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The immobilization of proteins to impart specific functions to surfaces is topical for chemical engineering,
healthcare and diagnosis. Layer-by-Layer (LbL) self-assembly is one of themost usedmethod to immobilizemac-
romolecules on surfaces. It consists in the alternate adsorption of oppositely charged species, resulting in the for-
mation of a multilayer. This method in principle allows any charged object to be immobilized on any surface,
from aqueous solutions. However, when it comes to proteins, the promises of versatility, simplicity and univer-
sality that the LbL approach holds are unmet due to the heterogeneity of protein properties. In this review, the
literature is analyzed to make a generic approach emerge, with a view to facilitate the LbL assembly of proteins
with polyelectrolytes (PEs). In particular, this review aims at guiding the choice of the PE and the building con-
ditions that lead to the successful growth of protein-based multilayered self-assemblies.
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1. Introduction

Functional materials are the basis of a wide range of technologies.
Whether these materials are created for medical applications, sensing,
energy storage and generation or chemical transformation, they all
share the common feature that their performance is dictated by their
(A. vander Straeten).
ability to interact with the surrounding environment. The easiest way
to control materials functionalities is thus through engineering of their
surfaces. Therefore, surface modification and coating technologies
have become prevalent and a vast array of methods were developed
over the last century. Each surfacemodification technique offers advan-
tages and drawbacks. Yet the perfect coating should, on top of offering
the desired functionalities, be constructed easily and inmild conditions,
and be versatile towards the surface geometry and chemistry.
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In this view, self-assembled multilayered structures are popular
functional coatings [1]. These are obtained by the successive construc-
tion of layers of materials on top of each other, i.e. through Layer-by-
Layer (LbL) assembly. In the modern scientific community, the LbL no-
menclature exists since the late 1960's and usually stands for the alter-
nate adsorption of oppositely chargedmaterials. The driving force of the
multilayer growth is the surface charge overcompensation by the new
layer of material that is adsorbed. This results in a surface charge inver-
sion, which allows adsorbing a next layer of oppositely charged mate-
rial. Charged soluble polymers, i.e. polyelectrolytes (PEs), are the most
widely used materials. Their LbL assembly was first formalized and
demonstrated by Decher et al. in 1992 by alternately dipping a
supporting material into a solution of positively- and negatively-
charged PE (see Fig. 1) [2]. The assembly is achieved according to the
following sequence of steps: first, a supporting material is immersed
in a solution of a positively-charged PE, i.e. a polycation, which adsorbs
readily. Then, a washing step enables to remove loosely attached PE.
Then a negatively charged PE, i.e. a polyanion, is adsorbed on the now
positively-charged surface and subsequently washed as well (see Fig.
1). Note that the sequence can also start with the polyanion. By repeat-
ing this procedure, a PE multilayer (PEM), whose thickness can be pre-
cisely controlled by the number of adsorption cycles, is obtained [3].
This self-assembled layered structure can be obtained only by alternat-
ing the adsorption of PEs. The very same components adsorbed simulta-
neously would fail to self-assemble into a multilayer. A LbL assembly is
thus anout-of-equilibriumself-assembly and the ability to create amul-
tilayered architecture at interfaces has emerged from the pathway that
was used to introduce the different components in the system. In terms
of simplicity and versatility, the LbL assembly of PE holds the best prom-
ises for surface functionalization, especially compared to methods such
as covalent binding. However, in terms of functionality, it is usually re-
stricted to the chemical functions brought by the PEs and the multilay-
ered structure (the latter gives particular light-material interactions for
instance) that is obtained. Therefore, over the past thirty years, amyriad
of other charged materials such as nanoparticles, lipids, nanosheets,
DNA, proteins, etc. has been assembled using the LbL approach and
the method has taken many different forms [1].

Proteins were amongst the first building blocks to be LbL-assem-
bled. Only three years after the first paper published by Decher et al.
Fig. 1.Adapted fromDecher et al. [4]: Schematic of the LbL film deposition process. Steps 1
and 3 represent the adsorption of a polycation andpolyanion, respectively, and steps 2 and
4 are washing steps. Counterions are omitted for clarity. The polyion conformation and
layer interpenetration are an idealization of the surface charge reversal with each
adsorption step.
on the LbL assembly of PEs, seven different globular proteins were
immobilized by alternate adsorption with homo-PEs on surfaces
[5,6]. Proteins are polymers of different amino acid residues. These
residues can be either neutral, positive or negative depending on
the pH. Proteins are thus a class of PEs since they are charged and
usually soluble in water. For clarity, the word “protein” will be
used in this review to designate polymers of different amino acid
residues that folds into a 3D structure, therefore excluding homo-
PEs made with amino acids such as poly-L-lysine or polyarginine, or
small amorphous polypeptides. On the other hand, “PE” will refer
to any soluble charged macromolecule that is not a protein. Poly-L-ly-
sine and polyarginine will thus fall in the latter category.

With these first reports, the basic principles of the LbL assembly of
PEswere applied to protein LbL assembly, i.e. alternate adsorption of op-
positely charged building blocks and charge overcompensation. In order
to fully grasp how the LbL assembly of proteins with PEs has evolved
since its first use, and what are the challenges associated with this
method, an extensive literature review is presented here. Entrapment
of proteins in multilayered vesicles, diffusion of proteins in pre-formed
solely PE-basedmultilayers and post-functionalization of LbLswith pro-
teins were excluded. The LbL formation on nanostructured surfaces or
on nano-objectswere also excluded since these geometries highly influ-
ence the LbL construction. Then, all papers presenting sufficient data to
conclude that amultilayer is growingwere selected, i.e. papers inwhich
the alternate adsorption of a protein with a PE was reported without
further characterization of the obtained system were excluded. This fi-
nally represents 71 references that reported 119 different systems
immobilizing 41 globular proteins/peptides and 5 proteins from the ex-
tracellularmatrix. All these reported successful LbL assemblies are sum-
marized in Table 1, with the respective pH and salt conditions used.

From this literature review, it appears that, within the ten years that
followed the first protein immobilization by alternate adsorptionwith a
PE, the LbL assembly of 17 supplementary globular proteins assembled
with different PEs was reported. The vast majority of these proteins
were enzymes. The main goal of these papers was to understand how
proteins can be LbL-assembled with a PE and what is the effect of
their immobilization on both their conformation and bioactivity. With
that effort, systems that are useful for biosensing and heterogeneous
biocatalysis were developed. In 2001, type-I collagen, a fibrillar protein
from the extracellular matrix, was immobilized to promote interactions
with cells. In the next five years, the LbL assembly of proteins of the ex-
tracellular matrix was developed to create new biomaterials [7]. How-
ever, up to now, only a few more proteins of the extracellular matrix
were assembled with a PE, i.e. type-I and type-IV collagen, laminin, fi-
bronectin and type-A gelatin (see Table 1). Importantly, many of the pa-
pers reporting the LbL assembly of extracellular matrix proteins with
PEs lack a complete investigation of the multilayer growth, and the for-
mation of a multilayer is assumed based solely on the alternate adsorp-
tion of oppositely charged species (which is purely speculative). These
were not taken into account in this review. Interestingly, when analyz-
ing with Scopus the number of documents published with “Layer-by-
Layer AND (protein OR biomaterial)” in their title, abstract or keywords,
it appears that a constant number of new documents is published since
2010. On the contrary, the number of new documents published with
only “Layer-by-Layer” in their title, abstract or keywords has increased
each year since 2010. This suggests that the field of LbL assembly for
protein immobilization did not expand aswell as the LbL field in general
(see Fig. 2a). This observation is actually consistent with the decreasing
number of new proteins that were successfully immobilized using the
LbL approach between 1990 and 2017 (see Fig. 2b which is based on
Table 1). It is reasonable to assume that the quality of the reports did
not decrease with time. Therefore, the observed decreasing number of
new proteins successfully immobilized comes from the limits of the
conventional LbL method in immobilizing proteins rather than a de-
creasing number of papers presenting sufficient data to conclude that
a multilayer is growing.



Table 1
Summary of all proteins successfully assembled using the LbL approach. Systems are reported as protein/PE and conditions are reported as condition for protein assembly/condition for PE
assembly (if these conditions are different from each other). pH and salt used are separated by a coma. Only papers that demonstrate a LbL growth are reported. A list of abbreviations is
provided below the Table.

Protein System and conditions Ref Supporting
material

Type of PEM growth

Globular Acylase (Acy) Acy/PEI
pH 8, tricine buffer

[59] Planar n.d.

Alcaline phosphatase (AlP) AlP/tannic acid
pH 5, 0.05 M acetate

[60] Planar n.d.

Alpha-amylase α-A/PEI
pH 6.9, 0.02 M PBS buffer with 6.7 mM NaCl

[59] Planar n.d.

Anti-platelet GP IIb/IIIa Anti-platelet GP IIb/IIIa/chitosan
pH 8 buffer, n.d./ pH n.d., 0.2 wt% acetic acid

[61] Planar Linear

Bacteriorhodopsin (BRh) BRh/poly-L-lysine
pH 7.2, DI water

[62] Planar n.d.

Beta-glucosidase (B-GLS) B-GLS/PSS
pH 4.8, 0.1 M Acetate buffer/ pH 4.8, 0.5 M NaCl

[63] Spherical latex
particles

n.d.

BSA BSA/PDADMAC
pH 7, PBS/ pH n.d., 0.5 M NaCl
or
pH 5.6, DI water/ pH n.d., 0.5 M NaCl

[64] Planar n.d.

BSA/PLL
pH n.d., 0.5 M NaCl

[65] Spherical
polystyrene
particles

n.d.

Bone Morphogenetic
Protein-2 (BMP-2)

BMP-2/PAA
pH 4–5, 0.1 M sodium acetate

[66–68] Scaffold Linear

BMP-2/PAE
pH 5.1, 0.1 M acetate buffer/ pH 5.1, 0.025 M acetate buffer

[69]

BMP-2/chondroitin sulfate
pH 5.1, 0.1 M acetate buffer/ DI water

[69]

Catalase (CAT) CAT/PSS
pH 5, 1 M potassium acetate

[51] Planar Linear

CAT/star-PDMAEMA
pH 7, n.d./ pH 6, 0.1 M NaCl

[50,70] Planar Linear, hybrid with GOx

Cholesterol oxidase (COX) COX/PEI
pH 6.3, 0.1 M phosphate buffer/ pH 6.3, 2 M KCl

[71] Planar Sigmoidal, saturation after 10
bilayers

COX/PDADMAC
pH 6.3, 0.1 M phosphate buffer/ n.d.

[72] Planar n.d.

COX/PAH
pH 7.5, 0.01 M Tris HCl buffer

[73] Planar Linear

Choline oxidase (ChO) ChO/ PDADMAC
pH 8, 0.1 M PBS/ n.d.

[74] On carbon
nanotubes

n.d.

ChO/PDADMAC
ChO/PEI
pH 8, 0.1 M phosphate buffer/ pH 7.4, Dulbecco's buffer

[75] On electrode Indirect evidence

Cytochrome C (Cyt C) Cyt C/PSS
pH 4.5, 4.8, pH adjusted with HCl

[5] Planar n.d.

Cytochrome P450 (Cyt
P450)

Cyt P450/PEI
pH n.d., 0.1 M PBS (4 °C)/ n.d.

[76] Planar Linear

κ-casein (Ca) κCa/PAA
pH 3, n.d.

[33] Planar Exponential then linear

κCa/PSS
pH 3, n.d.

Planar Linear

Basic fibroblast growth
factor (bFGF)

bFGF/alginate
pH 5, sodium acetate buffer

[77] Planar Exponential

bFGF/chondroitin sulfate
pH 7.4, PBS/ pH 5.6, 0.1 M NaCl

[78] Planar Linear

Glucoamylase (GA) GA/PEI
pH 5, DI water

[37] Planar n.d.

GA/PEI
pH 6.5, n.d.

[5] Planar n.d.

GA/PDADMAC
pH 6.8, n.d.

Planar n.d.

Glucose dehydrogenase
(GDH)

GDH/PSS
GDH/PASA
n.d.

[79] Planar Linear

Glucose oxidase (GOX) GOX/PAH
pH 6.8, 0.05 M HEPES buffer/ pH 4.8, 0.5 M NaCl

[80] Spherical
particles

n.d.

GOX/Star PDMAEMA
pH 6, n.d./ pH 6, 0.1 M NaCl

[81] Planar n.d.

GOX/PEI
pH 5, DI water

[37] Planar n.d.

GOX/PEI
pH 6.5, n.d.

[5,38] Planar Linear

(continued on next page)
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Table 1 (continued)

Protein System and conditions Ref Supporting
material

Type of PEM growth

GOX/PDADMAC
pH 6.8, n.d.

Planar n.d.
GOX/star-PDMAEMA
pH 6, n.d./ pH 6, 0.1 M NaCl

[50,70] Planar Linear, hybrid with CAT

Glucose 6-phosphate
dehydrogenase (G6PDH2)

G6PDH2/PEI-Fc
pH 7.5, 0.1 M Tris-HCl buffer containing 3.3 mM MgCl2/ DI water

[82] Planar Indirect evidence

Glutathione reductase (GR) GR/PEI-Fc
pH 7.5, 0.1 M Tris-HCl buffer containing 3.3 mM MgCl2/ DI water

[82] Planar Indirect evidence

Hemoglobin (Hb) Hb/PSS
pH 4.5, pH adjusted with HCl

[5] Planar Linear

Hb/PEI
pH 9.2, n.d.

Planar Linear

Hb/ dextran sulfate
DI water

[13] Planar Slightly exponential - drying
between steps with N2

Histone f3 (Hf3) Hf3/PSS
pH 7, n.d.

[5] Planar n.d.

Horseradish peroxidase
(HRP)

HRP/PSS
pH 6.8, 0.05 M HEPES buffer/ pH 4.8, 0.5 M NaCl

[83] Spherical
particles

n.d.

HRP/QPVP
pH 7.5,0.1 M PBS/ n.d.

[84] Planar n.d.

HRP/PSS
pH 5.5, acetate buffer/ pH n.d., 0.5 M NaCl

[85] Planar Linear QCM-D

HRP/ redox active PE
n.d.

[86] On electrode Indirect evidence

IgG IgG/PSS
pH 7.5, I = 0.1 M (0.05 M HEPES + NaCl) or pH 6, I = 0.1 M (0.05 M
MES + NaCl)/ pH 6, 0.01 M MnCl2

[25] Planar Linear

IgG/dextran sulfate
pH 4, 0.05 M citrate

[20] Planar n.d.

IgG/PSS
pH 6, 0.05 M MES/ pH n.d., 0.5 M NaCl

[64] Planar n.d.

IgG/PMAA
pH 4.5, pH 5, pH 5.5, pH 6,0.01 M phosphate buffer

[17] Planar n.d.

IgG/PAA
pH 4, pH 4.5, 0.01 M phosphate buffer

Planar n.d.

Immunoglobuline n.d. Anti-HRP/dextran sulfate
pH 4, 0.03 M citrate

[87] Planar Linear

Keratin (K) K/PDADMAC
K/PAA
DI water

[26,88] Planar n.d.

Lactate oxidase (LAX) LAX/PVP-Os-AA
pH n.d., PBS/ n.d.

[89] Planar Linear

Laccase (Lac) Lac/PAH-Os
pH 4.7, 0.1 M acetate buffer/ pH 8, n.d.

[90] Planar Only two layers

Lac/PDADMAC
pH 4.5, 0.05 M sodium acetate

[91] Planar Linear

Lignin peroxidase (LiP) LiP/PDADMAC
LiP/PEI
LiP/PAH
pH 6, 0.024 or 0.040 M acetate buffer

[92] Planar Slightly linear, strong desorption
observed

Lysozyme (Lyz) Lyz/PSS
pH 3 (citrate buffer), pH 5 (acetate buffer), pH 7.5 (HEPES buffer),
pH 9.6 (carbonate buffer), I = 0, 0.01, 0.2 or 0.8 M

[10] Planar Linear

Lyz/PSS
pH 4, pH adjusted with HCl

[5] Planar Linear

Lyz/PSS
pH 6, n.d.

[93] Planar Linear

Lyz/PMAA
pH 5, pH 5.5, pH 6, pH 6.5, from 0 to 4 M NaCl

[6,17] Planar Linear up to 10 layers

Lyz/PAA
pH 4, pH 4.5, pH 5, pH 5.5 pH 6, from 0 to 2.4 M NaCl

Manganese peroxidase
(MnP)

MnP/PDADMAC
MnP/PEI
MnP/PAH
pH 6, 0.024 or 0.040 M acetate buffer

[92] Planar Slightly linear, huge desorption
observed

Myoglobin (Mb) Mb/PSS
pH 4, 0.001 M NaCl

[6] Planar Linear growth

Mb/ dextran sulfate
DI water

[13] Planar Slightly exponential - drying
between steps with N2

Organophosphorous
hydrolase (OPH)

OPH/PTAA
pH 7.3 (0.1 M KH2PO4 and 0.1 M NaOH)/ pH 8.8 (0.1 M Tris and 0.1
M HCl)

[94,95] Planar n.d.

Ovalbumin (Ova) OVA/PLL
OVA/PAE
pH 6, 0.1 M acetate buffer

[96] Planar Linear
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Table 1 (continued)

Protein System and conditions Ref Supporting
material

Type of PEM growth

Polyphenol oxidase (PPO) PPO/PAH
pH 6.6, 0.01 M Tris buffer

[97] Planar Linear

PPO/Chitosan
pH n.d., PBS

[98] Planar Exponential

PPO/PDADMAC
pH 7, PBS buffer

[99] n.d. n.d.

Ribonuclease A (bovine
pancreas) (RNase)

RNase/PMAA
pH 4.5, pH 5, pH 5.5, pH 6, 0.01 M phosphate buffer

[17] Planar n.d.

RNase/PAA
pH 4, pH 4.5, pH 5, 0.01 M phosphate buffer

Planar n.d.

Trypsin (Trp) Trp/PSS
pH 7.4, 0.05 M Tris or 0.02 M CaCl2

[100] Planar n.d.

Trp/alginate
pH 7.4, 0.05 M Tris or 0.02 M CaCl2

Planar n.d.

Uricase (UOx) UOx/PAH
pH n.d., 0.1 M borate buffer/ pH n.d., Dulbecco's phosphate-buffered

[101] Planar Linear

Urease (U) U/PDADMAC
pH 7.2, 0.02 M Tris-HCl buffer

[91] Planar Linear

Vascular Endothelial
Growth Factor (VEGF)

VEGF/PAA
pH 5,0.1 M sodium

[66] Scaffold Linear

VEGF/heparin
pH 7.4, PBS/ pH 4.2, DI

[102] Planar Indirect evidence of growth

Peptide Insulin Insulin/Star PDMAEMA
pH 6, n.d./ pH 6, 0.1 M NaCl

[81] n.d. n.d.

Insulin/Star PDMAEMA
pH 7, n.d./ pH 6, 0.1 M NaCl

[50,70] Planar Linear, hybrid with
GOX/star-PDMAEMA,
Cat/star-PDMAEMA

Fibrous Collagen type-1 (Col1) Col1/PSS
pH 4.2, pH adjusted with HCl/ pH 4, pH adjusted with HCl
pH 4.7, 0.1 M acetate buffer

[103,104] Planar Sigmoidal, saturation at 10 bilayers
Planar Linear

d-Col1/PSS
pH 4.7, 0.1 M acetate buffer

Planar Sawtooth, thinner layers with
d-Col1 compared to Col1

Col1/HA
pH 4, acetic acid/ pH 4, DI water adjusted with HCl

[8] Planar Linear up to 5 bilayers

Col1/HA
pH 4, 0.012 M HCl + 0.1 M acetate buffer/ pH 4, 0.082 M acetic acid

[105] Planar Linear up to 9 bilayers

Col1/HA
pH 4.7, n.d. acetate buffer

[106] Planar Exponential

Col1/He (heparin)
pH 4, 0.2 M acetic acid buffer/ pH 7, DI water

[107] Planar n.d.

Col1/chondroitin sulfate
pH 3, 0.2 M NaCl/ pH n.d., 0.5 M NaCl

[108] n.d. n.d.

Col1/chondroitin sulfate
pH 3, 0.15 M NaCl, 1 mM HCl/ pH 6, 0.15 M NaCl

[31] Planar Saturate after 6 bilayers

Col1/heparin
pH 3, 0.15 M NaCl, 1 mM HCl/ pH 6, 0.15 M NaCl

Planar Linear

Col1/heparin
pH 4, acetic buffer solution, 0.14 M NaCl

[109] Planar Exponential - drying between steps
with N2

Col1/heparin
pH n.d. 0.2 M acetic acid/ pH 7, DI water

[110] Planar Linear

Col1/PDADMAC
pH n.d., 0.1 M acetic acid/ pH 10, DI water

[111] Planar Linear

Collagen type-4 (Col4) Col4/PAA
pH 4, adjusted with HCl

[39] Nano-particles Linear up to 10 bilayers

Fibronectin (Fn) Fn/Poly-D-lysine
pH 7.4, 0.1 M PBS

[36] Planar Linear up to 8 bilayers

Gelatin type-A (Ge) Ge/PEI
n.d./ pH 7.4, n.d.

[112] Planar Linear up to 8 bilayers

Ge/chitosan
n.d./ pH 4, 0.1 M acetic acid and 0.14 M NaCl

Planar Linear up to 8 bilayers

Laminin-1 (Lm1) Lm1/chitosan
pH 7.4, PBS/ pH 4, 0.1 M acetic acid and 0.14 M NaCl

[112] Planar Linear up to 8 bilayers

Lm1/Poly-D-lysine
pH 7.4, 0.1 M PBS

[36] Planar Linear up to 8 bilayers

List of abbreviations used in the table: DI: deionized. n.d.: not defined. PAA: poly(acrylic acid). PAE: poly(β-amino ester). PAH: poly(allylamine hydrochloride). PASA: poly(anilinesulfonic
acid). PDADMAC: poly(diallyldimethylammonium chloride). PDMAEMA: poly(dimethylaminoethyl methacrylate). PEI: poly(ethylenimine). PEI-Fc: poly(ethylenimine)-ferrocene car-
boxylic acid. PLL: poly(L-lysine). PMAA: poly(methacrylic acid). PSS: poly(styrene sulfonate). PTAA: poly(thiophene-3-acetic acid). PVP: polyvinylpyrrolidone. PVP-Os-AA:
polyvinylpyridine-Os(bisbipyridine)-co-allylamine. QPVP: quaternized poly(4-vinylpyridine).
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Fig. 2. (a) Evolution of the number of documents found in Scopus with the following word(s) in their title, abstract or keywords: Layer-by-Layer, Layer-by-Layer AND biomaterial, Layer-
by-Layer AND protein. (b) Cumulative number of new proteins that have been reported to be LbL-assembled with a PE. Results presented together with a zoom corresponding to the
yellow square of the left panel.
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2. Strategies for the successful LbL assembly of protein with
polyelectrolyte

The gap between the potential and the current state of the art of LbL
assembly of proteins with PEs is clear and until now, there is no evident
general way to immobilize any given protein by the LbL method. The
difficulty is that the failure to grow a multilayer by alternating the ad-
sorption of a protein with a PE is hardly reported, and usually only suc-
cessful assemblies are presented. However, a few papers clearly show
that the protein polyampholyte nature and complex 3D structure result
in a lack of charge overcompensation upon multilayer growth. A telling
example was presented by Zhang et al. for the LbL assembly of
hyaluronic acid with type-I collagen. The surface charge was measured
at each step of themultilayer construction and results are reproduced in
Fig. 3a. It shows that, as the multilayer grows, the charge overcompen-
sation, i.e. the number of unpaired charges, decreases [8]. To further
highlight the role of protein heterogeneity on the growth of LbL assem-
blies, Mauquoy et al. assembled two proteins, namely type-I collagen
and fibronectin. Three different buffers were tested as well as the influ-
ence of collagendenaturation andof a poly(ethylenimine) (PEI) anchor-
ing layer. The total multilayer hydrated mass (expressed as a frequency
shift)wasmeasured as a function of the number of adsorption steps and
results are reproduced in Fig. 3b. It appears that all studied conditions
led to unsuccessful LbL assembly [9].

In order to illustrate the wide variety of protein structures, some of
the proteins that are most used in LbL assemblies are shown at scale
in Fig. 4. The charge distribution is critical for their LbL assembly. The
protein surfaces were thus colored red for negative residues and blue
for positive residues at physiological pH (the electrostatic surface po-
tential of these proteins was calculated using the Chimera software
and PDB structure). It appears that, for this rather small sample of pro-
teins, a wide variety of size, shape and charge distribution is obtained.
In all cases, the polyampholyte nature of proteins appears, with both
positive and negative charges being present at their surface. To illustrate
the charge distribution of type-I collagen while keeping the same scale
as for other proteins, a collagen-like peptide is shown. Nevertheless,
the low-resolution envelope structure of type-I collagen is presented
in the bottom panel with all other proteins at the relevant lower resolu-
tion scale. The difference of size is striking, once more illustrating how
diverse the protein structure can be. For the sake of comparison, a poly-
styrene sulfonate (PSS) chain is shown at scale for a polymerization de-
gree of 340. The size of the random coil, i.e. the radius of gyration of PSS,
was computed for the ionic strength (I) of the human body fluid using
the same method as we presented elsewhere [10]. This also stresses
the higher entropy and adaptability of the PE conformation compared
to proteins. Another argument for the higher heterogeneity of proteins
compared to PEs is that the former is made of the combination of 20 dif-
ferent a.a. amongst which only five are charged, while PEs are made
from the repetition of only one (sometimes two) repeating unit bearing
either a positive or a negative charge.

Due to this heterogeneity (charge nature, charge distribution, size,
shape, chemical functions), proteins are extremely difficult to assemble
LbLwith a PE. In a view to facilitate the use of the LbLmethod for protein
immobilization, a generic approach is presented in Fig. 5. Thefirst step is
to define the specifications of the application that is targeted. These
specifications can be divided into two categories: the nature of the
materials that are used and the functionalities that are desired. For
the former, features of the PE and the protein (biodegradability, bio-
compatibility etc.) should be identified. For the latter, either multi-
layers that are stable (applications in biosensing or heterogeneous
biocatalysis) or that release their content in a controlled manner (ap-
plications in drug delivery) are needed. These characteristics depend
on the choice of the PE, but also on the building conditions (pH, salt
concentration etc.). Once the specifications of the system are identi-
fied, the choice of the PE and the building conditions can be moti-
vated via three distinct approaches that are represented in Fig. 5.
These are based on the extensive literature review that was carried
out (presented in Table 1).
1. Since protein structure (muchmore orderedwhen compared to PEs)

and heterogeneity are thought to be the major limiting factors for
their assembly, the first approach is to find a protein structural ana-
log that was already successfully immobilized, and to use the same
adsorption conditions and PE. In this view, the synthetic table of as-
sembly conditions and protein/PE nature presented in Table 1 can
be used. The reader willing to immobilize a new protein by the LbL
method is thus invited to find structural analogs of that protein in
this Table.

2. If no structural analog exists or if the analogous system does not
self-assemble in a multilayer using the reported conditions, the
prediction of the conditions that are necessary to grow a film
based on the mechanisms of protein-PE LbL assembly may prove
useful. All reported molecular driving forces of the LbL assembly
have been reviewed extensively by Borges et al. [11] However,
proteins were evidenced to exhibit a particular behavior when as-
sembled with PEs using the LbL approach. This will be discussed
hereafter.



Fig. 3. (a) Evolution of the ζ potential for three independent PEI/(HA/COL)n multilayer films during their construction. Reproduced from Zhang et al. with permission of Elsevier [8]. –
(b) LbL assembly in phosphate buffer saline (PBS) of native type-I collagen (n-Col) with fibronectin (Fn) on a PEI anchoring layer (blue), denatured type-I collagen (d-Col) with Fn
(green) or n-Col with Fn (purple). Reproduced from Mauquoy et al. with permission of Elsevier [9].

Fig. 4.Green box:molecular structure of type-I collagen (PDB: 3HQV), collagen-like peptide (PDB: 1CGD), IgG2A (PDB: 1IGT), BSA (PDB: 4F5S), GOx (PDB: 1GAL), BMP-2 (PDB: 3BMP), Lyz
(PDB: 1HEL) and LL37 (PDB: 2K6O). The electrostatic surface potential is calculated using the Chimera software. The protein surface is colored red for negative potential and blue for
positive potential. These molecular structures were produced using the UCSF Chimera package. – Orange box: type-I collagen is represented at scale with a PE (polymerization degree
(N) of 340 – hypothetical fully extended chain conformation).

7A. vander Straeten et al. / Advances in Colloid and Interface Science 280 (2020) 102161
3. LbL assembly of protein crystals and of protein-PE complexes were
both reported to allow the successful immobilization of proteins.
These approaches permit to circumvent issues relative to the LbL as-
sembly of proteins with PE and should be investigated as an alterna-
tive. Importantly, these LbL assemblies usually possess new features
compared to classical LbL assemblies, whichmight be useful depend-
ing on the application. For clarity, such assemblies using protein-
based particles will be referred to as unconventional LbL assemblies.
They will be presented in the last section of this review.

3. Intrinsic and extrinsic parameters: Impact on the growth of pro-
tein-based multilayer films

In the following, the effect of two types of parameters on the pro-
tein-PE LbL assembly will be reviewed. The first type relates to extrinsic
parameters, i.e. that are not specific to the desired multilayer (pH, na-
ture and concentration of salts, temperature, concentration of protein
and PE). The second type relates to intrinsic parameters, i.e. that defines
the multilayer (nature and characteristics of PE, nature of the protein,
effect of solid supportingmaterial). The studies reviewed in this section
were mainly conducted on planar surfaces (with a few exceptions re-
garding the ζ-potential measurement of LbL-coated particles), for two
main reasons. First, to avoid the effect of surface geometry. Second, to
allow the use of analytical methods such as quartz crystal microbalance
with dissipation monitoring (QCM-D), atomic force microscopy (AFM),
streaming potential measurements and X-ray photoelectron spectros-
copy (XPS).

3.1. Extrinsic parameters

3.1.1. pH of the solution
pH was found to be a critical parameter in the very first paper

reporting the LbL assembly of proteins with PE. It was shown that the
pH of the protein solution has to be set apart from the isoelectric point
(IEP) so that proteins are sufficiently charged in order to favorably inter-
act with PE [5]. If the pH of the solution is adjusted lower than protein
IEP, the proteinwill take a net positive charge. In this condition, the pro-
tein has to be LbL-assembled with a negative PE (see Fig. 6). If the pH of
the solution is set above protein IEP, the opposite stands and the protein
has to be LbL-assembled with a positive PE. This basic rule is repre-
sented in Fig. 6 for bovine serum albumin (BSA) that has a theoretical
IEP of 5.78 and an experimental IEP of 4.7 [12]. The BSA chargewas com-
puted as a function of pH using its 3D structure (PDB structure of BSA:
4F5S) and the PDB2PQR server. It shows that the protein absolute
charge increases when the pH of the protein solution deviates from
the IEP (see Fig. 6). This is also represented by molecular graphics of



Fig. 5. Strategies to choose the right conditions and the right protein-PE couple for the LbL assembly of proteins. GOx and cyclooxygenase illustrations by David S. Goodsell and RCSB PDB.

Fig. 6.BSA charge as a function of pHas computed from the PDB2PQRonline tool andusing
the 4F5S PDB structure. The electrostatic surface potential of BSA is also calculated using
the Chimera software. BSA is colored red for negative potential and blue for positive
potential. The result is that, to perform LbL assembly, a counter polyanion has to be used
below BSA IEP, and a counter polycation has to be used above BSA IEP. Note that BSA
structure changes with pH and thus the molecular models presented here only
illustrates the BSA surface charge variation with pH [14].
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BSA at different pH values in Fig. 6. The electrostatic surface potential of
BSAwas calculated using the Chimera software and colored red for neg-
ative potential, i.e.negative charge on the BSA backbone, or blue for pos-
itive potential, i.e. positive charge on the BSA backbone. BSA appears
mainly positively charged in acidic pH and mainly negatively charged
in alkaline pH. Importantly, around BSA IEP, the net charge is small
while both positive and negative charges are present. Since the assem-
bly relies on electrostatic interactions with a homogeneously charged
PE, it is expected that working at a pH near the IEP of the protein
would be detrimental for the LbL growth. The pH that is used for the
LbL construction has thus to be chosen a few units above or below IEP.
In order to support this affirmation, the difference between the protein
IEP and the working pH value used for assembly, |pH− IEP|, was com-
puted for different protein-based LbL films. Not all systems summarized
in Table 1 provided sufficient data and only 72 systems were used. The
results of this literature analysis are presented in Fig. 7. It appears that
the vast majority (around 90%) of pH conditions that are used for the
LbL construction with proteins are at least one pH unit above or below
the protein IEP. This confirms that pHhas to befixed away from thepro-
tein IEP, and suggests that this condition should be maintained when
designing a new system. This condition is represented as the broken
black line in Fig. 7. Importantly, the protein was systematically alter-
nately adsorbed with an oppositely charged PE. Only one paper re-
ported the LbL assembly of a protein with a net charge of the same
sign as the charges of the PE [13].
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With respect to the protein charge variation with pH (as illustrated
in Fig. 6), it has been reported that the higher the absolute net charge,
the better the LbL assembly. Indeed, it was shown that more favorable
electrostatic interactions improve LbL assembly [10,15]. In a similar
way, it was shown that |pH − IEP| correlates with the protein amount
that is adsorbed on an oppositely charged multilayer [16]. vander
Straeten et al. demonstrated that the amount of lysozyme (Lyz)
immobilized with a strong PE is proportional to Lyz charge [10]. The
use of a strong polyacid discarded any PE conformation change with
pH, which confirms the crucial role of the protein charge in LbL assem-
bly. If a weak polyacid is chosen, the balance between protein and PE
ionization governs LbL assembly. For example, it was shown that for
Lyz assembled with poly(methacrylic acid) (PMAA), a weak polyacid,
the immobilized amount highly depends on PMAA ionization degree
[17]. Amongst others, it was shown that when PMAA has a high ioniza-
tion degree, i.e. bears more negative charges, soluble Lyz/PMAA com-
plexes form, thereby removing Lyz from the multilayer. This resulted
in the failure to grow a LbL film.

The complexation in solutionbetween proteins and PE that bears the
same net charge has already been observed and attributed to the pres-
ence of positively-charged patches on the protein [18]. Interestingly,
the LbL assembly of negatively-charged heme proteins with nega-
tively-charged dextran sulfate was reported [13]. However, it might be
that the N2 drying step between each deposition step ensured LbL
growth. Indeed, it appears in Table 1 that an exponential LbL growth
(i.e. themass increment increases at each step of themultilayer growth)
is observed inmost of the studies in which N2 is used to dry the film be-
tween deposition steps. In contrast, when no drying step is used, the
growth is usually linear (see Table 1). The complete change in the struc-
ture of the multilayer upon N2 drying is supported by papers showing
that when a PE layer is dried, further adsorption by a new immersion
in the same solution is made possible (the same PE is thus adsorbed)
Fig. 7. ∣pH-IEP∣ was calculated for 25 different proteins successfully assembled in 72 differe
provided) – the pH value is the one selected for the protein adsorption step. Each colour rep
IEP reported in the paper was used. If no IEP was reported, the theoretical IEP of the given pr
oppositely charged to the PE.
[19]. This latter case has been attributed to a rearrangement of the last
adsorbed layer. It is thus clear that different LbL films are obtained
when a drying step is applied between deposition steps. Thismight rep-
resent a valuable alternative if no LbL growth is achieved.

The pH value of LbL assembly has to be carefully selected so that pro-
tein denaturation does not occur. For example, hemoglobin assembled
with PSS at pH 4.5 gets denatured while hemoglobin assembled at pH
9.2 with PEI retains its native structure [5]. Protein aggregation may
also occur at given pH values as shown for the assembly of collagen
with hyaluronic acid. In that case, the assembly has to be carried out
at pH 4 to avoid fibril formation [8]. The pH of the multilayer construc-
tion should be selectedwith respect to the targeted application. Indeed,
any change in condition may disrupt the formed film, especially when
the PE or protein charge is decreased. In order to stabilize LbL films
upon pH change, many papers reported on crosslinking strategies.
Brynda et al. found that IgG could be assembled with dextran sulfate
at pH 4 but an ELISA assay carried out at pH7.4 disrupted themultilayer.
The LbL film was thus crosslinked with glutaraldehyde after multilayer
construction [20]. It is worth mentioning that while cross-linking im-
proves multilayer stability, it may be detrimental to the protein func-
tionality since it reacts with chemical functions present on its surface.
Another potential cause for the loss of protein functionality/activity is
the choice of the pH of LbL build-up. If |pH− IEP| ismaximized to immo-
bilize a large protein amount, it could lead to the construction of a mul-
tilayer which is too unstable to be used, except for drug delivery
systems requiring a burst release. Indeed, the vast majority of proteins
have an IEP which is close to the physiological pH (around pH 7, see
Fig. 8). This suggests that lower or higher pH values should be chosen
for LbL construction tomaximize |pH− IEP|. However, the pH of thema-
jority of applications is also found between pH 5 and pH 8. This is repre-
sented in Fig. 8 where the pH of different body parts is shown (data are
taken from Lu et al. [21]), together with the IEP of proteins. This means
nt pH an I conditions using the LbL approach (using Table 1 when sufficient data were
resents a LbL-assembled protein (see Table 1 for the protein abbreviations). The protein
otein was computed using PDB2PQR. In all cases reported in this Figure, the protein was



10 A. vander Straeten et al. / Advances in Colloid and Interface Science 280 (2020) 102161
that, after multilayer formation at a pH value far from the IEP, when the
multilayer is placed in the conditions required for the application, the
net charge of the protein decreases. The consequence is that the multi-
layer is likely to be disrupted. As an alternative, it could be interesting to
construct the multilayer at the pH of the application. A lower protein
amount would be immobilized, but a higher stability could be reached
since the pH then does not change upon exposure to the medium.
This comment is also valid for salt concentration, a parameter that will
be discussed hereunder. With this in mind, alternative LbL assemblies
such as those using protein-polyelectrolyte complexes as building
blocks can be potentially useful since theywere demonstrated indepen-
dent of the protein charge, i.e. independent of the protein IEP [10]. These
will be discussed in the last section of this review.

3.1.2. Presence of salts in solution
The presence of salts in solution has a tremendous influence on the

multilayer growth. Similarly to pH, its effect on LbL construction of pro-
teins with PE has been investigated since the first papers published on
the subject. Ions dissolved in solution with proteins and PE have an in-
fluence on two length scales: on short distances through ion pairing,
and on longer distances through Debye screening.

On short distances, it has been evidenced that ions are condensed on
the charged functions of proteins and PE. These condensed counter-ions
are released when the protein and the PE complex each other. Their
Fig. 8. IEP of proteins that were successfully LbL assembled represented as the dotted red line
release produces an entropy gain, which favors the cooperative forma-
tion of ionic pairs between the protein and the PE. Curiously, this driving
force is usually not discussed in the case of LbL assemblieswith proteins.
It is however considered as one of the major associative force driving
the complexation of oppositely charged species [22]. It is also invoked
in more details for soluble or suspended protein-polyelectrolyte com-
plexes (PPCs) (i.e. not at interfaces).

On longer distances, the electrostatic screening of charges plays an
important role in the LbL construction. [22–24] This screening can be
evaluated by computing the Debye length (κ−1), which represents the
distance over which electrostatic interactions are significant. κ−1 was
computed as a function of salt concentration, which was expressed as
the square root of the I (see Fig. 9, details on computation can be
found in reference [10]). It appears that κ−1 is inversely proportional
to the √I. The Bjerrum length (lb), which represents the distance at
which electrostatic interaction between two charges is equal in magni-
tude to the thermal energy, is also represented as the dashed line on Fig.
9. When κ−1 reaches values below lb, the electrostatic contribution to
the LbL growth is thus considered negligible. For biological applications,
it is worthmentioning that the ionic strength in physiological condition
is of 155 mM, which gives a κ−1 of 0.77 nm. In the latter case and con-
sidering electrostatic interactions, it is thus highly probable that a mul-
tilayerwould disassembles except if other attractive forces take the lead
or if the multilayer has been crosslinked.
(data from Table 1). pH range of some body parts (pH data are taken from Lu et al. [21]).
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Salt concentration also influences PE conformation, which is a key
parameter in LbL construction. As represented in Fig. 9, when salt con-
centration increases, i.e. κ−1 decreases, the electrostatic repulsion be-
tween charged repeating units decreases and the PE becomes more
flexible and adopts amore coiled structure in solution. The consequence
is that polymer loops are formed upon adsorption on the surface for in-
termediate salt concentrations. In this way, Caruso et al. studied the ef-
fect of various MnCl2 amounts on the LbL deposition of poly(styrene
sulfonate) (PSS) with anti-IgG on a poly(allylamine hydrochloride)-
PSS ([PAH-PSS]2) precursor film [25]. They determined that increasing
amounts of both PSS and anti-IgG were deposited with increasing
MnCl2 concentration, i.e. 0, 10 and 100 mM MnCl2. This observation
was attributed to the more coiled PSS conformation as salt concentra-
tion rises. It was proposed that this coil conformation increases the sur-
face available for anti-IgG adsorption, which was confirmed by the
increased surface roughness with increased MnCl2 concentration [25].

The increased protein amount with increased salt concentration has
also been attributed to the decreased lateral repulsion between
adsorbed proteins. If the salt concentration decreases, κ−1 takes increas-
ingly higher values and charged proteins repel each other. This results in
a decreased protein density in each layer of a LbLfilm at lowsalt concen-
tration [13].

Contrarily to what is observed when the salt concentration is in-
creased from low to medium, the excessive charge screening at high I
results in the impossibility to growafilm by alternate adsorption. For in-
stance, type-1 collagen alternate adsorption with hyaluronic acid did
not lead to any LbL growth at high salt concentration [8]. The same re-
sultwas observed for keratin/poly(diallyldimethylammonium chloride)
(PDADMAC) assembly that showed a decreased amount of immobilized
keratin as salt concentration rose [26]. In a similar way, it has been
shown that human serum albumin (HSA) adsorption on a multilayer
endingwith oppositely charged poly(vinyl sulfonate) (PVS) was drasti-
cally reduced when adsorption was carried out in 1 M NaCl instead of
PBS buffer (I around 0.015M) [16]. Additionally to charge screening, re-
cent data suggest that the impossibility to grow a LbL film in concen-
trated salt solution is due to a decreased strength of the entropic
contribution of ion pairing [27].
Fig. 9. (a) κ−1 (solid purple line) and the lb are calculated as a function of salt
concentration, which is expressed as the square root of I. (b) Favorable (green) and
unfavorable (orange) electrostatic attraction between the protein and the PE depending
at high and low I. (c) Schematics of the adsorbed PE conformation at low and high I and
its expected contribution to the LbL growth. (c) Combination of PE-protein attraction
and PE conformation contributions to the LbL growth.
In conclusion, the effect of salt on the LbL growth is non-monotonic
(see Fig. 9).When salt concentration increases from low tomedium, the
PE becomes more flexible and lateral repulsion between proteins is
screened. This results in an increased amount of protein incorporated
in the LbL film as salt concentration rises. However, when salt concen-
tration increases from medium to high, the electrostatic attraction de-
creases and the LbL growth is no longer possible. This was nicely
shown by He et al. who studied the effect of awide range of salt concen-
trations, and have shown that both the activity of the protein and the
surface concentration of protein in LbL films increased then decreased
with I (fixed with NaCl), passing through a maximum at about 300
mM NaCl [13]. More recently, it has been shown for the alternate ad-
sorption of Lyswith PSS, carried out at I=0, 10, 200, 800mM, thatmax-
imal protein amounts were immobilized at I = 200 mM [10].

Based on Table 1, all salt concentrations of the protein solutions that
led to the successful LbL assembly of proteins with PE were collected
and summarized as presented in Fig. 10a. In many studies, the reported
condition was actually either not well defined or not even mentioned.
This high proportion of missing information is stressed in Fig. 10a,
were all missing data are presented as dashed blue squares. These raw
data clearly suggest that the majority of the successful LbL assemblies
were conducted at intermediate salt concentration. In order to clearly
evidence this, the occurrence of each condition used in the range of
less than 1, 1 to 49, 50 to 199 and more than 200 mM of salt was com-
puted. Results are presented as histograms of the salt concentration in
the protein solution and in the PE solution in Fig. 10b. It appears that
LbL assemblies conducted at medium salt concentration are found
twicemore than others for successful LbL assembly. This analysis clearly
supports that protein-PE LbL assembly proceeds better at intermediate
salt concentration.

Multilayer stability as a function of salt concentrationwas also inves-
tigated. Indeed, it is common to construct multilayers in conditions that
are different from the ones of their application. Usually, when I is in-
creased above a certain value, the electrostatic screening of charges
and salt doping disrupts the LbL film. Interestingly, the stability in salt
solutions can be improved by forming hydrogen bonds in the multi-
layer. This can be done by changing the pH and protonating the PE.
For example, a poly(acrylic acid) (PAA)-Lyz multilayer was reported
to be unstable when salt concentration was increased to physiological
concentration at neutral pH while it was stable when I was increased
at pH 5. This observationwas attributed to the lower PAA ionization de-
gree at lower pH resulting in the ability to form hydrogen bonds that
stabilized the film [17]. As already mentioned, another way to improve
multilayer is to crosslink the films.

3.1.3. Temperature
To our knowledge, the effect of temperature on the LbL assembly of

proteinswith PEswas not investigated. However, such assemblies share
common features with LbL assemblies solely based on PEs (PEMs), and
similar mechanisms are at play.

When a surface is immersed in a PE solution, the PE adsorbs on the
surface through diffusion-driven kinetics. The rate of diffusion, which
increases with temperature, thus dictates the time needed to reach
equilibrium (the concentration also plays a role, whichwill be discussed
later). When the temperature increases, the adsorption equilibrium is
reached faster. This effect, which is observed in PEMs, is also expected
in protein-PE LbL assemblies.

For some PEMs, PE adsorption for a given deposition step is not lim-
ited to the surface of the multilayer that is already formed and the PE
can diffuse inside the multilayer. This PE diffusion in adjacent layers is
also temperature dependent. Actually, the degree of PE interpenetration
between layers is dictated by the ability of the PE to diffuse in the PEM,
which depends on the PE-PE couple and on the conditions that are used
[23]. If the PE interpenetration is constant at each step of themultilayer
growth, the total multilayer mass increases linearly with the number of
adsorption steps. Contrarily, if the deposited PE diffuses in the whole



Fig. 10. (a) Overview of salt concentrations in the protein solution (alphabetical order) that were used to successfully immobilize various proteins. Lines on the left of the graph, under the
header “0”, are systems for which no salt was added. Dashed blue lines are data for which the pH was given (see Fig. 7), but the salt concentration was either missing or not sufficiently
explicit. (see Table 1 for the protein abbreviations). (b) Histograms of the occurrence of the salt concentration used in the protein solution or PE solution. These histograms were
constructed based on the values of (a), thus only based on studies in which salt concentration is explicitly reported. In the majority of the reports, the given materials and methods
were not comprehensive enough to compute I.
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multilayer, then the total multilayer mass increases exponentially with
the number of adsorption steps. Using QCM-D, Vidyasagar et al. have
shown that multilayers growing exponentially exhibited thermal tran-
sitions akin to a glass transition, while multilayers growing linearly
where glassy and did not display such transition. They proposed that
the glass transition is due to the great segmental mobility of PE [28].
Multilayers are thus highly dynamic and constantly reorganize upon ad-
sorption of new chargedmaterials [29]. The effect of temperature is that
diffusion, i.e. interpenetration, in the PEM is improved, which results in
a higher mass increment at each deposition step [30]. This may even
lead to a transition between a linear and an exponential growth of the
multilayer as temperature rises. With respect to protein-PE LbL assem-
blies, it is less likely that the protein may diffuses within the film given
protein size. The PE used as the counterpolyionmight, however, diffuse
in the multilayer, which could improve LbL growth when temperature
increases.

It is important to remind that protein fibrillation may occur at high
temperature, which limits the temperature operation window. For in-
stance, Mhanna et al. carried out collagen adsorption at 4 °C to avoid
its fibrillation [31]. Another related issue is that temperature affects pro-
tein ternary structure and subsequently its activity.

3.1.4. Concentration of the protein solution
By analogy with PE-PE LbL assembly, one can assume that protein-

PE growth is partially governed by protein diffusion. As for temperature,
the increase of protein concentration in the solution that is used for the
adsorption allows equilibrium to be reached faster. Besides kinetic, a
different protein concentrationmay allow to reach different equilibrium
states. This parameter was only investigated in a few papers. It was re-
ported that the amount of immobilized protein scales with protein con-
centration up to concentrations in the range of 1mgmL−1 [13]. He et al.
tested the effect of different protein concentrations on their adsorption
on a LbL film. The same adsorption timewas used for all concentrations
that were tested. A higher protein amount was observed on the multi-
layer surface when the concentration increased. This result was attrib-
uted to an incomplete surface saturation at low protein concentration,
for the incubation time that was tested [13].

3.2. Intrinsic parameters

The rational prediction of LbL growth between proteins and PEs is
very challenging due to the wide variety of parameters at play, and
more importantly, due to the very high heterogeneity of proteins.
Very few papers investigated systematically how the LbL film construc-
tion is affected by changing its composition, i.e. the PE nature (chemical
nature, persistence length, charge) and the protein nature, as well as by
changing the supporting material.

3.2.1. Nature of the PE
When PEs are assembled LbL with proteins, they should be highly

flexible to accommodate for the protein structure and form loops at
the interface. The PE flexibility can be evaluated by its persistence
length (lp), which represents the length overwhich correlation between
PE segments is lost [32]. It was proposed that assembly is more



Fig. 11. Film growth behavior of (κ-casein/PAA) and (κ-casein/PSS) multilayered films
assembled at pH 3 on silicon substrates by the dip-based LbL deposition. Inset: focus on
(κ-casein/PSS) multilayers, showing the linear growth. Reprinted with permission from
Lee et al. Copyright 2019 American Chemical Society [33].
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favorable when the lp of PE is of the order of magnitude of the protein
size [10]. lp is usually decomposed in the intrinsic persistence length
(lp0) and the electrostatic persistence length (lpe). lp0 represents the stiffen-
ing coming from steric hindrance and hybridization state of the atoms. lpe

represents the stiffening due to electrostatic repulsion between charged
repeating units. The latter parameter is thus related to κ−1.

PEs with a small lp0 must be selected to ensure PE flexibility. Then, lpe

must also be kept with a small value. This can be achieved by increasing
the salt concentration, i.e. by decreasing κ−1. This will decrease the elec-
trostatic repulsion between the repeating units and thereby increase PE
flexibility. Polymers with a decreased number of charged repeating
units can also be chosen. For instance, the degree of charged repeating
units can be controlled in chitosan by its deacetylation degree. Finally,
weak PEs can be chosen as pH allows to tune their ionization degree.
When the PE is fully ionized, the repulsion between its repeating units
will stiffen the PE chains.

The second feature of PEs that has to be considered is the nature of
the charged group. At the molecular level, the association between op-
positely charged PEs occurs through the cooperative formation of
ionic pairs [23]. The free energy of this association, i.e. of complexation,
is generally accepted to originate from an entropic contribution due to
the loss of counter-ions and, to a lesser extent, from the enthalpic con-
tribution coming from water perturbation [22]. Depending on the na-
ture of the charged groups and of the counter-ions, the interaction
between the polyanion and the polycation may thus vary. In this way,
it has been shown in solution that PE-PE free energy of complexation
scales with the Hoffmeister series. A PE side chain with a carboxylic
acid function will thus interact more strongly with a polycation than a
PE with a sulfonate function [22].

The ability of PEs to form hydrogen bonds with proteins is also crit-
ical for LbL formation. Lee et al. observed a linear growth for the LbL as-
sembly of κ-casein with PSS. In contrast, when κ-casein is LbL-
assembled with PAA, an exponential growth followed by a linear
growth is observed [33]. Much thicker multilayers are thus obtained
when PAA is used as shown in Fig. 11. This effect was attributed to the
ability of PAA to form hydrogen bonds with κ-casein. The same effect
was observed for Lyz LbL-assembledwith PAA at various pH values [17].

Finally, the hydrophobicity of the PE plays an important role in the
LbL construction. For instance, Cytochrome C was successfully LbL-as-
sembled with PSS and poly(ester sulfonic acid) at a pH close to its IEP.
The authors suggested that the hydrophobic interactionswere involved
in the build-up process since the protein net charge was close to zero
[34]. Importantly, the authors stressed that the LbL construction is, how-
ever, not only based on one type of interaction but rather on an inter-
play of all of them [34]. The possible protein-PE interactions arise from
van der Waals forces, hydrogen bonds, electrostatic forces and hydro-
phobic effects [35]. It is also worth to stress that protein interactions
with hydrophobic PE could denature them. Indeed, PE interaction
with apolar side chains of amino acid residues that are buried in thepro-
tein could alter protein structure and therefore its bioactivity.
3.2.2. Nature of the protein
The effect of the protein nature on LbL assembly is almost a case-by-

case parameter due to the extremely large number of different struc-
tures of proteins. Even though some parameters such as geometrical
features, tendency to unfold upon adsorption (soft versus hard protein)
or charge distribution may guide the prediction of their LbL assembly,
the absence of a systematic reporting of the failure to grow a LbL
makes it hard to identify general rules. From the summary of all success-
fully immobilized proteins (see Table 1), it appears that the vast major-
ity of these are globular. It is not straightforward to conclude whether
this observation is due to a difficulty to immobilize fibrillar proteins or
to a lower interest for the latter. As long as negative results are not sys-
tematically reported, the analysis of a large set of data from literature
will be biased by the impossibility to differentiate correlation (a set of
protein ismore interesting thananother) from causality (a set of protein
is easier to immobilize than another).

3.2.3. Supporting material
The chemistry of the supporting material is an important feature

that highly dictates the LbL growth. However, this parameter is usually
underestimated and the growth obtained for instance on a gold QCM-D
sensor is extrapolated to othermaterials with different chemical surface
propertieswithout double checking that the samegrowthmechanism is
still observed. The issue is that it is sometimes difficult, if not impossible,
to obtain the same information with different methods since specific
supporting material are required. The advantage that QCM-D offers is
that the sensor can be coated with different materials. In this way, it
was shown that collagen type-I/chondroitin sulfate growth on a QCM-
D gold sensor is completely different from its growth on a poly(di-
methyl siloxane) (PDMS)-coated sensor [31]. These results are shown
in Fig. 12 and it appears that, on a gold sensor, collagen type-I adsorp-
tion is important for the first step and decreases in subsequent layers
while, on a PDMS-coated sensor, the collagen type-I -chondroitin sulfate
growth follows a linear path [31]. A less time-consuming approach that
is used in most cases to circumvent a potential effect of the supporting
material nature is the standardization of the surface through the con-
struction of at least two PE-PE bilayers on the supporting material be-
fore further LbL construction [10,13,36].
4. Protein bioactivity in the LbL assembly

Formost applications based on proteins, keeping their bioactivity in-
tact after assembly is a key factor. The effect of their immobilization via
LbL assembly will be reviewed hereafter.

The first proteins that were LbL-assembled with PEs are enzymes. It
was rapidly evidenced that one of the main parameter limiting enzyme
activity in LbLs is the substrate diffusion through the film [37]. For ex-
ample, glucose oxidase (GOx) assembled with a PE on top of
glucoamylase (GA), also assembled with a PE, showed different activi-
ties as a function of the nature of the last layer and the presence of a
spacer between layers. In this case, a higher activity was observed
when the enzymes were in the order of the cascade reaction, i.e. GA
on the top that hydrolyses starch to glucose, which then reacts with
GOx further in the multilayer. With respect to the influence of the
spacer, it was shown that thicker spacers led to a higher activity,
which may sound counterintuitive. It was proposed that, in this



Fig. 12. Collagen type-I (Col1) - chondroitin sulfate (CS) build-up on (a) gold sensor or
(b) PDMS coated sensor. Reprinted with permission from Mhanna et al. Copyright 2019
American Chemical Society [31].
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particular case, a better enzyme-PE assembly is obtained on the spacer,
or that H2O2 produced byGOx,which inhibits both GA andGOx, diffuses
more easily in a thin spacer [37]. It is however important to point out
that this paper lacks experimental evidence on the stability of the en-
zyme in the layer. The measured enzymatic activity can be due to en-
zymes that are released from the film. The same group later reported
the LbL assembly of GOxwith PEI and PDADMAC. In this case, the activ-
ity was limited by substrate diffusion after the deposition of 2 layers of
GOx-PEI. It was also shown that by changing the buffer, 40% of GOx can
be released and that the enzyme that is released keeps about 80% of its
native activity. Moreover, it was shown that GOx thermostability was
improved through immobilization in LbL films [38]. Another example
of how diffusion can influence activity in multilayers was reported
with the diffusion of IgG in a LbL film formed with an anti-IgG and PSS
[25]. It was shown that IgG is able to diffuse in the PSS-anti-IgG multi-
layer but fails to diffuse when each anti-IgG layer is separated by [PSS-
[PAH-PSS]2] layers.
Fig. 13. (a) The frequency shift measured by QCM-D as a function of the number of layers for PS
(triangles). These are alternately adsorbed with PAH or PSS. Reprintedwith permission from Jin
Another class of proteins that has been integrated in multilayers are
proteins from the extracellular matrix (ECM). Such an approach is typ-
ically needed to buildmimics of the ECM.Most of these studies reported
the LbL assembly of collagen with a counter polyanion. It was consis-
tently reported that collagen improves the biocompatibility by promot-
ing cell adhesion and/or differentiation, and is able to limit the
cytotoxicity of the supporting material. For example, it was reported
that collagen type-I/PAA LbL assemblies promote cell attachment and
survival on, otherwise, cytotoxic nanoparticles [39]. The order of the
layers is important. Indeed, it was reported for collagen type-I/
hyaluronic acid multilayers that chondrosarcoma cells produce their
own extracellular matrix on collagen type-I-terminated films whereas
such production is not found on hyaluronic acid-terminated ones.

Since the vastmajority of proteins thatwere LbL assembledwere en-
zymes, these types ofmultilayers have found applications in biosensing.
Nevertheless, few studies reported the release of active proteins for bio-
medical application [40–43]. Especially, coated polymer microneedles
are used for the transdermal delivery of protein, and implantable mate-
rials coated with growth factors improve both the osteointegration and
the cell response [40,44–50].

5. Protein crystals and protein-PE complexes as building blocks for
assembly

A way that was proposed to improve the LbL assembly of proteins
with PEs is rather old. It was found in 2001 by Jin et al. that the LbL as-
sembly of catalase with PSS results in poor film growth and poor enzy-
matic activity (see Fig. 13) [51]. As an alternative, microcrystals of
catalase were created and coated with PSS. The resulting PSS-coated
catalase crystals were then LbL-assembled with PAH. This methodology
resulted in amuch better film growth compared to the one based on un-
coated catalase (soluble, i.e. not the crystalline form, see Fig. 13) [51]. It
was also demonstrated that uncoated catalase crystals could not be as-
sembled LbL with PAH without the prior formation of a PSS coating. It
was proposed that the formation of a PSS coating allowed the LbL con-
struction to rely on the PSS-PAH interaction rather than on the PSS-cat-
alase interaction. This was proposed to be at the origin of themultilayer
growth improvement. Especially, Jin et al. suggested that the higher
negative charge density of PSS deposited on the enzyme crystals com-
pared to the bare catalase molecules enabled a better LbL assembly. In
other words, when the LbL assembly relies on PE-PE interaction rather
than on protein-PE interaction, themultilayer growth is improved. A se-
vere pitfall of this method is that protein crystals have to be obtained.

Actually, LbL build-upwith componentsmixedwith polyelectrolytes
prior to assembly has been proposed in the early ages of the LbLmethod
development [52–55]. This was proven to be effective for polyelectro-
lyte–polyelectrolyte complexes (PECs) [56]. Polyallylamine–poly
(acrylic acid) (PAH–PAA) complexes, assembled in solution at different
S-coated catalase crystals (circles), uncoated catalase crystal (square), solubilized catalase
et al. Copyright 2019 American Chemical Society [51]. – (b) Schematic of eachmultilayer.
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polymer ratios, were immobilized with poly(styrene sulfonate) (PSS)
by the LbL method, giving new film morphologies.

Recently, we have proposed to complex proteins with PE so that
their surface properties can be standardized. In this way, the obtained
protein-polyelectrolyte complexes (PPC) can be assembled through
LbL assembly with another oppositely charged PE [10,57]. This proce-
dure is represented in Fig. 14. It was shown, based on experimental
and theoretical considerations, that when PPCs are used, the LbL con-
struction mechanism only relies on PE-PE interactions. In contrast, the
conventional bare proteinmolecule integration into LbL films highly de-
pends on the protein charge state, which represents a major drawback
given the protein-to-protein variety. When it is previously complexed
with a PE, the protein can be integrated in the LbL film independently
of its charge, therefore considerably simplifying the protein integration
in LbL assemblies [10]. Moreover, the obtained films were proven to be
muchmore hydrated, resulting in an improved enzymatic activity of the
immobilized enzyme compared to conventional LbL films [57]. Besides,
it was recently shown that these multilayers can self-reorganize when
the pH takes a certain value, and that a high fraction of non-complexed
protein is released from the multilayer. The result is that, when com-
pared to a classical PE-protein self-assembly, the protein released from
a PPCs-PE self-assembly maintains a significantly higher bioactivity
[58]. These results stress the need for new types of LbL assemblies that
features new properties.

6. Conclusions and future prospects

In this review, we proposed three different strategies, i.e. structural
homology, rational prediction and unconventional LbL, to guide the
choice of conditions to be used in order to assemble proteins with PE
in a LbL fashion. For each of these strategies, we summarized the key
features that allow successful LbL growth.With respect to the structural
homology, a summary of proteins successfully LbL assembled with PE,
and the conditions of the assembly were presented. In a view to predict
the conditions to be used for a new protein-PE couple (no homologous
system or failure with similar conditions), the mechanisms of LbL as-
sembly that are particular to proteinswere reviewed. Finally, unconven-
tional LbL strategies circumventing issues related to proteins LbL
assembly were presented. Importantly, these might also bring new
functionality to the system. Besides the strategy used to guide the choice
of conditions, it was stressed that the conditions of assembly also dictate
important features such as the stability of the system. Indeed, depend-
ing on the application that is aimed, either a stable or unstable system
Fig. 14. Schematic representation of the complexation of a protein with
has to be obtained. Considering the specifications of the foreseen appli-
cation, the three distinct strategies that were identified and discussed in
this review can be used independently for any protein and any applica-
tion. Protein immobilization in multilayer has already been proven top-
ical for a variety of fields including biosensing, biocatalysis, biomaterials
and drug delivery. However, the great potential of LbL protein assembly
is currently limited by the available strategies. Indeed, the two first
strategies proposed in this review aim at identifying more easily the
conditions for optimummultilayer growth. They do not offer many op-
tions when the best condition cannot be used for a given protein (eg
best pH or ionic strength values for assembly outside of acceptable
range for that given protein) or when the multilayer stability does not
meet the requirements of the foreseen application. There is thus an im-
portant need for new unconventional LbL assembly methods that allow
the available conditions for successful multilayer growth to be ex-
tended, or new features (stability, responsiveness, etc.) to be obtained.
Importantly, these new methods should provide ways to standardize
protein properties in order to easily transfer them to other proteins.

Constructing LbL thin films is the simplest andmost intuitive way to
ordermolecules at interfaces – it is not surprising that it has been inten-
sively used. However, this method suffers from this naive picture and
multilayers are always representedwith simple cartoons corresponding
to themethod rather than to the real structure of the self-assembly. This
is fine, exceptwhen one then assumes that themultilayer ismade of the
constituents that were used to grow it, and that it possesses the struc-
ture depicted by the simplified cartoons. This review evidenced that
the LbL assembly of proteins with PE is not straightforward at all and
that alternating the adsorption of oppositely charged components is
not sufficient to allow the growing of a film in a multilayered fashion.
Moreover, when a multilayer is constructed, its composition and struc-
ture should always be fully investigated and cannot be predicted based
on themethod nor the constituents. Understanding the interactions and
the competition between soluble and surface-immobilized compounds
is of utmost importance, as well as taking care of effects related to subtle
details of the assembly process.

Another consequence of this naive picture is that an incremental
strategy is usually chosen when a LbL with specific functions is desired.
With this strategy, a model LbL assembly is gradually improved to fi-
nally obtain the desired functions. This allows the use of materials that
are not expensive or easy to detect to optimize the conditions that
lead to a good LbL growth, a stable multilayer, or a multilayer that re-
leases its content in a controlled manner. Then, the PE or the protein
is replaced by the more expensive/less easy to detect constituent, or is
a PE, and subsequent LbL assembly with an oppositely charged PE.
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constructed on a different surface geometry that is required for the ap-
plication. Note that the latter step usually stays at the proposal stage. As
amatter of fact, the LbL systems thatwere presented in this reviewwere
mostly composed of proteins with limited biotechnological interest
(there is a strikingly lower number of therapeutic proteins than “com-
mon” enzymes). This incremental strategy emerges from the laconic as-
sumption that alternating the adsorption of oppositely charged species
is the main driving force of the LbL self-assembly, and that any similar
macromolecule would self-assemble the same way. However, the LbL
assembly of proteins with PE depends on a wide range of parameters
such as protein and PE nature and concentration, ions and counterions
nature, adsorption sequence, temperature, solvent, surface geometry
and chemistry, and each of which can drastically change the resulting
multilayers. Thus, translation from the model to the application cannot
be predicted. Therefore, materials (PE, protein, surface, etc.) that fully
match the specifications of the targeted application must be chosen
and used from the beginning, even if it sometimes makes the analysis
of the composition, the stability and the structure more challenging.
This approach is in line with new design strategies of materials science
in general [21].
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