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Abstract

Since its introduction in the early 1990s, layer-by-layer (LbL) self-assembly of films has been 

widely used in the fields of nanoelectronics, optics, sensors, surface coatings, and controlled drug 

delivery. The growth of this industry is propelled by the ease of film manufacture, low cost, mild 

assembly conditions, precise control of coating thickness, and versatility of coating materials. 

Despite the wealth of research on LbL for biomolecule delivery, clinical translation has been 

limited and slow. This review provides an overview of methods and mechanisms of loading 

biomolecules within LbL films and achieving controlled release. In particular, this review 

highlights recent advances in the development of LbL coatings for the delivery of different types 

of biomolecules including proteins, polypeptides, DNA, particles and viruses. To address the need 

for co-delivery of multiple types of biomolecules at different timing, we also review recent 

advances in incorporating compartmentalization into LbL assembly. Existing obstacles to clinical 

translation of LbL technologies and enabling technologies for future directions are also discussed.

1. Introduction

Biomaterials that interact with bodily tissue or fluids are primarily selected due to their 

properties that protect them against the patient’s immune response. The tissue–biomaterial 

interface is the key determinant of this biological response. Implants such as catheters, 

pacemakers, cochlear implants, and diagnostic sensors are designed to survive in vivo 
without integration into the surrounding tissue. Such implants are often coated with a 

polyethylene glycol film to prevent protein absorption and subsequent cell attachment.

In contrast, other implants depend on integration to survive, such as dental implants, bone 

screws, and hip stems. Chemical or physical surface treatments have been applied to such 

implants to enhance tissue integration by encouraging cell attachment and subsequent tissue 

ingrowth. Given the close proximity of the implant surface to the biological environment, 

this surface is an appropriate location for the presentation of biomolecules to further enhance 

or inhibit tissue interaction. For example, antimicrobial coatings on the surface of urinary 

Correspondence to: F. Yang, fanyang@stanford.edu.

HHS Public Access
Author manuscript
J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 April 18.

Published in final edited form as:
J Mater Chem B Mater Biol Med. 2015 November 7; 3(45): 8757–8770. doi:10.1039/c5tb00450k.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



catheters help prevent biofilm formation1 (a major source of infection), drug coatings on the 

surface of coronary stents aid in the fight against restenosis,2 and immobilization of growth 

factors on titanium surfaces has been applied to enhance osteointegration.3

Despite the widespread use of surface coatings, the ability to control biomolecule 

deposition, concentration, bioactivity, coating thickness, and the rate of release remain as 

significant challenges.4 Layer-by-layer (LbL) films were introduced in an effort to address 

many of these issues. LbL is a simple and versatile deposition process with broad 

application in materials science, for example in biomotors, superhydrophobic surfaces, 

biosensors, implant coatings, semiconductors, fiber optics, and drug-delivery devices. 

Previous detailed reviews of LbL assembly and applications in materials science discussed 

broad aspects of the technology;4–8 this review will focus specifically on LbL for controlled 

drug delivery.

LbL was introduced in 1992 to overcome some of the difficulties associated with other 

multilayer techniques, such as Langmuir–Blodgett and self-assembled monolayers.9 

Langmuir–Blodgett films require expensive instrumentation and may only be used for the 

encapsulation of amphiphilic components,4 while self-assembled monolayers suffer from 

low loading efficiency and are only applicable to a limited range of surfaces.4 In contrast, 

LbL is a simple aqueous-based layering process that is better suited for the deposition of 

sensitive biomolecules on a range of material surfaces.

LbL films are created through the sequential deposition of biomolecules in solution 

containing functional groups that drive self-assembly.10,11 (Fig. 1) Most techniques rely on 

electrostatic interactions between oppositely charged polyelectrolytes during sequential 

deposition; however, a variety of other chemical interactions are also harnessed by LbL 

techniques, including hydrogen bonding,12 biomolecule recognition,13 click chemistry,14 

and sol–gel reactions.15 Techniques are often combined for maximum versatility, 

empowering the user to customize films with maximum control over film thickness, 

biomolecule concentration, film stability, and release mechanisms and duration, while 

simultaneously protecting the functionality of the biomolecule of interest.

In this review, we discussed various methods used for forming LbL assembly as thin film 

coatings, and the structures of the resulting films. In particular, this review focuses to review 

applications of LbL platforms for the delivery of various biomolecules including proteins, 

polypeptides, DNA, small molecules, particles and supramolecules such as viruses. The 

mechanisms that modulate biomolecule deposition and release were further reviewed. Most 

biomolecule delivery requires control over time and duration of controlled release, and 

recent progress in compartmentalization of LBL assembly to achieve controlled release of 

multiple biomolecules was highlighted.

2. Coating methods

Three methods currently exist for applying LbL coatings to a surface: dipping, spraying, and 

spin coating. Each method has distinct advantages and disadvantages, which are discussed 

below.
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2.1 Dip coating

Dipping is the most commonly used method for LbL. The process is simple and does not 

require any specialized equipment. In a typical set-up, polyelectrolytes are stored in 

reservoirs, and the substrate to be coated is circulated through the reservoirs in the 

appropriate order. The process is repeated until the desired number of layers is achieved. As 

polyelectrolytes are stored in reservoirs, there is little loss of reagents, and concentration can 

be accurately controlled. Furthermore, the material to be coated is completely immersed in 

the reservoir solution, enabling the uniform coating of complex 3D structures.17 Fig. 2 

depicts LBL coating on the surface of titanium rods; the LBL coating can been seen to fill 

the cavities of the rod surface (Fig. 2A and B) while fluorescence imaging is used to view 

the coating following deposition (Fig. 2C and D). Although dip coating is simple, the 

process is time consuming due to the time required to reach equilibrium adsorption for each 

coating step, especially in the case of weakly charged polyelectrolytes.18,19 The method may 

be automated with a simple slide strainer, allowing the accurate control of dipping time and 

order.20 The automated method also eliminates the likelihood of human error and enables 

the deposition of many layers over an extended time period (e.g. 400 layers over two 

days).17 Despite the use of automated equipment, more efficient techniques are required to 

make LbL a viable translatable technology. Spin coating is one such technique that may 

address the problem of lengthy coating time periods.

2.2 Spin coating

In spin coating, a liquid is deposited and spread across a planar surface through rapid 

spinning of the substrate. The film thickness is largely controlled by solution viscosity, 

angular speed, and spin time.22 The process is rapid (~30 s per layer), thereby significantly 

reducing the time for film construction. The major disadvantages of spin coating are the 

technical challenges of homogenously coating irregularly shaped 2D substrates and the 

inability to deposit films onto 3D substrates.23

However, spin coating is very useful for the preparation of 2D stand-alone films for drug 

delivery. Spin coating involves the rapid evaporation of solvent from the coating material, 

leading to the formation of films that are thicker than those resulting from the traditional 

dipping technique.6 Shear flow across the surface also leads to the formation of smoother 

films with less interlayer diffusion. Spin-coating LbL has been used in the development of 

doxorubicin-releasing thin films, which exhibited release characteristics dependent on the 

number of layers incorporated into the film.24,25 Despite the successful development of 

drug-releasing thin films manufactured through spin coating, their use in LbL assembly is 

limited to coatings on 2D substrates.

2.3 Spray coating

Spray coating has many advantages over dipping and spin-coating. Unlike spin coating, 

spraying enables homogenous coating of 3D substrates. Deposition is faster and smoother 

than by dipping, accelerating the process by more than 250-fold while retaining a high-

quality finish.18 Dipping requires a deposition time of 15–20 min per layer to reach 

equilibrium, while spray-coated films only require 6 s per layer.18 Spray coating can even be 

performed without a rinsing step, which is always performed during dip coating.26
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Dipping and spray coating, however, may lead to vastly different release profiles.27 

Antibiotic-releasing films showed a linear release over 40 h after dip coating, while spray-

coated samples released >90% of their cargo within 4 h. Films prepared via spray coating 

were consistently thinner, smoother, and contained higher drug concentrations than dip-

coated films.28 Thus, spray coating is efficient and can significantly influence the controlled 

release of its cargo.

3. Structure

As reservoirs for controlled drug delivery, LbL coatings are used to encapsulate the payload 

and release it in response to an external stimulus. The coatings may be applied as a surface 

coating (Section 3.1) or built on a sacrificial template to create stand-alone structures 

(Section 3.2).

3.1 LbL surface coatings

In LbL surface coatings, a drug reservoir is applied to the surface of a material; the reservoir 

is designed to release the molecule of interest, such as a drug, in a controlled manner. The 

underlying material is often permanent and will continue to exist after the coating degrades 

(e.g. a cardiovascular stent).29 Surface coatings may be applied to control a biological 

response to the device (e.g. peri-implant tissue formation21), but may also represent the 

primary function of the device (e.g. drug coating on transdermal needles30). Since the 

coating is designed to control biomolecule release at the implant surface, it is essential that 

the coating remains integrated with the underlying material. Integration with the underlying 

material can be enhanced by pre-treatment of the surface; polycaprolactone may be plasma-

etched to modify hydrophobicity,31 silicon may be exposed to warm silanol for the 

presentation of phosphonate groups,32 and titanium can be prepared in the presence of 

sodium hydroxide for the presentation of hydroxyl groups.33 To ensure adequate integration 

with the underlying material, foundation layers may be deposited prior to the deposition of 

biomolecule layers. Non-degradable materials such as polyethylenimine are useful for 

foundation layers, which remain intact during biomolecule release and persist after the 

biomolecule-containing layers are completely depleted.34 Care must be taken to ensure that 

surface coatings remain stable following LbL deposition, especially if the coating will 

experience harsh physical forces upon implantation.

3.2 LbL stand-alone structures

LbL is also useful for fabricating stand-alone structures. Such structures are created by 

performing LbL on a template surface; the template is then removed, leaving the layered 

structure intact.7 A variety of stand-alone structures have been created using LbL, including 

drug coated particles, microcantilivers,35 nanotubules,36 free-standing films,37,38 hollow 

spheres,39 and complex 3D structures.8

Drug coated particles are among the most commonly used stand-alone structures.40 The 

surface coating of drug particles can offer many advantages to the underlying drug 

including: targeted delivery, protection against degradation, a method to control release, and 

the possibility to arrest drug crystallization.41,42 Early studies demonstrated that LbL coating 
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on microcrystals of ibuprofen could delay drug release by tailoring coating thickness, crystal 

size and material solubility.43 More recently, doxorubicin containing liposomes have been 

modified by the addition of PLA/siRNA multilayers on the outer surface of the 

nanoparticles. The dual delivery vehicles decreased tumor volume 8-fold when compared to 

non-treated controls.44

As an alternative to drug coating, hollow spheres may be constructed for the post-

encapsulation of drug molecules. The hollow nature of the sphere creates an internal 

reservoir for drug loading. The layered structure in the outer coating can be used to 

incorporate additional biomolecules, to tailor drug release, or even to target delivery.45

Hollow-sphere fabrication begins with choosing a suitable template from the spectrum of 

available materials. The choice of materials depends on the final application and on 

restrictions due to the components of the layered structure. A major difficulty associated 

with stand-alone structures is the removal of the sphere’s core while preserving the layered 

structure and retaining the functionality of the entrapped biomolecules. Polystyrene,46 

biocrystals,47 and silica beads48 are commonly used as templates for hollow-sphere 

construction; their removal requires solvents such as tetrahydrofurane or degradation under 

acidic conditions. Buffered hydrofluoric acid/ammonium fluoride (pH 5.5) was previously 

used to dissolve silica beads during the construction of enzyme-loaded hollow spheres.49 

The buffered conditions retained the functionality of the enzyme, demonstrating that careful 

design of the process may yield a functional reservoir for controlled release. Crosslinking of 

the layered structure is often required to prevent the collapse of the coating after template 

removal.

4. LbL for delivery of different biomolecules

To apply LbL technologies for biomedical applications, various types of biomolecules have 

been explored as potential cargos for loading and release from LbL films. This section 

reviews the previous work on loading/release different types of biomolecules, validating 

their bioactivity after release using relevant assays.

4.1 Protein multi-layer films

One of the main trends in the biomedical applications of LBL technology is embedding 

bioactive proteins into thin films to enhance bioactivity of tissue engineering scaffolds or 

implantable materials. Bone morphogenetic protein 2 (BMP) is one of the most extensively 

studied proteins delivered using LBL films.50–54 BMP-2 is a dimeric disulfide-linked 

polypeptide growth factor under transforming growth factor-β superfamily, and has been 

approved by Food and Drug Administration (FDA) to induce bone repair. The efficacy of 

BMP-2 to induce bone formation in vivo is highly dependent on the release kinetics. The 

conventional methods used in clinic for BMP2 release often leads to rapid burst release, 

whereas more sustained long term delivery of BMP2 would be desirable for effective bone 

regeneration. This difficulty cannot be overcome satisfactorily merely by increasing the 

loading dose of BMP-2. Apart from the disadvantage of high cost, transient high local 

concentration of BMP-2 could induce various undesirable side effects such as excessive 

bone resorption or induction of bone formation at unintended sites.54 Using a LbL platform, 
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the Hammond group51 reported that BMP-2 can be imbedded in LbL films and released 

protein retains its ability to induce osteogenic differentiation of preosteoblasts. When 

implanted intramuscularly in vivo, BMP-2 released from LbL coated implant surface 

induced bone differentiation of endogenous progenitor cells, which matured over nine weeks 

as measured by MicroCT imaging and histology. More recently, they also reported53 the co-

delivery of osteoconductive hydroxyapatite (HAP) and BMP-2 using LbL coating acted 

synergistically to induce osteoblastic differentiation of endogenous progenitor cells without 

indications of foreign body response. In another study, Zheng et al.54 reported LbL 

assembled BMP2-coprecipitated BioCaP (BMP2-cop.BioCaP) particles, and monitored the 

in vivo responses in rats. Their results showed that LbL assembled particles led to 10-fold 

higher osteoinductive efficiency than the absorbed BMP-2 protein. Furthermore, their results 

showed that LbL formed particles reduced host foreign-body reaction to a clinically used 

bone-defect-filling material.

In addition to promote tissue regeneration, LbL technology has also been used for releasing 

proteins to modulate inflammation. 7ND is a mutant version of monocyte chemotactic 

protein 1 (MCP-1), and has been shown to reduce undesirable migration of macrophages by 

functioning as a dominant negative inhibitor of MCP-1.55 Our group has recently reported 

successful loading of the 7ND protein to the orthopaedic implant surface using LbL 

strategies with great stability. Furthermore, released 7ND from the coated implant retained 

its bioactivity and effectively reduced macrophage migration towards MCP-1. Such an LbL 

platform can be applied for controlled release of the 7ND protein from orthopedic implants 

in situ to reduce wear particle-induced inflammatory responses, thereby prolonging the 

lifetime of implants and reducing the need for revision surgeries.56

4.2 Polypeptide multilayer films

In addition to full size proteins, polypeptides represent another major category of 

biomolecules that holds great interest for delivery using LbL platforms. There are two major 

forms of secondary structure that are found in proteins, the α-helix and the β-sheet. The 

secondary structures of polypeptides embedded in LBL films have been explored by several 

groups.57–63 Haynie et al.60 immobilized poly-L-lysine (PLL) using the LbL method and 

found that the secondary structures of polypeptides did not change compared with those in 

solution. On the other hand, Müller63 and Boulmedais et al.62 showed that PLL underwent a 

transition from random coils to α-helixes when adsorbed from solution onto the partner 

PDDA, PAH, or poly(vinyl sulfate) layer because of the lower local pH in the LbL film. The 

difference in the observed results suggests that the interactions between polypeptides and 

polyelectrolytes in the LBL films, including hydrogen bonding, hydrophobic forces, and 

electrostatic attraction, are multifold and complex.61

4.3 LbL for DNA and oligonucleotide delivery

DNA vaccines have many potential benefits but have failed to generate robust immune 

responses in humans. Recently, methods such as electroporation have shown improved 

efficacy for DNA delivery in vivo, but a safe method for reproducible and pain-free DNA 

vaccination remains elusive. Sukhorukov et al.64 and Montrel et al.65 fabricated DNA-based 

LbL films by alternative assembly of anionic DNA strands and cationic polyelectrolytes 
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such as PEI, PLL, and polyallylamine. Using various assays, the authors proved that the 

DNA conserved its double-helical structure in the LbL films. Water molecules were found to 

easily penetrate into all types of films and bind with DNA hydration centers (phosphate 

groups). In contrast to DNA films, the hydration in the LBL films did not initiate the B-to-A 

conformational transition of the double helix. More importantly, the DNA-containing films 

retained bioactivity and exhibited remarkable binding abilities with different DNA-

intercalated molecules, including antitumor drugs. Demuth et al.66 also proposed an LBL-

approach for rapid implantation of vaccine-loaded polymer films carrying DNA, immune-

stimulatory RNA, and biodegradable polycations into the immune-cell-rich epidermis, using 

LbL coated microneedles with releasable polyelectrolyte multilayers. The authors 

demonstrated films transferred into the skin following the brief microneedle application 

promoted by local transfection and controlled the persistence of DNA and adjuvants in the 

skin from days to weeks, with kinetics being determined by film composition. Importantly, 

the released DNA vaccines induced immune responses against a model HIV antigen 

comparable to electroporation in mice, enhanced memory T-cell generation, and elicited 

140-fold higher gene expression in non-human primate skin than intradermal DNA injection. 

These results suggest that the LbL method could provide a powerful tool for DNA delivery 

in situ from device coatings in a minimally invasive manner.

4.4 LbL for small molecule drug delivery

Most of all new chemical entities approved by the US Food and Drug Administration (FDA) 

were small molecules, many of which are not highly water-soluble. Smith et al.67 have 

reported nanoscale LBL-coatings for small molecule delivery using charged cyclodextrin 

polymers to trap a small molecular drug. The authors showed that surface-eroded films led 

to the release of embedded small molecule drugs within the cyclodextrin carrier with 

retained bioactivity. Furthermore, the release kinetics was found to be independent of the 

therapeutic agent and could be regulated through the choice of degradable polycations, 

which makes it broadly applicable for releasing different small molecules.

4.5 Particle multilayer films

Since LbL assembly forms under aqueous conditions, particles like micelles have been used 

to help encapsulate hydrophobic drugs. Kim et al.68 reported LbL assembly with drug-

incorporated micelles in which multilayers were assembled via hydrogen-bonding rather 

than electrostatic interactions. In this case, the micelles were composed of poly(ethylene 

oxide)-block-poly(ɛ-caprolactone) (PEO-b-PCL) and were loaded with an antibacterial drug, 

triclosan. Due to the sensitive nature of hydrogen bonding, the film can be rapidly 

deconstructed to release micelles upon exposure to physiological conditions. The authors 

demonstrate that micelle LbL films loaded with antibacterial drug triclosan are effective in 

inhibiting the bacteria growth. Qi et al.69 recently reported particle multilayer films using 

two different polymeric micelles that have either a polycationic or polyanionic corona. Each 

micelle type was impregnated with dye molecules serving as model compounds. Release of 

the dye molecules was explored in the presence and absence of micelles in solution. The 

authors found that under both conditions the dye molecules were released from the film after 

30 min of exposure. The LbL samples that were immersed into micelle-rich solutions 

released the dye molecules more rapidly than in the case of micelle deficient solutions. This 
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suggests that the release rates for hydrophobic molecules not only depend on the 

degradability of the LbL films but also on the solubility of the drug in the selected solution.

4.6 Spontaneous assembly of viruses on LbL films

To examine the interactions between randomly arranged supermolecular species with LbL 

assembled films, Hammond and coworkers70 chose to use the LbL assembly process to 

incorporate genetically engineered M13 viral particles to create cohesive thin films. Their 

results show that M13, a highly complex biomacromolecule with a MW of about 14 000 

000, could spontaneously form a two-dimensional monolayer structure of viruses atop a 

cohesive polyelectrolyte multilayer. They further demonstrate that such a viral-assembled 

monolayer can serve as a biologically tunable scaffold to nucleate, grow and align 

nanoparticles or nanowires over multiple length scales. This would allow coupling of virus 

functionality and advantage of LbL films and is highly tunable by choosing different 

polyions.

5. Mechanisms for deposition

5.1 Electrostatic bonding

Electrostatic bonding is by far the most commonly used LbL technique for controlled drug 

delivery. Interlayer bonding occurs through electrostatic interactions between positively and 

negatively charged polyelectrolytes (Fig. 3A). The process is performed under aqueous 

conditions and takes advantage of the natural charge density of biomolecules such as DNA, 

protein, peptides, and nanoparticles; it can even be used to incorporate multiple 

biomolecules into a single layered structure. The polyelectrolytes used for electrostatic 

bonding must be water-soluble (often a dilute acidic or basic solution is used to aid 

dissolution) and possess an excess positive or negative charge;72,73 commonly used 

polyelectrolyte couples include poly(acrylic acid) (PAA)/poly(allylamine hydrochloride) 

(PAH), poly(beta-amino ester) (PBAE)/chitosan, and poly(ethyleneimine)(PEI)/poly(styrene 

sulfonate) (PSS).

Polyelectrolytes with excess amine groups are often chosen for the formation of cationic 

layers; the choice of anionic polyelectrolytes can vary, but these molecules always possess a 

positive electron-to-proton ratio due to their negative charge. As layering occurs via 
electrostatic bonding, the template material must also possess a surface charge. If no surface 

charge exists, a variety of surface treatment options exist to achieve a surface charge as 

discussed earlier (Section 3.1). In the absence of surface charge, there are other options for 

LbL assembly, such as hydrogen bonding (Section 5.2). Fig. 4 highlights the formation and 

release of proteins from a LBL coating build via electrostatic interaction. Tailored release 

profiles are achievable by choosing appropriate polyelectrolytes and layering order.

5.2 Hydrogen bonding

Hydrogen bonding occurs when sequential layers consist of hydrogen bond donors and 

acceptors (Fig. 3B)12. The resulting bond is a dipole–dipole attraction and should not be 

confused with a covalent bond. Hydrogen-bonded LbL films expand the spectrum of LbL 

applications. Hydrogen bonds are sensitive to changes in the local environment, including 
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temperature and pH.74 Therefore, LbL films constructed in such a manner may be used for a 

range of environment-sensitive drug-delivery applications. Hydrogen bonding also facilitates 

the incorporation of polymers with low glass transition temperatures (e.g. poly(ethylene 

oxide) (PEO)), which are particularly useful for flexible stand-alone structures. Finally, since 

hydrogen bonding involves polymers that are electrically neutral, materials that are perhaps 

unsuitable for electrostatic bonding can be incorporated into the multilayered structure. 

Common hydrogen-bonded couples include PEO/PAA and poly(vinyl methyl ether)/

poly(methacrylic acid). PEO is a hydrogen bond donor and PAA is an acceptor; thus, 

hydrogen bonds form at the layer junction. This bonding mechanism has been exploited for 

the construction of PEO-containing block co-polymer micelles, enabling the incorporation 

of hydrophobic drugs into LbL systems.75 In perhaps the most useful application of 

hydrogen-bonded LbL films, temperature-sensitive polymers such as poly(N-

isopropylacrylamide) (PNIPAM) and poly(N-vinylcaprolactam) serve as hydrogen donors. 

The temperature-induced swelling of these polymers enables drug loading and release in a 

controlled manner; additionally, the bonds formed by these polymers are reversible at high 

pH. Taken together, hydrogen-bonded LbL films greatly expand the set of available methods 

for drug loading and release.

5.3 Bonding through biomolecule recognition

In nature, spontaneous reactions bind molecules through a mechanism known as 

biorecognition (Fig. 3C). An example of such recognition is the highly specific interaction 

between antibodies and antigens. Sandwich enzyme-linked immunosorbent assay is a highly 

efficient yet simple example of bonding through biorecognition. In this technique, a surface-

absorbed primary antibody acts as highly specific recognition sites for an antigen; the 

antigen then correspondingly acts as a biorecognition site for a secondary antibody. LbL 

based on biorecognition generally proceeds through a biotin/streptavidin interaction, which 

labels an antibody for detection purposes. Avidin is a tetramer protein consisting of four 

identical polypeptide chains, all of which have a high affinity for biotin. Its multiple 

recognition sites make avidin an ideal linker for biotin-labelled biomolecules such as 

biopolymers, cells, proteins, DNA, and lipids.76 Although this bonding mechanism has 

found little use in controlled drug release, a broad range of applications currently rely upon 

highly specific and efficient multilayer bonding e.g. enzyme-linked immunosorbent assays, 

immunohistology and biosensors13

Complementary DNA recognition is another biomolecule recognition phenomenon that can 

be used for LbL construction. 3-D tetrahedral DNA nanocages were constructed using 

spacer motifs with DNA tails.77 Adjacent DNA tails were designed with complementary 

sequences to foster hybridization. Depending on the length of the spacer and the location of 

DNA sequences, precise 3-D structures could be created. Furthermore, by introducing an 

ATP aptamer into the DNA tail region, the linkages could be dissociated through competitive 

binding when ATP was introduced into the system.77 This novel system highlights the 

possibility of using biological recognition for both the construction and dissociation of LbL 

systems.
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6. Mechanisms of biomolecule release

The release of biomolecules from LbL-assembled films is dependent on the underlying 

mechanisms that catalyze degradation of the coating. Here we discuss degradation based on 

hydrolysis (Section 6.1), temperature (Section 6.2), pH (Section 6.3), enzymatic degradation 

(Section 6.4), and light (Section 6.5).

6.1 Hydrolysis

Many LbL platforms rely on hydrolysis to degrade entire polyelectrolyte layers and 

crosslinkers to release biomolecules of interest. Often, polyanions or molecules of interest 

are distributed between hydrolyzable polycation layers. As a result, a nondegradable 

biomolecule is released as the polycation is hydrolyzed.

During in vitro experimentation, LbL-coated materials are often dried to prevent premature, 

solvent-based degradation. Upon exposure to an aqueous solution, the coating undergoes 

hydrolysis and degradation. Initially, degradation via hydrolysis competes with swelling of 

the coating layers. Swelling, which occurs almost immediately after the addition of aqueous 

solvent, is dependent on both temperature and pH.78

A commonly used hydrolytic polycation is PBAE 1, also referred to as Polymer 1. Polymer 

1 is able to undergo hydrolysis as a function of its ester linkages.79 Furthermore, due to its 

amine functionality and slow degradation rate in acidic environments,78 Polymer 1 is 

preferentially used as the primary cation for LbL. The kinetics of this degradation reaction 

explains the pH-dependent degradation rates for Polymer 1.79 It also has been hypothesized 

that the hydrolysis of Polymer 1 and other similar polycations occurs as a result of 

nucleophilic attack by its own amine groups.78,80,81

In addition to its extensive characterization,79,82,83 Polymer 1 has been successfully coupled 

to a broad spectrum of polyanions, such as the model polyanions PSS and PAA84 and DNA 

plasmids.34 Release profiles for other polyanions of interest, such as chondroitin sulfate and 

heparin, have been characterized using Polymer 1 as the hydrolytically degradable loading 

layer;78 various polyanions demonstrated pH-dependent swelling and linear degradation.78 

Furthermore, by controlling the hydrophobicity of the cationic polymer, the rate of 

hydrolysis, and hence biomolecule release, can be easily modified.83

Alternatively, hydrolysis can drive biomolecule release via crosslinkers. For a crosslinker 

comprised of a dextran backbone and azide and alkyne moieties, the azide and alkyne groups 

connect to the backbone via hydrolyzable carbonate esters. Hydrolysis of the crosslinkers 

triggers the degradation of the outer LbL coating and the release of biomolecules stored 

inside the microsphere.85 In this specific case, the shell of the microsphere containing the 

biomolecule of interest was created by LbL coating, rather than embedding the biomolecule 

directly in the layers of the LbL coating.

6.2 Temperature

Temperature changes can be used to control biomolecule loading and release (Fig. 5A). This 

allows the user to achieve “on-demand” drug delivery with external heating/cooling sources. 
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Two approaches that use temperature to stimulate or inhibit release are: (1) the incorporation 

of a thermoresponsive polymer and (2) heat-induced shrinking and expansion of LbL films. 

The thermoresponsive polymer PNIPAM is a particularly attractive biomaterial for this 

purpose because it has a lower critical solution temperature (LCST) of ~32 °C, which is 

close to physiological temperature. PNIPAM is hydrophilic below its LCST and 

hydrophobic above it.86 Block copolymer micelles assembled with tannic acid and poly(N-

vinylpyrrolidone)-b-PNIPAM, which encapsulated the drug doxorubicin, showed retention 

of doxorubicin in the block copolymer micelle core at 37 °C (above PNIPAM’s LCST) and 

rapid release at 20 °C (below PNIPAM’s LCST).87 Heat treatment has also been shown88 to 

control release through inhibition, rather than stimulation. An increase in external 

temperature above 35 °C, the glass transition temperature in this case, resulted in decreased 

permeability, wall thickening, and densification of polydiallyldimethylammonium 

chloride/PSS and poly(arginine)/DS capsules, leading to the entrapment of biomolecules.88 

Biomolecules of varying hydrodynamic radius (fluorescein isothiocyanate (FITC)-dextran 

and PAA) were both successfully entrapped through heat treatment.88

6.3 pH

pH has been shown to modulate the release of biomolecules from LbL films through two 

distinct mechanisms: (1) loss of electrostatic forces and (2) induction of porosity in 

multilayer films (Fig. 5B). The pH under which film assembly occurs affects the charge of 

polyelectrolytes upon deposition and highly influences layer interaction.86 However, once 

assembled, external pH changes in the microenvironment can cause weak polyelectrolytes to 

undergo charge reversal, especially in the range of a species’ pKa. Charge transition leads to 

a loss of electrostatic interaction between the layers, disassembling the film. Mesoporous 

silica nanoparticles were coated with FITC-chondroitin sulphate/sodium alginate followed 

by PEGylation.89 Doxorubicin was then absorbed into the nanoparticles as a model 

chemotherapeutic drug. The resulting nanoparticles demonstrated pH sensitive release of 

doxorubicin due to decreased electrostatic forces between adjacent polyelectrolytes. Such 

drug delivery systems are particularly lucrative for targeting the low pH of a tumor 

microenvironment.

Insulin-containing LbL films were shown to undergo a charge transition, either from positive 

to negative or negative to positive, depending on the associated polyelectrolyte, assembly 

method, and external pH.90 When insulin was paired with a polyanion (poly(vinylsulfate) or 

dextran sulfate (DS)) prepared at pH 4, it was released in solutions with pH 5.0–7.4 due to a 

positive-to-negative charge shift.90 Conversely, when insulin was paired with the polycation 

PAH with assembly at pH 7.4, it was released upon exposure to solutions of pH ≤ 5.91 This 

disassembly was attributed to a negative-to-positive insulin charge shift.91

The second mechanism through which changes in pH trigger biomolecule release is the 

induction of porosity in multilayer films. Exposure of films to acidic conditions for as few as 

30 s has been shown to create micropores and nanopores in the films,92 which may affect the 

permeability of biomolecules contained within these films. In addition to controlled release, 

microporous and nanoporous polymers can be useful for anti-reflection coatings. PAH/PAA 

films formed reversible, pH-responsive pores upon immersion in a solution of pH 1.8 for 30 
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s.93 The proposed mechanism for pore formation is the protonation of PAA’s carboxylic 

acid groups at low pH, which cleaves ionic bonds between PAH and PAA and reorganizes 

the film.94

6.4 Enzymatic degradation

Another method for releasing biomolecules from LbL platforms relies on enzymes to 

catalyze film degradation and subsequent biomolecule release (Fig. 5C). Enzymes can be an 

internal component of the LbL film or an external mechanism that triggers degradation upon 

exposure.

As enzymatic components of the LbL film, catalase and glucose oxidase were used to coat 

capsules loaded with insulin.95 The permeability of the enzymatic multilayer changed in 

response to glucose concentration and the degradation of glutaraldehyde (GA) crosslinks. 

The interaction between glucose and the GA crosslinker lowered the pH of the solution, 

catalyzing a reaction in the enzymatic LbL shell, which consisted of glucose oxidase and 

catalase. As a result, shell permeability increased and facilitated the release of insulin.95

Enzymes can be introduced into the LbL film to induce degradation. For example, FITC-

dextran was encapsulated in poly-L-arginine (pARG)/DS LbL-coated capsules.96 Exposure 

to enzymes (in vitro, pronase, a mixture of proteases; in vivo, proteases from VERO-1 cells) 

catalyzed the degradation of the outer LbL coating and facilitated FITC-dextran release.96

Enzymatic triggered release can be a useful method to achieve targeted drug delivery. 

Doxorubicin (DOX) and indocyanine green coated nanoparticles were coated with a layer of 

casein.97 In vivo studies demonstrated protection of the drug load through the low pH gastric 

environment, however enzymatic destruction of the casein layer in the small intestines 

resulted in the release of the payload.

Current work95 with LbL platforms catalyzed via enzymatic release often employs 

microspheres or other capsules to release the biomolecule of interest. This technique is well 

suited for translational applications in which the catalytic enzyme is location or target 

specific.

6.5 Light

Light can also induce the disassembly of multilayer films; visible, near-infrared, and 

ultraviolet (UV) light each trigger biomolecule release (Fig. 5D). Light is an attractive 

trigger for release due to its spatial and temporal precision and its ability to be applied 

remotely, rendering it noninvasive.98 Visible light was shown to produce reactive oxygen 

species in vivo that can cleave diselenide bonds in a diselenide-containing polycation 

layered with a PSS polyanion, resulting in controlled release of 8-hydroxy-1,3,6-

pyrenetrisulfonic acid, a fluorophore.98 The application of near-infrared radiation 

successfully resulted in the controlled release of doxycycline from an Ag-nanocage 

surrounded by mesoporous SiO2 and coated with PNIPAM,99 and UV light triggered the 

aggregation of poly(diallyldimethylammonium chloride) (PDADMAC)/poly(1-[4-(3-

carboxy-4-hydroxyphenylazo) benzenesulfonamido]-1,2-ethanediyl, sodium salt) (PAZO) 

polyelectrolytes for microcapsule breakage and the release of bovine serum albumin.100
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Aside from responding to different types of light, the aforementioned examples utilized light 

in mechanistically different ways for biomolecule release, justifying the choice of 

biomaterials used in LbL assembly for each application. The visible light example relied on 

photochemical cleavage of polymer bonds to liberate the fluorophore trapped between 

layers.98 In the near-infrared example,99 light was used to elicit a thermal response that 

subsequently triggered biomolecule release. Heat was released upon light absorption by 

metal and metal-oxide nanoparticles and dyes. In this near-infrared example, Ag-nanocages 

were used as “heaters” to control the release of doxycycline from the Ag-nanocage and 

PNIPAM-coated silica shells.99,101 Gold and silver nanoparticles absorb visible light,102 

while titanium-oxide nanoparticles absorb UV light.102 Fluorescent and porphyrinoid dyes, 

which absorb light in the visible spectrum, have also been used instead of high-energy metal 

nanoparticles because of their ability to produce a more controlled optical response.102 This 

strategy may be beneficial for controlled release, rather than a burst release, of the 

encapsulated material.102 In the PDADMAC/PAZO system, UV light-induced azo 

aggregation followed by capsule breakage was attributed to a photoisomerization 

reaction.100 The azobenzene derivative PAZO, which consists of two phenyl rings connected 

by an azo (N=N) bond, responds to UV light through cis–trans isomerization.100 In this case, 

the steric hindrance of azo aggregates inhibited full cis–trans isomerization, and capsule 

breakage was irreversible;100 however, other studies100–102 have shown that isomerization 

leads to membrane disruption and content release in a reversible fashion. In addition to 

photochemical cleavage, photothermal effects, and photoisomerization, other mechanisms of 

light-triggered release include photocrosslinking and decrosslinking, photo-induced 

oxidation, and photochemical hydrophobicity changes.101 Overall, the photo-responsiveness 

of an LbL apparatus is highly dependent on the type of light and the photo-sensitivity and 

reactivity of the materials used.

7. Controlling compartmentalization

Efficient compartmentalization is a useful mechanism to control biomolecule release, or 

even to incorporate triggers for the timed release of multiple biomolecules. For example, 

crosslinking various components of the LbL construct during coating, as done in methods 

based on pH and covalent chemical crosslinking, alters the release profile of biomolecules. 

Modifying polyelectrolyte layers and/or introducing additional coating layers allow for 

adjustments to the compartmentalization20 and release profiles104 for biomolecules of 

interest. In this section, we further explore the utility of structural and functional coating 

modifications in blocked (Section 7.1) and sequential (Section 7.2) release.

7.1 Blocking layers

Blocking layers within LbL films can be used to create compartmentalized films as a means 

to regulate interlayer diffusion and further tailor release profiles, especially in terms of the 

order of biomolecule release. The build-up of LbL-assembled films can either follow a linear 

or an exponential growth curve depending on properties such as the diffusivity of and 

electrostatic forces between polyelectrolytes. Polyelectrolytes exhibiting linear growth are 

often highly charged and non-diffusive, such as PAH, PAA, and PSS. On the other hand, 
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polyelectrolytes that exhibit exponential growth are weakly charged and highly diffusive, for 

example poly(L-lysine), sodium alginate, and poly(lactide-co-glycolides).92

Alternation of polyelectrolytes with linear and exponential growth profiles can yield 

stratified, multicompartmentalized films,105 allowing the release of multiple drug types in an 

ordered and temporally controlled manner. Less-diffusive polyelectrolytes form a “barrier” 

layer between highly diffusive polyelectrolytes, which form a “reservoir.”105 Blocking 

layers, which often consist of linearly grown and less-diffusible polyelectrolytes, are 

commonly comprised of materials such as PAH/PAA,20 clay,106,107 and graphene oxide.108 

A single covalently crosslinked PAH/PAA barrier layer was shown to delay release of 

linearly growing DS, resulting in sequential release of heparin and DS. However, the highly 

diffusible heparin was not inhibited by the PAH/PAA blocker, highlighting the limitations of 

sequential release order in such a system.20

One of the first blocking-layer studies employed the clay mineral montmorillonite as a 

barrier for Ca2+ ion diffusion.106 Clay, a charged, inorganic replacement for a 

polyelectrolyte, enhances the mechanical durability of the resulting films.106,107 Clay 

barriers remain a material of active interest; a recent study used a LAPONITE® clay barrier 

to achieve temporally controlled release of a recombinant human bone morphogenic protein 

(rhBMP-2) and gentamicin (GS) (GS release is depicted in Fig. 6).107 The clay barrier 

successfully delayed the release of the diffusive molecule gentamicin, while the release of 

non-diffusive rhBMP-2 was delayed through superior stacking of gentamicin alone.107

Graphene oxide has also been used as a barrier layer because of its low permeability and its 

ability to be charged via the introduction of carboxylic acid groups with strong acid and 

amine groups in a reaction with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.108 The 

number of graphene oxide layers was found to be proportional to the time delay of 

ovalbumin release.108

7.2 Sequential release

The degradation rates of many LbL platforms depend upon interlayer diffusion within the 

coating complex. Current work investigates the compartmentalization of the various layers 

of LbL coating to allow for multiagent, sequential release of biomolecules from a single 

platform. Loading multiple biomolecules onto a single platform in a controlled manner using 

LbL empowers many translational applications to release biomolecules along various time 

scales.

Sequential release of plasmid DNA for transfection relied on the modification of side-chain 

functionality of the PBAE, Polymer 2.109 This additional amine functionality facilitated 

stratification of the plasmid DNA as a function of loading order; it prevented interlayer 

rearrangement and the diffusion that is present with common PBAEs.109 The resulting 

release curve indicated that release was loading-dependent, since pDsRed-N1 plasmid DNA 

in the top layers was released before pEGFP-N1 plasmid DNA in the bottom layers and vice 
versa.109 The different release rates for the different plasmid DNA molecules demonstrated 

that, sequential diffusion was achieved without chemical or pH-dependent crosslinking, 

which could affect biomolecule functionality (Fig. 7).109
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Similarly, altering the charge density of polyelectrolytes already used in LbL coating alters 

the release profile and facilitates the compartmentalization of biomolecules of interest.104 

PAA has a higher charge density than chondroitin sulfate, thus yielding more ionic 

crosslinking. As a result, PAA and chondroitin sulfate can be coupled within the same LbL 

coating such that PAA is used to load biomolecules for more long-term release and 

chondroitin sulfate is used for biomolecules with shorter desired release profiles.104 BMP-2 

and vascular endothelial growth factor (VEGF) are two proteins that are important for bone 

regeneration and have been shown to exhibit synergy in bone healing response both in vitro 
and in vivo.110 These proteins were released from the same polyelectrolyte multilayer film, 

with BMP-2 released over 2 weeks and VEGF released over 8 days.104 In order to achieve 

the different release patterns, the polyanion with higher charge density, PAA, was used to 

load BMP-2, while VEGF was released via chondroitin sulfate.104

Multiagent release of heparin followed by dextran sulfate employed a single, covalently 

crosslinked barrier layer of PAA and PAH (Section 7.1). The release of two different 

polysaccharides from the same surface with Polymer 1 as the polycation demonstrated the 

top-down degradation pattern of LbL platforms.20 In this study, different rates of release for 

different barrier layer conditions also emphasized that barrier layers are subject to extensive 

manipulation.20 Ionic crosslinking was not as effective at compartmentalizing different 

biomolecules as covalent bond-based layers.20

In sum, investigations into sequential release are heavily coupled with current research on 

blocker layers. Physical barriers between compartments of different biomolecules empower 

sequential release, while other methods rely on modification of the polycation and polyanion 

components of the LbL coating itself. The mechanism underlying sequential release is 

heavily influenced by the biomolecule of interest and the conditions needed to preserve its 

functionality and structure. Release from a single platform over different time scales20,109 

promises greater translational application and better mimicry of physiological healing 

conditions, as shown for BMP-2 and VEGF release for bone regeneration.104

8. Current challenges and future directions

LbL is a highly versatile platform with applications ranging from microelectronics to 

implant coatings.4,5,111 Many applications require the deposition of at least 5–10 layers to 

alter surface properties (e.g. modification of light path112). As biomolecule release is often 

required to occur over days or weeks, a large reservoir of biomolecules must be deposited on 

the material surface. In order to prevent the rapid diffusion of biomolecules across the 

layered structure, many layers must encase the reservoir, resulting in long production time 

periods and high variability. For example, in order to deposit BMP-2 on the surface of 

polycaprolactone/tricalcium phosphate scaffolds, 400 layers of BMP-2 were deposited over 

two days.17

New polymers enable greater control over biomolecule binding and subsequent release. 

Protein binding and release were both affected by small-molecule end groups located on the 

termini of PBAE polymers.72 Polymer end groups could be selected to modify protein 

release over hours or weeks.72 Novel polymers allowed the deposition and controlled release 
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of growth factors using as few as 10 layers,72 and a similar strategy drove the deposition of 

anti-inflammatory molecules on the surface of titanium rods.21 It was shown that layering 

order and chemical make-up of the polycation lead to drastically different release 

characteristics, with release over one week after the deposition of as few as 15 layers.72 

Reductions in the layer number, however, must be accompanied by increased binding 

affinity for the biomolecule of interest in order to maintain a high reservoir concentration. It 

should also be noted that as the layer number decreases, the barrier for diffusion also 

decreases; therefore, controlled release and (especially) compartmentalization are difficult to 

achieve.

The main obstacle to achieving compartmentalization is the inability to control interlayer 

diffusion. A solid understanding of the fundamental mechanisms underlying layer formation 

will help guide material selection, yielding films with controlled and predictable release 

properties. As an example, during linear layer growth, absorbing species are deposited on 

the upper surface and remain kinetically locked, with little interlayer diffusion. Polymeric 

chains typically interpenetrate with adjacent layers and are found in the 3–4 layers above or 

below the point of absorption.6 However, during exponential growth, polymers readily 

diffuse throughout the bulk of the layered structure and only return to the surface during 

deposition of a complementary charged molecule.6 Given the highly diffusive nature of 

polyelectrolytes, compartmentalization is difficult to achieve. Interdiffusion occurs when 

polyanions of low charge density and high mobility are incorporated into the layered 

structure. As charge density increases, polyanions undergo less diffusion through the bulk 

structure.6 Similarly, charged molecules with low molecular weight diffuse more readily 

than similar molecules with higher molecular weight.6 Understanding how materials are 

deposited and diffuse in the layered structure will help model and predict release 

characteristics, thus facilitating the development of thin films with ordered release of 

multiple biomolecules.

Another obstacle to the clinical translation of LbL coatings is the ability to form coatings in 

a time- and cost-effective manner. Spin coating (Section 2.2) and spray coating (Section 2.3) 

lead to shorter production time periods, which also decrease production costs. Shorter 

production and layering time periods not only speed up the rate of layer formation, but also 

minimize the diffusion of biomolecules from the coating surface during deposition (5–10 

min per layer). It has been demonstrated that spray coating decreases the production time 

250-fold over traditional dip coating (Section 2.1);18 however, the mechanism of layer 

formation can differ greatly, especially when depositing weakly charged molecules. For 

example, vancomycin was previous deposited via dipping or spray coating. Since 

vancomycin is a weakly charged molecule, deposition through dip coating resulted in 

significant interdiffusion.28 However, one spray cycle occurs over a time scale that is shorter 

than that of interdiffusion, and thus the drug remains at the surface of the layered structure. 

This phenomenon yields thick, low-concentration films via dip coating and thin, high-

concentration films via spray coating; these films exhibit different release profiles.28 This 

example highlights the advantage of spray coating and the necessity to fully understand the 

kinetics of deposition in the production of controlled release devices. Another approach to 

improve upon time and cost effectiveness is the use of microfluidics to form microcapsules. 

A microfluidic chip was used to deposit six hydrogen-bonded layers of PEM on an oil core 
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in less than 3 minutes.113 Such chips are scalable, reduce material usage, open to automated 

production and can incorporate in-process screening for quality control (e.g. DLS for size 

analysis and UV absorbance for content verification).

Of particular future interest is the development of crystalline arrays of colloidal particles, 

which may be applied as templates for the construction of porous, 3D, layered structures. 

The high surface area of crystalline arrays may be useful to increase drug-loading 

concentration or even to spatially control drug presentation.8 Titanium-dioxide nanoarrays 

fabricated through a simple electrochemical process have been used to control drug release 

based on the nanotube diameter and length.114 A similar concept may be achieved using 

LbL on crystalline array templates, with the added advantage of accurately controlling 

mechanical stability, wall thickness, biomolecule affinity, and drug loading both within the 

walls and inside the porous array after template removal. LbL-coated transdermal 

microneedles are also seen as having strong translation potential.115 Coating can be 

performed through line-of-sight deposition, making spray coating a realistic strategy. 

Transdermal needles often require the rapid release of cargo, thus negating the need for 

barrier layers, crosslinking, or complex binding strategies to delay biomolecule diffusion.116 

Finally, stent coatings are normally applied using a spray-coating technique similar to that 

used for LbL deposition,117 and may therefore be easily transitioned to LbL deposition. A 

proof of concept study demonstrated that LbL coated siRNA on cardiovascular stents 

withstood ethylene oxide sterilization and could deliver siRNA nanoparticles to porcine 

arteries ex vivo.118 Simple adjustments to the current equipment would enable LbL coating 

with greater control over release kinetics, allow for changes in dosage, and include 

biomolecules that were previously difficult to deposit.

Despite extensive research on LbL technology for drug delivery over the past 20 years, 

clinical translation of the technology remains lacking. There are some promising indications, 

however, that clinical translation is on the horizon. Artificial Cell Technologies Inc. (ACT) is 

currently developing artificial LbL assembly vaccines through the incorporation of 

immunogenic epitopes into nanofilms assembled through electrostatic interaction. ACT is 

currently preparing an IND filing to conduct Phase I human trials of its RSV vaccine. 

LayerBio is also developing controlled release solutions for ophthalmology and wound care 

utilizing LbL technology developed at Massachusetts Institute of Technology.

In conclusion, as our understanding of LbL coating evolves in tandem with the development 

of faster, more economical, and reproducible coating techniques, we increase our ability to 

build films suitable for clinical translation. A bright future awaits LbL biomolecule delivery, 

with goals now set on reaching the end user.
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Fig. 1. 
Schematic for the process of LbL assembly. The sequential deposition of positively 

(polycation) and negatively (polyanion) charged layers is applied to the substrate surface 

until the desired number of layers is achieved. Figure adapted from ref. 16.
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Fig. 2. 
Scanning electron microscopy and fluorescence microscopy demonstrate surface changes of 

titanium rod surface before (A and C) or after LbL coating (B and D). Scanning electron 

microscopy showed LbL coating filled up the groves of the etched titanium surface. 

Fluorescent microscopy confirms the effective coating on the titanium surface with FITC-

labeled protein after LbL coating. Figure adapted from ref. 21.
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Fig. 3. 
Schematic illustrates the formation of LbL coatings using different methods. (A) 

Electrostatic interactions; (B) hydrogen bonding; or (C) biological interactions. Figures 

adapted from ref. 13 and 71.
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Fig. 4. 
(A) Schematic of LbL assembly; (B) chemical structures of the end group of the cationic 

polymer used in constructing the LbL coating; (C) a broad range of the release profile from 

LBL coating can be achieved by tuning the chemical structure of the cationic polymer used 

for LBL assembly. Figure adapted from ref. 72.

Keeney et al. Page 27

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Various methods to trigger LbL degradation. (A) Temperature; (B) pH; (C) enzymatic or (D) 

light. Figures adapted from ref. 87, 90, 95 and 103.
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Fig. 6. 
Delaying biomolecule release from LbL using clay barrier layers. (A) The layering structure 

is depicted highlighting the location of the clay barrier layer. (B) Release profile of 

gentamicin (GS) with and without the inclusion of the barrier layer. Figure adapted from ref. 

107.
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Fig. 7. 
Sequential release of plasmid DNA can be achieved by staggering the deposition of each 

plasmid DNA. A blocker layer (2/pLuc) can be used further delay the release of second 

DNA. Successful sequential DNA release was demonstrated by sequential transfection of 

cells with EGFP or DsRed encoding plasmid DNA. Figure adapted from ref. 109.
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