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Subcompartmentalized Surface-Adhering Polymer Thin Films

Toward Drug Delivery Applications
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10.1

Introduction

Integrating (bio)materials into living organisms heavily relies on the properties

of the biointerface. Polymer coatings are successful tools to engineer this inter-

face fromprotein repelling over selective cell adhesion to antimicrobial.Therefore,

polymer thin films are essential building blocks for devices with applications rang-

ing from tissue engineering to drug delivery [1].There is a wide range of opportu-

nities to modify different materials with polymer thin films including spray coat-

ing, dip coating, self-assembled monolayers, surface grafted or tethered polymer

layers, as well as polymer multilayer assembly. The latter concept, the layer-by-

layer (LbL) assembly technique, is among those approaches which have the inher-

ent power to be successful due its simplicity, flexibility, and reproducibility [2].

Further, the LbL assemblymethod offers precise control over the composition and

properties of the films depending on the chosen building blocks during assembly.

Although LbL coatings can be deposited on virtually any substrate, the focus of

this chapter is on planar substrates, and the film deposition/characterization and

their applications are discussed in this context.

LbL films consisting only of polymers can be employed to control cell adhe-

sion and differentiation depending on the type of polymer, cross-linking density,

terminating layer, and so on [3].While the success of polymer coatings is an incon-

trovertible fact, plain polymer films are insufficient to address many challenges.

Embedding of active compounds, for example, proteins [4] or genes [5], toward

substrate-mediated drug delivery (SMDD) is an approach to enhance the func-

tionality of LbL coatings, but it is limited in the type and amount of compounds

that can be trapped this way. It can be in particular challenging for smallmolecular

payload or cargo relying on its 3D structure such as enzymes. To this end, trapping

larger carriers as drug deposits into the polymer films is amore recent concept that

combines two different building components into the same hybrid film.Thepower

of these composite coatings comes from the preservation of the advantages of the

individual building blocks, while there is an option to overcome their shortcom-

ings. Particularly promising are assemblies that employ fundamentally different
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Cyclodextrin Liposome

Micelle

Scheme 10.1 Cyclodextrins, block copolymer micelles, and liposomes as embedded drug

deposits within a LbL film toward the use in surface-mediated drug delivery.

building blocks to polymers yielding subcompartmentalized multilayered films.

Although alternative films, for example, hydrogel-based ones, have been equipped

with drug deposits [6], LbL coatings are inherently suitable to be extended in this

direction using the deposits as a building block during the sequential assembly.

The aim of this book chapter is to review the progress in subcompartmental-

ized surface-adhering LbL films for SMDD (Scheme 10.1). We aim to provide

an overview over the predominant subcompartments used, namely cyclodextrins

(CDs), block copolymer micelles (BCMs), and liposomes. Further, we will discuss

miscellaneous subunits with potential in SMDD. Each of the approaches will be

reviewed in terms of their assembly followed by their characterization relevant in

SMDD. We will highlight those composite coatings successfully used to deliver

(active) compounds to adhering cells, and emphasize the few films, which have

been tested in vivo. In doing so, we hope to present the progress and impact these

subcompartmentalized coatings have made over the past years as well as their

potential and remaining challenges for their application in SMDD.

10.2

Cyclodextrin (CD)-Containing LbL Films

CDs are cyclic oligosaccharides with a unique cup-like morphology with a

polar exterior and a hydrophobic interior [7]. The nature of CDs allows for the
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encapsulation of small hydrophobic molecules in an inclusion complex while the

exterior of the CD cups can be easily modified with various chemical groups.

CDs have been used in pharmaceutical formulations due to their versatility, low

toxicity, and potential to enhance therapeutic effects while reducing toxic side

effects of drugs [8].

10.2.1

Assembly

For incorporation of drugs into LbL films, the ability of CDs to convert a small

hydrophobic therapeutic into a charged or hydrogen-bonding species is a very

promising feature. In fact, modified CDs have been used for multilayer incor-

poration of several drugs and model compounds toward a range of applications

including drug delivery and sensing.

One of the first examples of multilayered thin films composed of CDs was

reported by Xia and colleagues [9] who constructed films of polystyrene sulfonate

(PSS) and a stable host–guest complex CBr2which was generated from sono-

chemical treatment of a bolaamphiphile, stilbenoid compound SBr2, and β-CDs.
In another early work, Park et al. [10] reported on the chemospecific immobiliza-

tion of polyplexes on surfaces that take advantage of the ability of CD molecules

to form inclusion complexes with hydrophobic organic compounds. They used

polyethylene imine (PEI) functionalized with β-CD to form DNA/PEI polyplexes.

Subsequent experiments demonstrated that these CD-functionalized poly-

plexes bind specifically to gold surfaces modified to present bulky hydrophobic

adamantine groups. In another study utilizing β-CD, Van der Heyden et al. [11]

constructed polyelectrolyte multilayers (PEMs) using host–guest interactions

between β-CDs and adamantyl-grafted chitosans (Chi). The stability of the films

was due to multivalent complexation occurring at each step of the construction.

They also showed that these films were reversibly responsive to solvent change.

In a more recent work, Dam et al. [12] reported on the preparation of degradable

polyrotaxanes (PRXs) multilayer films based on positively and negatively charged

disulfide-containing α-CD-poly(ethylene glycol) (PEG) PRXs (Figure 10.1a (i)).

Film construction and degradation were monitored and film degradation was

demonstrated upon exposure to reducing conditions, that is, glutathione (GSH)

(Figure 10.1a (ii)). Although the work published by Xia, Park, Van der Heyden,

and Dam was not evaluated in a biological context, they provided a framework

for applications of this approach with potential in the context of drug delivery.

10.2.2

Drug Delivery Applications

This section highlights recent reports describing PEMs with CDs for drug

delivery applications including at least preliminary biological characterization.

One of the first examples was reported by Jessel et al. [14] who demonstrated

that it was possible to fabricate anti-inflammatory films by incorporating the
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Figure 10.1 (a) (i) Schematic diagram of PEM-containing PRX, showing the degradation of the films initiated by the reductive cleav-

age of the PRX-capping groups. (ii) (PRX-DMEDA/PRX-Gly)4 multilayer formation and degradation initiated by the addition of GSH, as

observed by optical waveguide lightmode spectroscopy. (b) (i) Schematic diagram of the combination films. (A) Gentamicin-releasing

(poly1/PAA/GS/PAA)n and (B) diclofenac-releasing (poly2/polyCD-DIC)n combination films, built on top of the microbicidal (DMLPEI/PAA)10
films. (ii) Percentage of cyclooxygenase (COX) enzyme inhibition showing that diclofenac released from (DMLPEI/PAA)10(poly2/polyCD-DIC)10
is still active. (iii) Proliferation (days 1, 3, and 7) of MC3T3-E1 cells on (A) bare glass substrates and (B) (DMLPEI/PAA)10 films; proliferation of

A549 cells on (C) bare glass substrates and (D) (DMLPEI/PAA)10. (Reproduced with permission from Ref. [13].)
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drug piroxicam into PEMs through inclusion complexes using monomeric CDs.

These films comprised of poly(L-lysine)(PLL) and poly(L-glutamic acid) (PGA)

and up to three layers of CD-drug complexes. The drug release was monitored

by suppression of the tumor necrosis factor alpha, an inflammatory cytokine,

from stimulated monocytes. However, monomeric CDs were unable to properly

trap small molecules, resulting in rapid drug release. The Hammond group

[15] expanded on the initial work by using charged CD-polymers to stably trap

drug molecules, ciprofloxacin, flurbiprofen, and diclofenac, showing that release

kinetics were found to be independent of the therapeutic agent incorporated,

and that the release kinetics could be regulated through the choice of degradable

polycations. In a follow-up work, they proposed the use of a microbicidal poly-

electrolyte film, comprised of linear N ,N-dodecyl,methyl poly(ethyleneimine)

(DMLPEI) and poly(acrylic acid) (PAA), as a thin permanent nondegradable

microbicidal base film and a hydrolytically degradable top multilayer film incor-

porating cationic poly(β-amino ester) (PBAE) for medical implants to prevent

bacterial attachment. The subsequent deposition of polyCDs complexed with

the anti-inflammatory and antibiotic drugs demonstrated the bolus delivery of

gentamicin (>90% release in 2.5 h) to eradicate infection and a retarded release

of diclofenac (over a period of 10 days) to minimize foreign body response at

implant sites (Figure 10.1b (i)) [13]. They compared the antibicibial activity of

the combination film to a control coating, gentamicin sulfate (GS)-releasing

multilayer without an underlying antimicrobial base. At 0 and 15 min, the zones

of inhibition (ZOIs) of these two films were nearly identical; however, after 2

days, a smaller ZOI appears around the combination films, while the control film

no longer exhibits any ZOI, confirming the extended activity in the former case.

Diclofenac within the multilayered films displayed similar activity against the

inhibition of cyclooxygenase to the standard uncomplexed diclofenac solution,

indicating that the activity of diclofenac was not altered upon complexation with

polyCDs (Figure 10.1b (ii)). They further conducted experiments to investigate

the cytotoxicity and interaction of cells with their films with A549 epithelial can-

cer cells and MC3T3-E1 osteoprogenitor cells and demonstrated that there was

no significant difference in cell adherence and cell viability between the coated

substrates and the control, indicating that the films were biocompatible for the

tested cells (Figure 10.1b (iii)). Their films were also preventing Staphylococcus

aureus and S. aureus attachment. This dual functional platform film technology

appears versatile enough to satisfy a variety of thin film medical device coating

specifications.

In another successful preclinical study, PLLwas covalently graftedwithCDs as a

polycationic vector for risedronate, a common drug against cancer cells for bone

metastasis prevention [16]. In vitro studies of this system were conducted with

CHO-β3 tumor cells, demonstrating the efficacy of the vector:drug supramolecu-

lar assemblies at inhibiting cancer cell invasion. Further, to the best of our knowl-

edge, this report appears to be the first and only in vivo study of antitumor activ-

ities of PLL–CD and risedronate in PEMs. This technique of incorporating com-

plexes into PEMs for bone implants to locally deliver antitumoral compounds is
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promising and might pave the way for broader clinical applications. The same

authors constructed multilayered films based on PGA, PLL, and PLL succiny-

lated with monocarboxylic-β-CDs incorporated within the films for delivery of

two growth factors bone morphogenetic protein 2 and transforming growth fac-

tor -β with the aim to control differentiation of embryonic cells into cartilage and

bone tissue [17]. The synergistic effect was achieved only when both growth fac-

tors were incorporated, and an insignificant effect was detected when only one

protein was embedded.

Films containing DNA are of great interest for a range of applications such as

diagnostic [18], sensing [19], and gene delivery.Thepotential of gene delivery from

thin films realized by the work published by Lynn and coworkers [20] highlights

the significant impact of localized gene therapies. Jessel et al. [21] fabricated PEMs

PLL–PGA films as anchors for which cationic CDs and DNA were sequentially

deposited. They reported 100% transfection efficiency from films containing CDs

and no transfection efficiency from films without CDs, indicating the importance

of the usage of CDs in gene delivery from surfaces. In another report by the same

group [22], they further assessed the DNA delivery from multilayered films com-

posed of PLL/hyaluronic acid (HA) as a reservoir for active DNA complexes with

gene delivery vectors PLL, β-CDs, and PLL–CDs. Consistent with their earlier

publication, they showed that surface-mediated transfection yielded much higher

efficiencies for HeLa cells. They concluded from their results that the internaliza-

tion pathway proceeds via a nonendocytic mechanism resulting in high level of

transfection. In another study by Hu et al. [23], films consisting of PEI–CDs con-

jugates and plasmid DNA were sequentially deposited on poly(D, L -lactic acid)

substrate via the LbL technique. Although PEI is generally known to promote gene

delivery, the high molecular weight of PEI can result in (high) cytotoxicity, while

low molecular weight PEI is less cytotoxic but displays lower gene delivery effi-

ciency [24]. To circumvent this problem, the authors improved the gene delivery

efficiency of low molecular weight PEI by forming PEI–CDs conjugates by 1.65

and 1.95 times compared to PEI for human embryonic kidney 293 and human

hepatoma G2 cells, respectively.

10.3

Block Copolymer Micelle (BCM)-Containing LbL Films

The advancement in controlled radical polymerization techniques in recent years

has allowed for the synthesis of a wide variety of amphiphilic block copolymers

that are able to self-assemble into micellar structures in solution [25]. The

attractive potential of BCMs as drug delivery vehicles has been extensively

investigated in different formulations [26]. One of such formulations is the

fabrication of BCMs within multilayered films assembled via the LbL tech-

nique. The assembly of BCMs within multilayered films has several attractive

features: they have the capability to (i) carry large amounts of cargo within the

micellar core, (ii) control the assembly of micellar carriers within LbL films
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without affecting the functionality of the cargo within the micellar cores, and

(iii) manipulate the chemistry of the micellar coronas to provide an additional

useful triggered delivery function by switching the polymer between collapsed

and soluble states in response to stimuli, such as pH, temperature, and so

on.

10.3.1

Assembly

BCMs incorporated within LbL films can be glassy (i.e., hard and relatively brittle)

or responsive to environmental stimuli. In recent years, there has been a flurry of

studies reporting on the LbL assembly of thin films containing BCMs for potential

biomedical applications. In the following section, we highlight a selection of recent

important reports on the fabrication of glassy and responsive BCMs within PEMs

and provide relevant illustrations of such systems in biomedical applications.

10.3.1.1 Glassy BCMs within LbL Films

One of the first few studies on micelles incorporated within LbL films was

performed by Ma et al. [27], where they demonstrated the electrostatic assembly

of layers of BCMs made of poly(styrene)-block-poly(acrylic acid) (PS-b-PAA)

with poly(diallyl-dimethylammonium chloride) (PDDA). Cho and coworkers

[28] self-assembled protonated poly(styrene)-block-poly(4-vinylpyridine) (PS-b-

P4VP) and anionic PS-b-PAA BCMs into multilayer films by electrostatic and

hydrogen-bonding interactions between the oppositely charged BCMs. They

further showed that the film thickness and porosity were controlled by the

ionization of the coronal weak polyelectrolytes and the lengths of the hydrophilic

and hydrophobic blocks. Nguyen et al. [29] fabricated LbL films consisting of

positively charged poly(propylene oxide)-poly(amidoamine) BCMs and PAA

to demonstrate the encapsulation and prolonged release of an antibacterial

agent triclosan. In another work, BCMs made of sulfonated hyperbranched

poly(3-ethyl-3-oxetanemethanol) (HBPO-SO3), were assembled with Chi into

LbL films which were loaded with a hydrophobic antioxidant drug, probucal,

by either the pre-encapsulation or post diffusion [30]. The drug release from

heparin/Chi multilayered films and HBPO-SO3/Chi films was compared, and the

former case exhibited a burst release of approximately 66% drug in the first 10 h,

while there was continuous release from the HBPO-SO3 film over a period of 25

days likely through a passive diffusion mechanism.

10.3.1.2 Temperature and pH Responsive BCMs within LbL Films

BCMs that can undergo collapse/swelling transitions in aqueous solutions

in response to changes in temperature, pH, and so on have been assem-

bled within LbL films for the purpose of controlling the (sustained) drug

release kinetics. Sukhishvili et al. assembled multilayered films from BCMs of

poly(2-(dimethylamino)ethyl methacrylate)-block-poly(N-isopropylacrylamide)

(PDAM-b-PNIPAM) with PSS [31] and poly(vinylpyrrolidone)-block-PNIPAM
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(PVP-b-PNIPAM) with poly(methacrylic acid) (PMA) [32]. The obtained

films showed reversible swelling and shrinking upon temperature changes

as well as a temperature-dependent release kinetic of an encapsulated

hydrophobic dye, with a fast release rate below the lower critical solution

temperature, due to the reduced retention of the dye by the hydrated PNI-

PAM chains. In another study by Cavalieri et al. [33], they synthesized novel

DNA–graft–PNIPAM micelles and assembled them into PEMs by sequen-

tial deposition of these micelles with complementary DNA sequences. Such

design of oligonucleotide polymer-functionalized building blocks might provide

structural and functional advantages that can be exploited for future SMDD

applications.

Another approach to designing smart LbL films is the incorporation of

pH-responsive BCMs into the multilayered films. Biggs and colleagues [34]

reported on the assembly of multilayers via electrostatic interactions of

pH-responsive cationic BCMs of poly((dimethylamino)ethyl methacrylate)-

block-poly(2-(diethylamino)ethyl methacrylate) (PDMA-b-PDEA), which were

able to selectively release encapsulated hydrophobic dyes to the bulk solution

in acidic environments. In another study by Erel et al. [35], the preparation of

PDEA-b-PNIPAM BCMs with a PDEA core and PNIPAM-corona that form

monolayers by hydrogen-bonding interactions on oxidized silicon surfaces was

reported. Protonation and dissolution of the core were assisted by the acidic

conditions resulting in the formation of an irreversible monolayer film. However,

in hydrogen-bonded multilayers of PDEA-b-PNIPAM BCMs with tannic acid

(TA), they retained their structure at slightly acidic pH, despite charging of

the PDEA core. Hammond and coworkers [36] demonstrated that polymeric

BCMs can be incorporated within hydrogen-bonded films to encapsulate the

hydrophobic antibacterial agent triclosan. Polymer BCMs assembled from a

block copolymer of poly(caprolactone) (PCL) and PEGwere loaded with triclosan

and assembled with PAA at pH 3.5, where the protonated PAA hydrogen binds

to the PEG corona of the BCMs. The films formed contained 90 wt% polymer

BCMs, suggesting the potential for high drug loadings. To determine the efficacy

of the release of triclosan from the micelle LbL films, the films with and without

triclosan on a silicon substrate were assayed against Gram-positive S. aureus.The

ZOI of the films containing triclosan was approximately 15.0 ± 0.7 mm, whereas

the control film without triclosan did not show any bacterial growth inhibition.

More recently, the Fery group [37] reported on the immobilization of BCMs

of a linear ABC tri-block terpolymer consisting of hydrophobic polybutadiene

(B), a pH-sensitive PMA shell, and a cationic corona of quaternized PDAM

and linear PSS. It was possible to reversibly switch the micellar morphology

and the charge density of the corona by simply controlling the solution pH at

the solid–liquid interface. Furthermore, the swelling behavior and the water

content in the hydrogel-like films could be tuned by adjusting the number of

micelles/PSS deposition steps to >1200% swelling and 90% water content in the

swollen films.
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10.3.2

Drug Delivery Applications

To the best of our knowledge, only single-digit studies onmicelles-containing LbL

films have been reportedwith drug delivery ability in vitro,with no studies demon-

strating in vivo ability to date. Among the in vitro works is a study by Kim et al.

[38], where they showed the delivery of a hydrophobic drug to a human cervical

cancer cell line from a surface-assembled thin film. Their bioactive multilayer

comprised of poly(ethylene oxide)-block-poly(2-hydroxylethylmethacrylate)

(PEO-b-PHEMA) BCM conjugate of doxorubicin (Dox) which assembled into

multilayers via hydrogen-bonding interactions between the corona of the BCMs

and biologically active TA. Release of the drug from the Dox-loaded multilayers

upon hydrolysis of the pH-sensitive carbamate linkage resulted in cancer cell

death. Coating of metallic stents for patients with cardiovascular problems with

drug-loaded BCMs to achieve sustained drug release is a potential application.

Such stents would have dual functionalities; they would be capable of widening

the coronary arteries and releasing the drug of choice in a controlledmanner. Kim

et al. [39] heparinized metallic stents to render them non-thrombogenic, and

multilayers composed of anionic poly(lactic-co-glycolic acid)-grafted-hyaluronic

acid (HA-g-PLGA) micelles encapsulating paclitaxel (PTX), heparin, and PLL

were assembled (Figure 10.2a).The release of the drug from the coatings exhibited

about 45% initial burst release within 1 day, followed by sustained releases up to

90% of the initially loaded PTX amount after 24 days (Figure 10.2b). These PTX-

loaded stents also prevented human coronary artery muscle cell proliferation for

5 days (Figure 10.2c).

In a recent elegant work by Hong et al. [40], PEMs composed of PMA,

poly(acrylamide) (PAAm), and PEO-b-PCL micelles were assembled for dexam-

ethasone (Dex) delivery to human mesenchymal stem cells (MSCs). Their films

were composed of three regions: (i) a nondegradable layer comprising of PDDA

and PSS, (ii) a payload region of Dex-loaded PEO-b-PCL micelles embedded

within PMA/PAAm/PMA layers, and (iii) the top layer of cell adhesive prepared

using collagen, polysaccharide, and disaccharide. They demonstrated that their

PEMs can induce MSC differentiation into osteoblasts through the controlled

release of Dex from the micelles.

10.4

Liposome-Containing LbL Films

Liposomes are attractive as drug deposits due to their biocompatibility, ease

of preparation via self-assembly, and their inherent capability to entrap both

hydrophilic cargo in their lumen and/or hydrophobic cargo in their lipid mem-

brane [41]. These features allow utilization of liposomes in various applications

ranging from drug delivery [42], cosmetics [43], food science [44], and biosensing

[45] to agriculture [44, 46]. Due to their advantageous nature, liposomes have

also been used as components of multilayered films.
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of heparin (Hep) coating on L605 with

heparin−dopamine conjugate (Hep–DA) and

subsequent LbL assembly of Hep and PTX-

loaded HA-g-PLGA micellar nanoparticles. (b)

Cumulative percent release profiles of PTX

from three different PTX deposition cycles

(5, 10, and 15 layers; inset: the cumulative

amount release profiles of PTX). (c) Inhibition

test of human coronary artery smooth mus-

cle cell proliferation on different therapeutic

coatings. (Reproduced with permission from

Ref. [39].)

10.4.1

Assembly

Liposomes can change their aggregate morphology by collapsing and/or fusion

when coming in contact with either solid surfaces [47] or polyelectrolytes with

the opposite charge [48], creating supported lipid bilayers. Therefore, differ-

ent strategies have been proposed to overcome this aspect when assembling

liposome-containing surface-adherent films [49]. The deposition of liposomes on

solid surfaces includes liposome surface-tethering using the avidin–biotin [50]

or DNA–DNA interaction [51] or chemical attachment [52]. While these bare

liposome coatings are valid in their own way, they are not suitable for SMDD.

The liposomes are not stable enough to withstand the biological environment to

allow for controlled drug delivery, making their embedding into polymer coatings

necessary.
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The first study on the incorporation of liposomes within LbL films was

reported in 2002 by Katagiri et al. [53]. They deposited intact vesicles on

surfaces of poly(vinyl sulfate) (PVS)/PDDA. The liposomes were stabilized

by the formation of a polymerized silica layer prior to their embedding into

the multilayered film. Michel et al. [54] presented an alternative route to

adsorb and embed liposomes made only from phospholipids and, instead of

stabilizing them with an inorganic layer, the liposomes were rigidified by the

adsorption of polyelectrolytes. In particular, the liposomes were coated with

a polycationic layer of poly-D-Lysine (PDL) and incorporated without rupture

into PGA/poly(allylamine) (PAH) or HA/PLL-multilayered films. The same

group also showed the possibility of depositing the liposomes by spraying

[55]. As opposed to the common dipping method, spraying is a faster, reliable,

and easily controllable procedure. It also allows achieving regular multilayer

growth even under conditions for which dipping fails to produce homogeneous

films (e.g., extremely short contact times) [56]. By charging the liposomes

with ferrocyanide ions, an electro-active compound, and making use of cyclic

voltammetry, the authors could prove that the liposomes were not disrupted

during spraying. The possibility of depositing more than one layer of liposomes

employing the spraying method has also been demonstrated [55]. In a follow-up

work, they reported the utilization of the liposome-containing multilayered

films as microreactors [57]. Liposomes containing Ca2+, spermine, and alkaline

phosphatase were embedded in PGA/PAH multilayers (Figure 10.3a (i)). When

bringing the films in contact with the substrate paranitrophenyl phosphate

(PNP), which is able to diffuse across the lipid membrane, PNP was hydrolyzed

by the encapsulated enzyme into active phosphates. These phosphates interacted

with the encapsulated Ca2+ and spermine to produce calcium phosphate crystals

in the liposomes lumen (Figure 10.3a (ii)). This study showed that liposomes

containing active payload can also be embedded within the films, opening the

route toward the engineering of reactor multilayers to perform localized chemical

reactions.

Studies inwhich the liposomes did not require stabilization prior to their immo-

bilization within the multilayered coatings include the electrostatic embedding of

zwitterionic liposomes in a PAH/PSS film [58] or negatively charged vesicles in

a PLL/PSS coating [59]. The latter assembly allows for the formation of liposome

multilayers due to the diffusion of PLL [59].

We recently reported an alternative approach by making use of cholesterol-

[60] or oleic acid- [60b] modified polymers to embed uncoated liposomes within

LbL films. The incorporation of cholesterol [61], a natural constituent of lipid

membranes, or oleic acid provides a noncovalent linkage to the liposomes which

is independent of the lipid composition and insensitive to the solution proper-

ties (pH, presence of salts, and/or reactive groups) [60a]. Typically, liposomes

were deposited onto a polymer precursor layer. A polymer separation layer

was required prior to the second liposome deposition step, and the assembly

was terminated by adding a polymer-capping layer. Cholesterol-modified PLL

(PLLc) or poly(methacrylic acid)-co-(cholesteryl methacrylate) (PMAc) and oleic
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acid-modified poly(methacrylic acid)-co-(oleyl methacrylate) (PMAoa) were

tailor-made, and their ability to successfully anchor liposomes was demonstrated

[60, 62].While PMA did not allow for the adsorption of liposomes, the adsorption

of liposomes onto a negatively charged PMAc was possible, demonstrating the

superiority of cholesterol anchoring over electrostatic interactions only [60a].

The ability of PLL, PMAc, or their combination to efficiently attach a second

liposome layer was confirmed, depending on the assembly conditions [62].

Additionally, when comparing PMAc and PMAoa, while both types of polymers

were equally suited as precursor layers, PMAc was superior as capping layer

[60b]. It is worth noting that solution conditions such as buffer concentration

or pH also have an influence on the amount of deposited liposomes. When

employing the combination of PLL and PMAc as precursor layers, a higher

amount of liposomes was deposited in tris(hydroxymethyl)aminomethane (TRIS)

100 mM as compared to TRIS 10 mM buffer conditions. Additionally, when

employing PMAc as separation layer to enable a second liposome deposition

step, similar results were observed. Higher liposome incorporation was obtained

when employing TRIS 100 mM as compared to TRIS 10 mM buffer conditions

[63].



10.4 Liposome-Containing LbL Films 219

10.4.2

Cargo Release Capability from Liposomes within LbL Films

The assembly of thin films, which are able to retain/release a controlled amount

of cargo, is an important aspect in SMDD. Several groups have considered

mechanisms to trigger the release of cargo from liposomes within LbL films.

Temperature was used as a trigger to release a dye from liposomes embedded

in HA/PLL films by increasing the temperature above the liquid- to gel-phase

transition temperature (Tm) of the liposomes [64]. Temperature was also used as

a trigger to release silver ions from PLL-coated silver nitrate-loaded liposomes

embedded in PLL/HA multilayered films that promoted a strong and rapid

antibacterial effect against Escherichia coli seeded onto the multilayered assem-

bly [65]. Alternatively, an electrochemical stimuli is also an attractive trigger, in

particular for surface-based systems, due to the potential to allow for a low-cost,

spatially controlled cargo release as demonstrated by Graf et al. [59]

10.4.3

Drug Delivery Applications

Only a few liposome-containing films have been characterized in vitro. To the

best of our knowledge, Lynge et al. [66] were the first ones to consider the

delivery of the fluorescent model cargo loaded into the liposomal compart-

ments to mammalian cells seeded on top of the multilayered film assembled

by adsorbing zwitterionic liposomes (Lzw) onto PLL pre-coated glass slide and

capping with a poly(dopamine) (PDA) layer. PDA [67], deposited by oxidative

self-polymerization of dopamine first reported by Lee et al. [68], has many unique

properties including thickness control via the deposition conditions or the

possibility to co-deposit PDA with another polymer/biomolecule [69]. The latter

aspect has initially been demonstrated for amines containing PEI-g-PEG [70],

but was recently expanded by blending nonionic polymers PEG and poly(vinyl

alcohol) [71] or temperature-responsive linear [72] and highly branched PNIPAM

[73]. Therefore, PDA-based films can be considered as a versatile building block

in LbL films and/or as a possible alternative to multilayers. We demonstrated that

liposomes can be coated with PDA in solution [74] and immobilized on colloidal

[63] or planar substrates [66]. Further, we showed that C2C12 mouse myoblast

cells adhering to PLL/Lzw/PDA films, that contained liposomes loaded with a

fluorescent lipid as a model cargo, were able to associate with the fluorescent

lipids. The cell mean fluorescence (CMF) could be controlled by varying the

PDA thickness of the PDA capping layer, and it decreased with increasing cell

adhesion time, indicating a depletion or degradation of fluorescent lipids on the

surface. Along the same line, we varied the composition of the liposomes and

type of capping layers to assess the cell response [73]. The effect of the charge of

the carrier for the fluorescent lipids as well as the type of capping layer (PDA,

highly branched PNIPAM, or their mixture) on the ability of adhering cells to

associate with the fluorescent cargo was assessed using myoblasts, hepatocytes,
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and RAW264.7 mouse leukemic monocyte macrophages. The results showed

that the use of positively charged liposomes capped with PNIPAM exhibited a

significantly higher myoblast CMF compared to all the other tested combinations

of cells and films, demonstrating the ability to engineer the biointerface. We

further aimed to facilitate the assembly, and instead of sequentially depositing

the liposomes and the PDA, we mixed the dopamine and the liposomes prior

to adsorption and successfully deposited liposome-containing films [75]. We

showed that these films were able to sustain the delivery of the fluorescent cargo

over 24 h. Further, it was possible to obtain a different cellular response depending

on the film deposition conditions, for example, dopamine concentration. We

also demonstrated for the first time the delivery of an active compound from

liposome-containing thin films to adhering mammalian cells by embedding

thiocoraline (TC) in the liposome membrane. A significant decrease in cell

viability measured from myoblasts adhering to these active films was found,

demonstrating the potential of these coatings in SMDD.

Alternatively, the response of mammalian cells to liposome-containing

PEMs has been considered. The first report by Graf et al. [76] employed pH-

sensitive, negatively charged liposomes loaded with calcein deposited onto a

(PLL/PSS)9–PLL film and capped with (PLL/PGA)2. By applying a galvanostatic

current that promotes the hydrolysis of water, which, in turn, created a pH

gradient, the liposomes were disrupted and their cargo released. The uptake

of the released dye by the adhering myoblast cells was observed by optical

microscopy. Importantly, dead staining after the experiment indicated that the

application of the current had no significant effect on the cell viability.We recently

reported on the response of myoblasts and hepatocytes to PLL/Lzw/PEMs (PEMs:

(PLL/PMAc)x or (PAH/PSS)x) films) (Figure 10.4a (i)) [77]. We found that the

CMF of the hepatocytes was higher than for myoblast adhering to the same

type of fluorescent lipid-containing film for the same time (Figure 10.4a (ii)).

Interestingly, when visualizing the cells, the fluorescence was evenly distributed

across the cell interior of the hepatocytes, while there was an accumulation of

fluorescence in the proximity of the nuclei for the myoblasts (Figure 10.4a (iii)).

When TC was entrapped in the liposomes, a significant decrease in viability for

both cell types adhering to PLL/LTC/PMAc/(PLL/PMAc)x films was found as

compared to the control coatings. Surprisingly, the cell viability was found to

be more reduced for the myoblasts than for the hepatocytes, although the CMF

due to the fluorescent lipid model cargo would have indicated the opposite. We

further showed that the delivery from the surface was more efficient compared to

the solution-based administration for both cell types.

In a follow-up work, we combined the PDA-based and the LbL-based assembly

[75]. We assembled PLL/Lzw /PEMs/(PDA/Lzw) films with the aim to control the

amount of deposited Lzw/PDA in the second adsorption step, and we found that

terminating the separation layers with PMAc led to higher liposome deposition in

the second step as compared to PLL (Figure 10.4b (i)), and subsequently to a higher

CMF of the adhering myoblasts due to the association with the fluorescent lipids

(Figure 10.4b (ii)).While therewas no significant difference in amount of adsorbed



10.4 Liposome-Containing LbL Films 221

20000M
e

a
n

 fl
u

o
re

s
c
e

n
c
e

 (
a

.u
.)

PLL/L10/PMAC/(PEM)X/10M2.5

0
X = 0.5 1 1.5 2 4 4∗

40000

60000

80000

100000

120000

140000

160000

–
Δf

 (
H

z
)

PLL/PMAC

6h 24 h

PAH/PSS

PLL/L10/PMAC/(mSL)X/10M2.5

PLL/Lzw/PMAC/(PEMs)X

X = 0.5 1 1.5 2 4 4∗

100

0

0

5000

10 000

15 000

20 000
X

 =
 1

X
 =

 2

X
 =

 4

X
 =

 1

X
 =

 2

X
 =

 4

25 000

Myoblasts (x = 1)

Myoblasts

Hepatocytes

Hepatocytes (x = 1)

30 000

35 000

200

300

400

500

600

700 PLL/PMAC PAH/PSS

PLL

NH2

CH2

NH

n

O

N
H

n

n

m
n

O

O
O O

m
n

OHO

H

HH

H

H 3
C

H 3
C

C
H 3

C
H 3

C
H 3

O

OH

OH

OH

OH

OH

O

O
O

O
O

OHO

HO

HO

HO

PGA

PMA

ALG

PMAC

PMACLipids

H
H

H
H

CH3

CH3

CH3

O O

H3C

H3C

M
e
a
n
 fl

u
o
re

s
c
e
n
c
e
 (

a
.u

.)

Figure 10.4 (a) (i) Schematic showing the formation of the polymer thin film containing fluorescently labeled liposomes. (ii) CMF and (iii) confocal

laser scanning microscopy images of hepatocytes (top) and myoblasts (bottom) grown on liposome-containing polymer thin films are shown. (b)

(i) Change in frequency for adsorption of a mixed liposome/PDA layer onto PLL/L/PMAc/(mSL)x depending on the number of mSLs (mSLs: multiple

separation layers). (ii) CMF of myoblasts grown on a PLL/L/PMAc/(PEM)x/
10M2.5 film with various numbers of separation PEMs of different composi-

tion, PLL/PMAc, or PAH/PSS. (
10M2.5 refers to a specific mixture of dopamine and Lzw.) (Adapted with permission from Ref. [77].)
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liposomes measured when terminating the separation layers with PMAc or PSS,

the CMF of the adhering myoblasts was significantly lower when PSS/PAH layers

were used instead of PMAc/PLL due to the fact that PAH/PSS formed a dense non-

degradable film, hindering the access of the cells to the underlying liposomes.This

sophisticated composite film showed the potential of these coatings with diverse

building blocks to act as a controllable interface in SMDD.

Another interesting example of multilayered assemblies containing lipo-

somes for drug delivery applications was recently reported by DeMuth et al.

[78], employing polymer/liposome-coated microneedles as a vaccination tool.

Microneedles have shown promise for vaccination purposes to improve safety

and eliminate pain upon treatment [79]. In this particular study, poly(lactide-co-

glycolide) (PLGA) microneedle arrays were pre-coated first by protamine sulfate

(PS) and sulfonated poly(styrene) (SPS) to form a base layer of uniform surface

charge. Then, multilayers of the biodegradable cationic PBAE and negatively

charged interbilayer-cross-linked liposomes (ICLs) were assembled. In ICLs,

maleimide covalent cross-links had been introduced between adjacent phospho-

lipid bilayers in the walls of the liposomes to create robust liposomes which can

be embedded within polymer films without being ruptured (Figure 10.5a (i)) [78,

80]. The ICLs were loaded with an antigen, DiI as a fluorescent tracer for the

lipid walls, and an adjuvant. The microneedle surface was then injected into the

cutaneous tissue of mice, a site known for high frequency of antigen-presenting

cells (APCs). The PBAE/ICLs films were then transferred from the microneedle

surface into the mice cutaneous tissue and remained in the mice skin following

the removal of the microneedle arrays, (Figure 10.5a (ii)) allowing for ICLs’

release due to hydrolytic degradation of PBAE (Figure 10.5a (iii)). The ICLs were

taken up by the APCs (Figure 10.5a (iv)) in the local tissue, which were activated

in situ by the adjuvants delivered by the ICLs. This setup was tested in vivo using

fluorescent ovoalbumin (AF647-OVA) as the antigen and the Toll-like receptor

-4 agonist monophosphoryl lipid A. The coated microneedles were applied to

the skin of MHC II-GFP mice, which express all major histocompatibility class II

(MHC II) molecules as a fusion with green fluorescent protein (GFP), allowing

MHC II+ APCs in the epidermis to be observed through microscopy. After 6 or

24 h, AF647-OVA and Dil fluorescence was observed around the microneedle

insertion sites (Figure 10.5b) which was co-localized in the same z-plane as APCs

expressing MHC II-GFP. These results showed that transcutaneous vaccination

with ICLs embedded in microneedle-based multilayers significantly enhanced

humoral immune responses to a protein antigen.

10.5

LbL Films Containing Miscellaneous Drug Deposits

In this section, other types of drug deposits that have been immobilized in LbL

films for drug delivery purposes will be highlighted. Although for most of the



10.5 LbL Films Containing Miscellaneous Drug Deposits 223

Application + Film delivery Film degradation

MHC II-GFP, Dil-ICL,

AF647-OVA

MHC II-GFP, Dil-ICL,

AF647-OVA

Skin

6 h
(a)

(b)

24 h

Δt

Delivery to APCs in situ

Antigen

M M M

HN
O

O
O

S

R
S

N

O
O

O

N

NH

R1

R1

MMM

Adjuvant

PLGA Microneedle array

(ii)

(i)

(iii) (iv)

Microneedle surface

P
S

/S
P

S
/P

B
A

E
/I
C

L

Figure 10.5 (a) Schematic representation

of PBAE/ICLs multilayers deposited onto

PLGA microneedles. ICLs are prepared with

interbilayer covalent cross-links between

maleimide head groups (M) of adjacent

phospholipid. (PBAE/ICL) PEMs were con-

structed on microneedles after (PS/SPS)

base layer deposition (i). Microneedles trans-

fer (PBAE/ICL) coatings into the skin and

hydrolytic degradation of PBAE leads to ICL

release into the surrounding tissue (iii), and

delivery to skin-resident APCs provides coin-

cident antigen exposure and immunostim-

ulation for initiation of adaptive immunity.
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examples only their assembly and no biological evaluation have been reported,

it nonetheless illustrates the versatility of engineering composite PEMs.

Cubic lipid mesophase nanoparticles, typically known as cubosomes [81],

have been deposited in LbL films with the aim to improve their cargo retention
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properties, but experimental functional characterization has yet to be provided

[82]. Polymersomes made from amphiphilic synthetic block copolymers have

recently attracted massive research attention as effective drug carriers due to

their attractive benefits over their lipid counterparts, for example, a thicker and

mechanically more stable membrane [83, 84] or better loading opportunities

compared tomicelles. Lomas et al. [85] deposited 100 nm sized stimuli-responsive

polymersomes in LbL polymer-based planar films comprising of PVP and TA,

demonstrating that polymersomes could potentially be used in SMDD. In a work

published by the Picart group [86], PTX loaded in hydrophobic nanodomains

were successfully trapped within PEMfilmsmade of an alkylated derivative of HA

as polyanion and either PLL or quaternized Chi. The efficiency of PTX loading in

their system was dependent on the number of deposition layers and type of poly-

cation. The retention of the drug was good without initial burst release, but the

use of hyaluronidase for enzymatic hydrolysis resulted in an accelerated release of

PTXupon filmdegradation. In another piece ofwork performed by theHammond

group [88], the spray-assisted LbL process was combined together with the par-

ticle replication in non-wetting templates (PRINT) technology [87] to fabricate

thin films with the aim to provide a platform for precise control and large-scale

production of multifunctional nanoparticle systems. In vitro tests demonstrated

that there was enhanced cell uptake when HA was used as compared to other

tested PEMs.The spray-LbL on PRINT technology is a highly advanced platform.

In another piece of research conducted by Kim et al. [89], they reported on

a simple approach for spatially patterned gene delivery inspired by adhesion of

marine mussels. The adhesive polymer used in this study was PEI–catechol,

which was complexed with adeno-associated viruses (AAV) to form sticky

viruses that can stably adhere onto surfaces. The addition of AAV/PEI-catechol

vectors to HEK293T cells resulted in a significant twofold increase in cellular

transduction compared with the unmodified vectors AAV and AAV-PEI. The

authors attributed the enhancement to the ability of the AAV/PEI-catechol

vectors to interact between the receptor proteins. They further showed that

unlike high cationic charge densities of PEI chains that can cause cellular toxicity,

their AAV/PEI-catechol hybrid was able to reduce cellular toxicity. Further, due to

the adhesive nature of the hybrid vectors, they can be simply drawn on to surfaces

and remained stable, thus providing the opportunity for spatial patterning of

viruses. Moreover, when cells were seeded onto the spatially patterned hybrid

vectors, the resulting gene expression corresponded to the drawn patterns,

highlighting the potential of the PEI-catechol hybrid vectors to guide directed or

patterned gene expressions for tissue growth.

10.6

Conclusion/Outlook

In this chapter, we reviewed the assembly of multilayered thin films with

entrapped drug deposits assembled on planar substrates toward SMDD. The
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predominantly employed drug deposits to date are CDs, micelles, and liposomes.

The majority of the background literature cited in this chapter showed that

these aforementioned nanocontainers embedded within thin films have already

been critically evaluated and extensively characterized toward their potential in

SMDD. Much of the literature on this topic has shown that these nanocontainers

can be assembled together with PEMs. However, their functional characteriza-

tion is lagging behind. While improved drug retention/release is claimed, the

experimental proof has yet to be delivered for most systems. In vitro studies

remain surprisingly scarce, with even fewer in vivo studies reported. However, the

few successful preliminary biological characterization studies highlighted in this

chapter also demonstrate the potential of these composite films for biomedical

applications. The field is still in its infancy, but the interest in this research area is

rapidly growing, as supported by the increase in the number of scientific reports.

The studies reported here are mainly providing a framework, and there is still

need formajor improvements of these hybrid coatings prior to their consideration

of potential translation to clinics. The true potential of many drug deposits has

barely been touched. For instance, polymersomes are a very powerful alternative

to liposomes, and their polymeric nature should make them amendable for many

purposes. Future studies will have to focus not only on the assembly but also on

the evaluation of biological response in the relevant settings. Long-term effects

and sustained delivery remain to be achieved. Understanding the difference

between administration from the substrate in contrast to solution-based delivery

will have to be a focus aspect to address. However, despite all the missing pieces,

even these first reports revealed the potential of hybrid coatings for SMDD. We

envision that the next years will bring considerable progress and breakthroughs,

and we will witness a substantial contribution of this field to novel (sustained)

drug delivery approaches for medical therapies.
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