
oading density of 1 μg/cm2. The films were then washed twice with the
espective production buffer. An additional cover layer was applied to
he PEM-films on top of the LPX layer if not stated otherwise. For this
urpose, in a first coating cycle 300 μL of HA solution and in a second
oating cycle 300 μL of CHI solution were pipetted onto the PEM-films,
ncubated for 10 min and washed twice in between.
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Fig. 2. Custom designed substrate holder made from polylactide for polyelectrolyte
immersion of glass scaffolds.

2.7. Quantification of the nucleic acid cargo on the PEM-films

The nucleic acid cargo of the films was determined indirectly via the
concentration of pDNA in the supernatant after the adsorption steps of
LPX on the PEM-films. For this purpose, the supernatant of the LPX
deposition step and the corresponding wash solutions were collected.
The samples of the wash solutions were combined for analysis. For de-
complexation of LPX (release of pDNA for quantification), a 30 mg/mL
heparin solution (sodium heparin from porcine intestinal mucosa, ≥180
USP units/mg (standard unit of drug potency used in the United States
Pharmacopeia), Sigma-Aldrich) was prepared in PBS pH 7.4 and mixed
with the samples to a final concentration of 2 μg/μL heparin in the
samples, and samples were shaken for 5 min at 1500 rpm. Afterwards,
samples were mixed with the same volume of ice-cold isopropanol
to precipitate the pDNA and incubated for 20 min at −20 ◦C. After
centrifugation at 21.300 g for 10 min at 4 ◦C, the liquid was carefully
removed from the samples and the resulting pellet was gently washed
in 500 μL of ice-cold ethanol. Then the ethanol was removed and
the samples were resuspended in water (pH 8). The loading dye was
added, and the samples were applied to agarose gels. The gels were
prepared at 1% in TAE buffer with thiazol-orange. A 1 kB DNA ladder
was applied for assessment as well as freshly prepared LPX which were
treated in the same way as the samples to obtain a calibration for the
sample quantification. The electrophoresis was performed for 1 h at
120 V. Gels were analysed using a GelDoc Go Imaging System (Bio-Rad
Laboratories, Hercules, USA).

2.8. Fluorescence labelling of LPX

To assess the distribution of the LPX on the PEM-films, both a
fluorescence-labelled lipid and fluorescence-labelled pDNA were used
as tags. In order to obtain fluorescently tagged liposomes, Rhod-DOPE
(𝜆𝑒𝑥𝑚𝑎𝑥 = 560 nm and 𝜆𝑒𝑚𝑚𝑎𝑥 = 583 nm) dissolved in chloroform/methanol
(8:2 V:V) to a concentration of 2 mg/mL was added to the stock
solutions for liposome preparation in the molar ratio OH4/DOPE/Rhod-
DOPE of 1:1:0.002 (n/n) before the organic solvent was removed,
and liposomes were prepared following the protocol mentioned above.
Covalently Cy-5-labelled pDNA (Cy-5-DNA) (𝜆𝑒𝑥𝑚𝑎𝑥 = 649 nm; 𝜆𝑒𝑚𝑚𝑎𝑥 =
670 nm) was generated using the Label IT Nucleic Acid Labelling Kit
from Mirus (Madison, USA), according to the manufacturer’s instruc-
tions. Tagged LPX were fabricated using Cy-5-DNA and/or Rhod-DOPE-
tagged liposomes or both for the LPX preparation instead of unla-
belled components. The PEM-loading with fluorescence-labelled LPX
was performed according to the established protocol.
4

2.9. Confocal laser scanning microscopy (CLSM) for distribution assess-
ment of lipid and DNA on the PEM-films

For CLSM analysis, the PEMs with fluorescence-labelled LPX were
used. The samples were subjected to three rinsing steps with the re-
spectively used preparation buffer and afterwards fixed to a glass slide
using Aquatex mounting medium (Merck, Darmstadt, Germany). The
films were stored overnight at 7 ◦C for curing the mounting medium
and subsequently examined using a LSM 710 (Carl Zeiss, Oberkochen,
Germany).

2.10. LPX distribution assessment on the PEM-films using a laser scanner
platform

A Typhoon™ laser-scanner platform (Cytiva, Marlborough, USA)
was used for the evaluation of the surface coverage with LPX. LPX-
loaded PEMs were prepared with the above described protocol us-
ing fluorescently tagged LPX. The selected resolution corresponded to
25 μm × 25 μm per pixel. For each preparation condition, 3 glass plates
were coated with PEM embedded with Rhod-DOPE tagged LPX. As
negative control the same samples were prepared with unlabelled LPX.
The measuring conditions were kept constant for samples and controls.

2.11. Profilometry

Optical profilometry was conducted utilizing a laser scanning mi-
croscope model VK-X1050 (Keyence, Osaka, Japan) for the assessment
of film surface topography and thickness determination. Therefore,
PEMs were assembled on silicon wafers cleaned using the RCA pro-
tocol (Reinhardt and Kern, 2018). The analysis utilized a red laser
emitting at 661 nm in reflection mode. Hydrated samples were po-
sitioned on a slide, and a segment was carefully sliced with a razor
blade to ensure a flat edge for precise height measurement additional to
topology. Along the generated edge, the height was determined at three
defined points (same position for every sample to ensure an unbiased
selection).

2.12. Static water contact angle (WCA)

Measurements were carried out using a drop shape analyser DSA25
driven by ADVANCE software (KRÜSS GmbH, Hamburg, Germany).
The water drop application occurred on hydrated PEM-films with
briefly dried surfaces and each measurement lasted 60 s, with one
measured value recorded per second. The water contact angle was
determined on both sides of the deposited droplet and the mean value
was calculated.

2.13. Cell culture

Human embryonic kidney cells (HEK 293) were purchased from
DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, Germany). The HEK 293 cells were maintained at 37 ◦C
in a humidified 5% CO2, 95% air atmosphere in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% Penicillin-Streptomycin. In order to
maintain the cells below 80% confluence in a T75 cell culture flask,
they were passaged every three days. A Trypsin/EDTA solution was
used to detach the adherent cells. Cells were used up to passage 13.
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Fig. 3. Experimental setups for in vitro functionality testing of the LPX-loaded LbL-films.
2.14. Proliferation assay

For testing cell proliferation, the PEM coated glass coverslips (differ-
ent LPX-loaded PEM films NaCl 5, 25, 50; Ac 5, 25, 50 were used with
a theoretical maximal DNA loading rate of 1 μg/cm2) were placed in a
24 well plate with the LPX-functionalized PEM on top. Afterwards, they
were treated with 300 μL of vitronectin XF (StemCell Technologies,
Vancouver, Canada) solution diluted with PBS to a concentration of
20 μg/mL, followed by washing with PBS, to facilitate cell attachment.
Then, 60 000 HEK cells per well were seeded on top of the PEMs
(Design 1 Fig. 3). As positive controls, cells were seeded on the bottom
of the well plate using the same conditions. The cells were incubated
in 300 μL medium for 4 days and the medium was changed after
one and two days. After 24, 48 and 96 h, 30 μL of alamarBlue cell
viability reagent (Invitrogen, Waltham, USA) was added to the cells
and incubated for two hours. Subsequently, 100 μL of the medium was
transferred into a black flat-bottom 96 well plate and the fluorescence
was determined at 𝜆𝑒𝑥𝑚𝑎𝑥 = 560 nm and 𝜆𝑒𝑚𝑚𝑎𝑥 = 590 nm using a Synergy
H1 plate reader (BioTek, Winooski, USA).

2.15. Contact-based transfection studies

For contact based transfection of cells, two different setups were
used (Design 1 and 2, Fig. 3), both enabling a direct interaction of
cells with the LPX-loaded LbL-films with a theoretical maximal DNA
loading rate 1 μg/cm2). For transfection experiments using design 1,
the experimental setup was equivalent to the proliferation assay, with
the difference that the cell culture was kept for 5 days and instead
of alamarBlue incubation cells were screened for GFP expression with
the fluorescence microscopes Nikon eclipse TE2000-S (Nikon, Tokyo,
Japan) or BZ-X800 (Keyence, Osaka, Japan) for stitching purposes. For
design 2, 60 000 HEK cells per well were seeded into transparent 6
well transwell inserts with 0.4 μm pore diameter and a pore density
of 2 ⋅ 106 pores/cm2 (TC Inserts SARSTEDT, Nümbrecht, Germany) to
allow cell nutrition supply with the PEM-coated glass plate on top.
The inserts were placed inside the well plates and equilibrated with
2 mL medium inside the insert and 3 mL medium outside the insert
30 min before cell seeding. Cells were seeded and cultured in the inserts
for one day before the PEM-coated glass plates were placed on top of
the cells (LPX-functionalized side facing cells). The PEM-film coatings
were prepared according to the established protocol and no additional
treatment with vitronectin was conducted. The cells were incubated for
up to 5 days before readout. As positive control, suspension transfection
was conducted by pipetting undiluted LPX corresponding to 1.3 μg
pDNA per insert directly into the insert. Cells were screened with
an inverted fluorescence microscope TE2000-S (Nikon Corp., Tokyo,
Japan) and the fluorescent lamp C-HGFI (Nikon Corp., Tokyo, Japan)
for GFP expression.
5

2.16. Transfection studies with enzymatic LPX release

The experiments were conducted according to design 3 (Fig. 3), a
setup which allowed quantification via flow cytometry. 100 000 HEK
cells per well were seeded in a 6 well plate in 3 mL cell culture medium.
Type I-S hyaluronidase from bovine testes (400–1000 units/mg solid)
was dissolved in PBS in the concentration 10 μg/μL and added to the
cells to the final concentrations of 10, 50 and 200 μg/mL. The glass
plates coated with LPX-loaded PEM-films with a theoretical maximal
DNA loading rate 1 μg/cm2) and with or without cover layers were
placed with the LPX-functionalized side facing the mesh bottom of a
440 μm pore size netwell insert (Corning, NY, USA). These inserts were
placed above the cells inside the cell culture medium without direct
cell-PEM contact. Cells and PEM-films were subsequently incubated
for 72 h together. As a positive control, a suspension transfection was
performed by pipetting undiluted LPX corresponding to 1.3 μg pDNA
directly into the wells. Following to the incubation period, the netwell
inserts and therefore the PEMs were removed. The cell culture medium
was removed as well and stored separately. The cells were detached
using 0.5 mL Trypsin/EDTA solution for 5 min at room temperature and
the medium removed prior was added to stop the reaction. Cells were
centrifuged at 250 g for 5 min and the resulting pellet was resuspended
in 200 μL PBS. The cells were stored on ice until analysis using a
FlowCytometer (BD® LSR II Flow Cytometer, Becton, Dickinson and
Company, Franklin Lakes, USA). The data was processed using FlowJo
(version 10). Cells were gated by size (FSC-A) and granularity (SSC-A),
and duplets were excluded from analysis by single-cell gating (FSC-H
vs. FSC-A). The gate for GFP-positive cells was set according to the
negative control.

2.17. Statistical analysis

The sample size is given as n below the corresponding figure. Data
were statistically processed using GraphPad Prism software Version
10.4.0 (GraphPad Software, Boston, USA) without normalization. Sta-
tistical outlier tests using the ROUT method (Motulsky and Brown,
2006) were conducted for WCA data. Results are reported as mean
±standard deviation (SD). Two-way ANOVA with a post-hoc Tukey test
was used to check for statistical significance. Statistical significance is
shown by asterisks in the figures.

3. Results

3.1. Characterization of the LPX

Proof-of-concept studies demonstrated that the pre-formation of LPX
prior to LbL deposition was the most favourable protocol to incorporate
lipid-complexed DNA into PEM-films (Husteden et al., 2020a). LPX
were prepared according to a well established protocol from cationic
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liposomes (Janich et al., 2017). To facilitate the translation of the proof-
of-concept of LPX-functionalized PEM-films to a clinically applicable
system, the formulation buffer of LPX was exchanged from a MES buffer
to an acetate buffer. MES is an accepted buffer in drug formulation, but
it is more commonly used in molecular biology. In comparison, acetate
buffer is a regularly used and well-accepted buffer in pharmaceutics,
and its components acetic acid and sodium acetate are FDA listed GRAS
ngredients.

The cationic liposomes prepared in acetate buffer (100 mM pH 5.5)
were characterized using DLS, resulting in a mean hydrodynamic di-
ameter of 62.9 nm (SD = 0.5 nm) and an averaged PDI of 0.25
SD = 0.006) indicating a broad, monomodal particle size distribution
Fig. 4). After LPX formation at N/P 4 the particle size distribution be-

came narrower and the hydrodynamic diameter increased to 174.6 nm
SD = 1.1 nm) with a PDI of 0.15 (SD = 0.013). Additionally, the mean

zeta potential of 45.2 mV (SD = 4,1 mV) for liposomes decreased to
1.2 mV (SD = 2,8 mV) after LPX formation with pDNA at N/P 4.
he positive zeta potential enables electrostatic adsorption of the LPX
n negatively charged surfaces during LbL deposition for PEM-film

fabrication.
For monitoring the pDNA complexation in acetate buffer, the lipo-

some formulation OH4/DOPE was incubated with pDNA at different
/P ratios and the zeta potential was measured. As demonstrated in

Fig. 4, the zeta potential of LPX was a function of the N/P ratio and
an be described by a sigmoidal curve. The sigmoidal fit resulted in
n isoelectric point (𝜁 = 0) of N/P 2.1, a value that is only slightly
ifferent from the value obtained in MES buffer (𝜁 = 0 in MES was
t N/P 2) (Janich et al., 2015). N/P ratios below the isoelectric point

indicate LPX formulations insufficient for total DNA complexation. N/P
ratios above the isoelectric point resulted in a plateau with positive

values. The relevant formulation of N/P 4 is in this positive plateau
egion. It can be assumed that the pDNA is quantitatively complexed
nd the LPX dispersion is colloidally stable at N/P 4.

3.2. Characterization of LPX-functionalized PEM-films

Since the objective of this study was to achieve uniform coatings
of larger structures in an automated process which also allows for
deposition of high layer numbers, certain parameters of the previously
reported production process needed adjustment. The acquisition of a
dipping robot was an essential step enabling automated parameter-
ized manufacturing of the LbL coating, a prerequisite for the later
planned transfer to structures with different surface geometries as well
as upscaling. Additionally, automated manufacturing allows for the
production of free-standing LbL-films, which need dimensions of 25 or
6

more polyelectrolyte bilayers.
Further, we decided to test different LbL preparation buffers: iso-

onic saline solution at pH 4.0, as used in the proof-of-concept study
(Husteden et al., 2020b), and 0.1 M sodium acetate buffer at pH 5.5,
which is widely established in the fabrication of chitosan-based LbL-
films (Sousa et al., 2023; Silva et al., 2015; Cunha et al., 2024; Rosas
et al., 2024; Facchi et al., 2023). Consequently, two critical parameters
of the LbL deposition technique, namely, ionic strength and pH value,
were changed. Since both parameters influence the charge of polyelec-
trolytes, this can fundamentally alter the properties of the resulting
PEM. For instance the degree of ionization of the polyelectrolyte and
the ionic strength determine the polyelectrolyte conformation and the
thickness of the PEM (Nascimento et al., 2018; Taketa and Beppu,
2014), which is why one focus of the investigation was set on surface
opology, thickness and wettability. Further, polylectrolyte charge and
onformation may also influence LPX deposition, which was the reason

for screening the quality and quantity of LPX embedding. The electro-
static interaction between HA and CHI is the main driving force for
the PEM-film growth of the HA/CHI multilayer. With increasing pH
value, the theoretical degree of ionization of HA, which has an assumed
pKa of 3.0 according to literature (Anon, 2023b), increases, while it
decreases for CHI with an approximate pKa of 6.5 (Anon, 2023a),
s demonstrated in Fig. 5A. According to the Henderson–Hasselbalch

equation, at pH 4 90.9% HA and 99.6% CHI are ionized, while that ratio
s exactly inverted at pH 5.5. Consequently, we chose the following
creening parameters (see also Fig. 1): (i) preparation buffer 0.1 M

sodium acetate buffer pH 5.5 and 0.15 M isotonic saline solution pH 4.
(ii) different number of deposited HA/CHI bilayer of the basal PEM
(5, 25 and 50 bilayers). In the following text, the PEMs are designated
according to their respective preparation buffers as Ac for the PEMs
prepared in acetate buffer and NaCl for the PEMs prepared in saline
solution with the suffix of a number indicating the number of double
layers of the basal PEM. This nomenclature will be used throughout the
article, but in particular in the illustrations like in Fig. 5.

3.2.1. Topological investigations
The film topology of hydrated PEMs is an important parameter

to be investigated. Unfortunately, an attempt to use atomic force mi-
roscopy could not be realized successfully because of the thickness

and swollen properties of the PEMs produced in acetate buffer (data
not shown). Thus, optical profilometry was applied to characterize the
EM-film thickness and topology in the hydrated state. The results are

summarized in Figs. 5B and 6. According to the topology, visualized
in the microscopic profile images, all films have a certain roughness
(Fig. 6). Structures with a pronounced height were observed, which
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Fig. 5. Calculated theoretical degree of ionization of the polyelectrolytes obtained from the Henderson–Hasselbalch equation assuming the pKa values 6.5 for CHI and 3 for HA
(A), Median and root mean square (RMS) value of the thickness of LPX-loaded PEM-films d obtained from optical profilometry (B) and static water contact angle results represented
by mean and SD of 3 measurements (n = 3) which lasted 60 s with one obtained value per second, outliers were identified using the ROUT method (Motulsky and Brown, 2006)
(Q = 10%), Two-way ANOVA with Tukey’s multiple comparison test indicated statistically significant differences for all samples with p < 0.0001 except from Ac 50 vs. NaCl 25
with p = 0.0009 (C).
Fig. 6. Optical profilometry images of the hydrated LPX-loaded PEMs. The height scales and colouring are adapted to the individual films and their total thicknesses to obtain
sensitivity for individual differences. The indicated number of bilayers corresponds to the basal PEM.
may indicate an island-like growth of LbL materials. This effect was
most pronounced for the PEM prepared in acetate buffer with 50
HA/CHI bilayers (Ac 50), and less pronounced for the 25 bilayer system
fabricated in the same buffer (Ac 25).

More insights were provided by the average height measurements
(Fig. 5B). The median values of the thickness determination demon-
strate that PEMs produced in acetate buffer are considerably thicker
compared to the PEMs prepared in NaCl solution. PEMs prepared in
NaCl solution are characterized by thickness values in the nm scale for
low bilayer numbers (NaCl 5 and 25), and only NaCl 50 PEMs were
characterized by a thickness of ≈ 1.2 μm. PEMs prepared in acetate
buffer are much thicker. The Ac 25 PEMs were already characterized
by a height of ≈ 8.8 μm. We also calculated the root mean square
(RMS) values, where larger values of the population of the measured
parameter have a stronger impact compared to the mean value calcu-
lation. However, the RMS also showed the same trends as the median
evaluation.

3.2.2. Water contact angle measurements
The wettability of surfaces is a parameter which determines protein

adsorption and cell adhesion. WCA measurements were carried out by
7

the sessile drop method using an optical tensiometer. As demonstrated
in Fig. 5, all surfaces were found to be hydrophilic with WCAs below
90◦. Thus, it can be assumed that the films provide good wettabil-
ity. It should be noted that, beside the PEM film composition, the
roughness of the films also has an influence on the wettability, as
according to Wenzel the WCA decreases with increasing roughness
of surfaces (Wenzel, 1936). Different trends were observed for the
PEM films fabricated in the different preparation buffers. For PEM-
films prepared in acetate buffer, the WCA decreases and consequently
the hydrophilic character increases with increasing number of de-
posited HA/CHI bilayers, while the WCA of PEM-films prepared in NaCl
increases with increasing number of multilayers.

3.3. Characterization of LPX embedding in PEM-films

Preliminary tests using a quartz microbalance revealed a more
stable binding of the LPX on the PEM-films produced in acetate buffer
compared to those manufactured in the NaCl medium (data not shown).
Based on this finding, LPX embedding was determined in more detail
for the PEM films characterized above. In addition to the variation
in basal PEM thickness and the preparation buffer, the LPX-loading
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Fig. 7. Determination of loading of PEM-films with LPX cargo given in DNA amount in
μg/cm2 for a theoretical maximal loading of (A) 1 μg/cm2 and (B) 0.3 μg/cm2 assuming
LPX incorporation of 100%. Results were determined indirectly by gel electrophoresis
of loading supernatants and washing solutions with a sample size of n = 3 (*p <0.005,
**p <0.05).

rate of the PEM-films, given as DNA mass/area, was varied from
1 μg/cm2 (the standard concentration used above) to 0.3 μg/cm2 (a
lower concentration to decrease the total dose of nucleic acid). This
was done to investigate whether the loading dose has an influence
on the quality of LPX deposition in order to take this into account in
future development processes. Both loading rates were chosen because
qualitative reporter gene expression in HEK cells was microscopically
detected in preliminary experiments using transfection Design 1 3 (data
not shown). At this development step the used amount of DNA is not
connected to a specific clinical application.

An indirect quantification of LPX embedded in the PEMs was
achieved by determining the pDNA content in the supernatant after
the LPX deposition step. Attempts to perform a direct quantification
with fluorescence-based methods in intact PEM-films or after PEM
disintegration failed until the current time point due to low repro-
ducibility or quenching effects (data not shown). The results of the
indirect quantification are shown in Fig. 7. Analysis of the supernatant
revealed no significant influence of the different formation buffers for
the higher LPX loading rate of 1 μg/cm2, except for the Ac 5 films with
significant lower loading capacity compared to Ac 25, 50 and NaCl 5. At
a LPX loading rate of 0.3 μg/cm2, it was clearly noticeable that the PEM-
films NaCl 25 and NaCl 50 showed increased standard deviations, and
thereby lower reproducibility in LPX deposition, (Fig. 7B). The loading
of the NaCl PEM-films was significantly increased in comparison to the
Ac PEM films with p ≤ 0.018, while no significant differences were
detectable between the different PEM-film thicknesses. There was no
pDNA detectable in any of the washing buffer solutions, indicating
stable binding of the LPX after incubation. Images of the original
electrophoreses for pDNA quantification can be found in the supporting
information Figures S1 and S2.

CLSM investigations of LPX-loaded PEMs were used to get insights
into the microscopic distribution of embedded LPX. For this investiga-
tion fluorescently-labelled LPX were used. It has to be considered that
this method has a resolution limit for the size of detectable particles
(calculated resolution: around 225 nm at a wavelength of 583 nm).
The resolution does not allow the assessment of the individual LPX
size, rather, aggregates and associates of LPX can be detected. The
micrographs with co-labelled LPX (Cy-5-DNA and Rhod-DOPE tags)
show a high degree of co-location of the signals of both labels for
all film designs as exemplary illustrated in the supporting information
(Figure S3). This indicates LPX integrity when embedded in the PEM.
For better comparison, Fig. 8 exclusively displays the images that
refer to the signal of Rho-DOPE LPX label. The LPX distribution in
8

the investigated PEMs was characterized by pronounced differences.
PEMs produced in 150 mM NaCl pH 4 were characterized by larger LPX
agglomerates in the PEM, with a tendency of less agglomeration on
NaCl 50. Films manufactured in 0.1 M acetate buffer pH 5.5 showed
only very small agglomerates, with a uniform distribution of LPX.
Here the highest tendency for agglomeration was observed for Ac 50.
Overall, the LPX distribution on the PEM-films Ac 5 and Ac 25 appears
more uniform, with fewer agglomerates compared to the other PEM-
films. Investigating the distribution of LPX over the entire surface of the
PEM coated glass slides, Rhod-DOPE tagged LPX were used for analysis
with a fluorescence laser scanner platform. In this experiment, the two
different LPX loading rates were also selected (1 μg/cm2 of DNA and
0.3 μg/cm2 of DNA). Representative images are shown in Fig. 9, and
all measured triplicates are presented in the supporting information
(Figures S4-S9). For PEM-films treated with the LPX loading rate of
1 μg/cm2, fluorescence was distributed over the entire surface and
the films showed areas with higher fluorescence intensity. These were
mainly located at the edge of the coverslips, but also in the centre. This
effect was more pronounced in the PEMs prepared in acetate buffer.
There were no significant differences between the investigated film
thicknesses for the two production buffers. For PEMs treated with a LPX
loading rate of 0.3 μg/cm2 fluorescence could also be recognized over
the entire surface of all films, with some areas of very low intensity.
The PEM-films Ac 5 and Ac 25 showed a ring structure of lower
intensity, most probable an effect of the shaking movement during LPX
incubation for loading. The analysis could demonstrate the quality of
LPX embedding on the macroscopic scale, but can only be used to a
limited extent for quantitative evaluations, due to possible quenching
effects. In summary, an efficient surface coating was demonstrated, but
due to the observed uneven distribution in the macroscopic scale, the
LPX loading process has to be improved for ongoing applications.

3.4. In vitro biocompatibility studies

In order to study the biocompatibility of the PEM-systems, HEK
293 cells, which were also used for transfection studies, were seeded
on top of the LPX loaded PEM-films with 1 μg/cm2 cargo and cul-
tivated for up to 4 days. HEK cells were chosen as a common cell
line used for lipofection screening. Cell proliferation was determined
using a resazurin-based alamarBlue assay. The results are summarized
in Fig. 10. On all tested PEM-film coatings a significant increase in
metabolic activity with prolonged incubation time was detected within
4 days. Comparing the different PEM-films at the same time point
showed no significant differences. It can be assumed that none of
the films are specifically toxic to HEK 293 cells. The increase of the
alamarBlue fluorescence intensity with time was also demonstrating
cell proliferation of HEK cells on the different PEMs.

Although cell growth was not impaired significantly as demon-
strated with the alamarBlue assay, the formation of larger, spheroid-like
structures could be observed for HEK 293 cells on all PEM-films pre-
pared in acetate buffer after 4 days, while the cell morphology on
PEM-films prepared in NaCl remained unaltered. Exemplary images
are shown in the supporting information (Figure S11). This might
indicate that cell adherence was affected, driving the cells to form the
spheroidal structures by increasing cell–cell contact. According to the
observed higher thickness of three investigated Ac PEMs, indicating
a more swollen polymer layer network, it can be assumed that these
coatings are characterized by a softer gel-like structure which might
explain the decrease of cell–surface interaction (Pahal et al., 2023).
Nevertheless, mechanic investigations to prove the hypothesis of coat-
ings prepared in acetate buffer being softer were not performed in this
set of experiments.
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Fig. 8. Representative CLSM micrographs of LPX loaded PEM-films of varying basal layer thickness prepared in the different buffers. The presented images show the rhodamine
signal of Rho-DOPE-tagged LPX. Every image has a dimension of 290 × 290 μm. The indicated number of bilayers corresponds to the basal PEM. The scale bar at the right bottom
of each image represents 50 μm. The labelling on the left gives the preparation buffer and hypothetical LPX loading rate (assuming LPX incorporation of 100%) as mass DNA per
area for each line.

Fig. 9. Fluorescence scanner images of glass coverslips (diameter of 1.3 cm) coated with PEMs embedding Rhod-DOPE labelled LPX. The Rhod-DOPE fluorescence intensity,
indicating LPX density, in the images is displayed in the LookUp Table Fire in ImageJ (intensity legend illustrated below the images). The loading rate label of the columns in
μg/cm2 gives the hypothetical LPX loading rate (assuming LPX incorporation of 100%) as mass DNA per area.
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Fig. 10. In vitro proliferation assay for HEK 293 cells seeded on the different LPX-
loaded PEMs (DNA loading rate 1 μg/cm2) determined by alamarBlue assay. The
fluorescence intensity values correlate with the metabolic activity of cells. As a control,
HEK 293 cells on cell culture dishes were used. The experiments were carried out
as triplicates. Two-way ANOVA with Tukey’s post-hoc test stated highly significant
influence of the time p < 0.0001 (*p < 0.05, **p < 0.01).

3.5. Functionality studies

3.5.1. Contact-triggered transfection
As mentioned above, HEK cells were used as an established screen-

ing cell line for transfection experiments. It was planned to determine
the DNA-transfer activity of the LPX-functionalized PEM-coatings with
cells seeded on top of the PEMs (Design 1 Fig. 3), using DNA encoding
for GFP as reporter gene. Although direct seeding of cells on top of
LPX-loaded films is only feasible for ex vivo applications, this setup
was used because the proof-of-concept study demonstrated a contact-
triggered transfection. For this purpose, the cells were seeded on the
LPX-functionalized PEMs and incubated for several days. Due to for-
mation of spheroidal cell associates, it was not possible to separate
single cells and quantify the relative amount of GFP-positive cells by
flow cytometry. Also, microscopic quantification was not practicable
because the cells were located in different focal planes. Furthermore,
it was not possible to quantitatively detach the HEK cells from all
three investigated Ac PEMs. Consequently, evaluation was limited to
qualitative microscopic analysis. Stitched microscopic images of the
fluorescence of GFP-positive HEK 293 cells after 5 day contact with the
PEMs are shown in the supporting information (Figure S13–S20). These
images reveal the higher transfection potential of the PEM-systems
prepared in acetate buffer. A looser, more swollen character of the AC
PEM-films, indicated by the higher observed thickness when comparing
NaCl with AC films with equal layer number, can explain the problem
of cell detachment, and also a possible higher transfection rate. With
a more swollen hydrated polymer chain network better penetration
of cells into the structure, and consequently a higher accessibility of
LPX, can be assumed. This finding, in combination with the results
of the LPX deposition studies, the lower roughness of Ac 25 PEMs
compared to Ac 50 PEMs and the additional observation that it was
possible to detach the Ac 25 PEMs from the glass support (image of
detached film in the supporting information Figure S10), lead us to the
decision to focus on Ac 25 films for further characterization. Hence, the
feature of PEM detachment is a necessary step to free-standing PEMs, a
research direction we want to follow in future research. Consequently,
we investigated Ac 25 PEMs in experimental design 2 (Fig. 3), which is
also more relevant for the biomedical application of biomaterials placed
in a tissue.

In order to investigate this contact-forced transfection, HEK cells
were seeded in an insert which allowed them to grow on a stable
surface with guaranteed nutrient supply. The LPX-loaded PEMs were
10
subsequently placed on top of the cell layer with the transfection-active
side facing the cells. Furthermore, the films were prepared with and
without cover layers on top of the LPX layer to assess their effect on
the transfection efficiency. In this way, the cells could be transfected
to a considerable extent. Microscopic images are presented in the
supporting information (Figures S21-S29), with selected images being
presented in Fig. 11. It was notable that GFP expression was clearly
recognizable in the PEM-films without a cover layer after just one day,
while the films with an additional cover layer only showed higher
transfection rates after a few days. This indicates a delay which can
be controlled by the thickness of the cover layer. However, actual
quantification again proved to be problematic because quantitative
cell detachment for flow cytometry was not possible once more. Due
to the experimental setup and interference effects with the PEM, a
microscopic quantification could also not be performed. Hence, based
on this experiment, it can be assumed that the enzymatic environment
of the cells may play a role for the release of LPX from the PEM-films
that results in cell transfection, especially when LPX are embedded
under a cover layer. Cell-derived hyaluronidase can be one of the
possibly responsible enzymes.

3.6. Transfection experiments based on enzymatic release of LPX

Based on the research of Cardoso et al. (Cardoso et al., 2016),
which indicated enzymatic degradation of LbL-films composed of HA
and CHI by hyaluronidase, we decided to investigate the effect of
the enzyme on LPX release. In a previous work, we proposed that
enzymatic activity of cells may play a key role for LPX release and
transfection (Husteden et al., 2023, 2020a). The kinetic difference in
GFP expression of cells in contact with LPX-functionalized PEMs with
or without cover layer described for the contact-forced transfection of
design 2, see previous section, supports this hypothesis. In order to
investigate a possible hyaluronidase-associated release of LPX from the
films, cells were seeded in well plates and LPX-loaded PEM-films Ac 25
with and without a cover layer were placed in netwell inserts above
the cells to exclude direct cell-PEM contact, as illustrated in design 3
in Fig. 3. Three different concentrations of the enzyme hyaluronidase,
namely 10 μg/mL, 50 μg/mL and 200 μg/mL, as well as a control without
the enzyme, were added to the cell culture medium. The results are
depicted in Fig. 12. The results of the classical suspension transfection
showed an effect of the enzyme on the efficacy. Significantly higher
transfection rates of the samples treated with 10 μg/mL (72.3% GFP+
cells), 50 μg/mL (64.6% GFP+ cells) and 200 μg/mL (65.9% GFP+ cells)
hyaluronidase were observed compared to the samples in absence of
hyaluronidase, in which 33.7% of the cells showed GFP expression.
Hence, hyaluronidase seems to effect OH4/DOPE-based lipofection in
HEK cells.

Examining cells in the presence of Ac 25 with a cover layer indicates
the reservoir mechanism of the PEM. In absence of hyaluronidase, 0.7%
GFP-positive cells were detected, indicating almost no GFP expression.
The LPX are embedded in the PEM-film due to the cover layer and
are not available for transfection. In presence of hyaluronidase the
transfection efficiency increases to 6.0% at 10 μg/mL and 4.1% at
50 μg/mL. At the enzyme concentration 200 μg/mL, the transfection
rate increased significantly to 44.5%. These results demonstrate that
embedding LPX in the PEM using a cover layer has a reservoir func-
tion, and hyaluronidase can release functional LPX from the PEM.
This is supported by the final experimental group, where the cells
were cultured below Ac 25 PEMs without a protective cover layer on
top of the LPX. All samples showed clear transfection activity. The
transfection rate was significantly higher in HEK cells in absence of
hyaluronidase with 45.7% compared to the ones with 10 μg/mL (27.3%
GFP+ cells), 50 μg/mL (20.5% GFP+ cells) and 200 μg/mL (26.2% GFP+
cells) supplemented enzyme. The results clearly show that in this group
hyaluronidase is not necessary for LPX release. Physical desorption of
LPX can occur under the experimental conditions and the LPX can
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Fig. 11. HEK cells after 96 h of incubation in cell culture inserts with LPX containing 1.3 μg pDNA in the cell culture medium (Control), below glass slides corresponding to
experimental Design 2 with Ac 25 films with the theoretical maximal LPX loading rate of 1 μg pDNA /cm2 without a top layer (A) and with one additional bilayer as a cover
layer (B). Further images are available in the supporting information Figure S21–S30.
Fig. 12. Transfection efficiency determined by flow cytometry as % GFP-positive cells.
HEK 293 cells were incubated with 0 μg/mL, 10 μg/mL, 50 μg/mL and 200 μg/mL
hyaluronidase in the cell culture medium. The cells were treated with LPX containing
1.3 μg pDNA in suspension as a control or LPX-loaded Ac 25 PEM films (approximately
1.3 μg pDNA) with and without a HA/CHI cover layer for 72 h according to design 3
(Fig. 3). The experiments were conducted as triplicates (*p < 0.0025, **p < 0.0001).
Two-way ANOVA with Tukey’s post-hoc test.

diffuse to the cells in the bottom compartment. Nevertheless, the re-
duced activity in presence of hyaluronidase in the setup without cover
layer indicates that digestion products (e.g. small molecular weight
hyaluronic acid alone or in complex with chitosan) or hyaluronidase
itself may interfere with the LPX desorption. In summary, the results
presented here and in the previous section demonstrate that a cover
layer is necessary to control the reservoir effect of the Ac 25 PEM
coating and that hyaluronidase triggers the LPX release from the PEM
system. Surprisingly, hyaluronidase also had an increasing effect on
the simple suspension transfection, the mechanism behind which is
unclear.

4. Discussion

In this study, the goal was to improve the strategy of LPX im-
mobilization in LbL-coated surfaces in terms of implementation of a
manufacturing process which is automatized and allows the coating
11
of larger surfaces. Examined key parameters were the LPX loading
capacity and quality. We systematically screened the LbL prepara-
tion of HA/CHI PEMs with an automatic dipping approach in two
different preparation media for basal layers with different thickness.
As manufacturing media, we used 150 mM NaCl adjusted to pH 4
(medium used in the proof-of-concept study) and 100 mM sodium
acetate buffer with pH 5.5. Consequently, pH and ionic strength were
different. Notably, the pH shift had an effect on the ionization degree
of the polyelectrolytes in solution as demonstrated in the calculated
curve in Fig. 5A. Highly ionized polymer chains tend to be adsorbed
with flat chain conformations and less ionized polymer chains with
more loop and tail structures (Nascimento et al., 2018). Consequently,
the film structure can be significantly affected. Moreover, the ionic
strength affects PEM structures. Hernandez-Montelongo et al. were
able to show that with increasing ionic strength the difference of the
zeta potential of CHI in solution decreased, while an increase was
observed for HA (Hernandez-Montelongo et al., 2020). Further, they
demonstrated that film thickness was decreasing with increasing salt
concentration. Taketa et al. investigated using AFM measurements and
profilometry that a higher ionic strength resulted in rougher HA/CHI
PEMs (Taketa and Beppu, 2014). This effect was discussed as a result
of conformational changes in the polymers in solution induced by a
higher ionic strength. This can also affect other film properties as well.
Nascimento et al. observed that the films become more hydrophilic at
lower preparation pH and ionic strengths. Our investigations reflect
these findings. The PEMs prepared in 0.1 M acetate pH 5.5 are thicker
and in a more swollen state compared to PEMs prepared in 0.15 M
NaCl pH 4. This affected the cell adhesion, but not the amount of
embedded LPX. The investigation of the quality of LPX embedding
showed that a basal PEM fabricated in 0.1 M acetate pH 5.5 resulted
in a more uniform LPX distribution with lower tendencies for aggre-
gation. Because of this benefit, further focus was set on these PEMs.
In transfection studies the efficacy was shown for PEMs in different
setups. Hence, direct contact of cell layers with the LPX-embedding
PEMs demonstrated efficient transfection of the reporter gene in the
PEM into adjacent cells. The cover layer seems to play a key role for
the reservoir function. Our experiments support the hypothesis that
enzymatic degradation and cellular PEM remodelling drive the LPX
release and consequently lead to efficient transfection. This has to be
taken into account for possible clinical applications. The usability of
PEM-films as biomaterials depends decisively on the film properties.
For instance, the films presented herein are conceivable for use in the
field of bone regeneration of critically size defects. For this application,
a possible strategy can be the transfer of the PEM-film coating on
biodegradable implants, where an efficient coating has to be evaluated
for different implant geometries and materials. In such a scenario,
functionalization with nucleic acids encoding for bone morphogenetic
proteins is a possible scenario (Zhang et al., 2018). Also, the mechanical
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characteristics of the PEM-films have to be optimized for application
in the field of bone regeneration, as stiff surfaces are beneficial for the
osteogenic differentiation of stem cells (Cipitria and Salmeron-Sanchez,
2017; Cantini et al., 2020). Since the stiffness is not determined in
he present study, such measurements are required. In order to adjust

the stiffness, chemical cross-linking strategies are a possible tool. Also,
the characterization of protein absorption and the interaction with
mesenchymal stem cells will be a future task to transfer the system
in such a direction. Another possible application field for the LPX-
embedding PEM-films is the utilization as advanced functional wound
dressing for chronic wounds. Here, the functionalization with nucleic
acids encoding for growth factors promoting wound healing, or small
interfering RNAs inducing gene silencing of inflammatory genes, are
possible strategies using the LPX-functionalized PEMs (Boateng and

atanzano, 2015). Nevertheless, the PEMs have to be improved for
this application. Adapting the system to provide soft, but mechani-
cally resilient free-standing PEMs would be necessary. Cross-linking
strategies are also needed to tune the mechanical stability. Further, the
surface characteristics of the PEMs have to be investigated, and maybe
improved, to yield balanced protein adsorption and cell adhesion.
For the Ac 25 PEM characterized here, an application in which a
direct contact between tissue and PEM can be guaranteed is possible.
A benefit for efficient transfection can be expected from cells with
hyaluronidase activity. For instance, hyaluronidase has a high activity
in cancers (McAtee et al., 2014) and in bacterially infected wounds (Liu
t al., 2024). An unexpected finding was that hyaluronidase also effects
he efficiency of the suspension transfection with LPX in HEK cells.

Two hypotheses can be made, but are not experimentally checked in
this research. Hyaluronidase may change the glycocalyx properties of
the cells resulting in an increased LPX-cell interaction which conse-
quently promotes LPX uptake, or hyaluronidase-processed soluble HA
fragments may interact with the LPX and induce surface properties
which promote cellular internalization.

5. Conclusion and outlook

In this work, we describe the systematic investigation of LPX-loaded
EMs produced by a dipping protocol. The resulting Ac 25 PEM finally
merged as a promising and versatile system for localized delivery of
herapeutic nucleic acids. It is possible to transfect cells which are
n contact with the LPX-functionalized PEMs, although the LPX are
mbedded in the system by applying a cover layer. Hyaluronidase
eems to play a key role to make the LPX accessible to cells. The
EM enables surface-mediated transfection of cells. Future aspects will
ocus on the possibility to transfer the system to flexible, support-
ree, mechanically resilient films for a possible application in wound
anagement, or on evaluating the coating on porous scaffold structures

or application in the field of bone regeneration. While the first research
irection needs the optimization of the PEM thickness, the latter focuses
ore on the transfer of the dip-coating process of the AC 25 films,

with a focus on the used scaffold material and porosity. Both directions
may benefit from the development of a cross-linking strategy. Hence,
the herein presented research reveals two required research fields. The
LPX deposition technique would benefit from a directed deposition
technique which enables a spatial controlled LPX embedding. Another
required research field is the nucleic acid quantification directly in the
film, ideally by a surface scanning method, to screen for the nucleic
acid dose.
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