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Lecture #2: Electrostatic Layer-by-Layer Self-

Assembly (nanocoating, patterning, 

encapsulation)  

       
       

1-2D Polyelectrolyte Multilayer Assembly.  LbL Patterning and 
Cell Growth, Micro/nano Devices 

 Nanoparticle and Protein Multilayers 

LbL Nano/Micro Capsules for Drug, Enzyme, DNA  delivery 

	

8 bilayers of PAH/PSS, 30 nm thick  on 

silver QCM electrode 



 2 D Polycation / Polyanion   

Multilayer Assembly  

 

We are creating a composite layer with precision of component location of 1 nm 



Scheme of Layer-by-Layer Assembly by Alternate 

Adsorption of Oppositely Charged Linear Polyions and 

Nanoparticles or Proteins 

 
 

{PSS/PDDA)} x n; 

n = 1 – 200. 

{Glucose oxidase / PEI} x n 

or 

{20-nm Silica / PEI} x n 

- 20 different enzymes were 

assembled 

The LbL-assembly regimes for more than 50 compounds were 

established at IfM (dipping automate).  
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G. Decher   Science,  1997, v.227, 1232 “Fuzzy nanoassemblies: Toward layered multicomposites”  

Y. Lvov, G. Decher, H. Moehwald, Langmuir, v.9,  481, 1993 







 



	 	

LbL film thickness increase for PAH/PSS with 

number of layers and in dependence on molarity, 

0, 0.5 M and 1 M NaCl). UV and QCM control. 

	

Kinetics of 

polyelectrolyte 

adsorption, 2 -3 min 

needed;  

Δ t (nm)=-0.02 ΔF (Hz) 



List of polyions widely used for multilayer assembly 

Importance of pKa: anionic PSS=0.5;  cationic  PAH=8, PEI=11.5 





Are molecular layers really specially separated in the LbL 

multilayer? 

Architectural multilayer! 



Polyion Micropatterning for Cell Growth 
(long lasting LbL-coating providing 0

o
 contact angle was elaborated ) 

PDMS (polydimethylsiloxane) substrate was prepared for endothelial cell adhesion 

test: Gelatin film with the thickness of 2 ~ 10 nm (controlled by QCM) was 

successfully deposited. The gelatin film is more hydrophilic compared to unmodified 

PDMS substrate. The gelatin/PEI nanofilm was biocompatible for cell adhesion and 

growth. Almost no cell attachment on silicone was observed at 3 days after seeding.   

Recently, stable zero-contact angle LbL-coating was elaborated:  

D. Kommireddy, D. Mills, Y. Lvov, J. Nanoscience Nanotechnology, v.5, 973, 2005  

Unmodified       Modified 

  



Nano-Coating Technology 

Layer-by-layer deposition can provide solutions in two 

areas: 

• Surface modification (engineering the interaction of 

a given object with its environment) 

• Fabrication of thin film devices (permitting multi-

material assemblies including proteins and colloids) 

 

Applications:  anticorrosion, antireflective coatings, 

bio compatibilisation, biosensors, implants, optical 

waveguides, electroluminescent devices, 

microreactors, and many more. 

 

The ease by which even multimaterial coatings can 

be put together using an environmentally friendly low 

cost technique has kindled widespread interest, not 

only in academia. The first commercial products have 

already been introduced to the market. 

	



Applications  

(only films, nanocapsule applications will be 

discussed in the lecture #3)  









Nanoparticle/ Protein / 

Multilayer Assembly 

Sandwiched through 

Polyelectrolytes  

 

We are creating a composite layer with precision of component location of 1 nm 







Composites from Au nanoparticles 

Layer-by-Layer Assembled  (LBL) Composite 

Pastoriza-Santos, I.; Koktysh, D.S.; Mamedov, A.A.; Giersig, M.; Kotov, N.A.; Liz-Marzán, L.M. One-Pot Synthesis of 

Ag@TiO2 Core-Shell Nanoparticles and Their Layer-by-Layer Assembly. Langmuir 2000, 16(6), 2731–2735. 





Nanoparticle assembly: 

26 bilayers of 45 nm silica / PDDA 



We can assemble organized “sandwiches” of different nanoparticles SiO2, SnO2, TiO2, CeO2, 

MnO2, Al2O3, Fe2O3, Au alternated with linear polyions. How to make film patterning 

necessary for devices? 

 

Layer-by-layer self-assembly 

of 40-nm silica alternated with  

PDDA in 6 bilayer film (210 nm).  

 

SEM cross-sectional images on silver electrode  

 

(12-nm SnO2 / PDDA)18,   

thickness 190 nm 

Y. Lvov, K. Ariga, T. Kunitake, Langmuir, 1997, v.13, 6195-6203  "Alternate assembly of   ordered 

multilayers of SiO2 and other nanoparticles and polyions" 



LBL Films from Montmorillonite Clay 

Tang, Z.; Kotov, N. A.; Magonov, S.; Ozturk, B.; Nanostructured Artificial Nacre, Nature Materials, 2003, 2(6), 413–418 

Podsiadlo P., Kaushik A. K., Arruda E. M., Waas A. M., Shim B. S., Xu J., Nandivada H., Pumplin B. G., Lahann J., 

Ramamoorthy A.,  Kotov N. A., Ultrastrong and Stiff Layered Polymer Nanocomposites, Science, 2007,318, 80-83 



Clay multilayer nanoassembly 

Bullet-proof 5 mm thick  plates were developed 

with DARPA project with this technique 

We used LbL assembly to build up multilayers with 

alternating 1-nm thick montmorillonite sheets and 

cationic PEI \. The film thickness increase for the 

montmorillonite adsorption cycle was 1.1 nm and for 

PEI  2 nm; after 20 cycles the  film had thickness of 63 

nm – slow, but may be accelerated 100 times 

(A) Structure of PVA (polyvinyl alcohol) and PDDA 

polymers; (B) UV−vis spectra for the first 10 bilayers of 

deposition; (C,D) optical images of a free-standing film of 

(PVA/MTM)300 showing very high transparency and 

flexibility; (E) AFM phase image of a single PVA/MTM 

bilayer; (F) SEM image of cross section of a 300-bilayer 

PVA/MTM composite showing laminar architecture. 

Not everything 

is clear with LbL 



 Layer by Layer structures have increased in their applications 
over the past decade 

 

 Versatility and novel design (clay alternates with PEI or PAH) 

 

 Physical adsorption of polymers and clay layers (Lvov, Tang, Kotov 
et al,1997,  2005, 2007). Young modulus >10 GPa 

 

 

Polyelectrolyte layer-by-layer films for inorganic synthesis 

(bullet-proof composites) 

	

	



Can we assemble multilayers faster? 







Turbo LBL for bullet-proof ceramic plates 

Kotov, N.; Leal, J.C.; Lefevre, J.; Patel, N.H.; Perry, B.M.; Hart, A.J.  Rolling Contact Layer-by-Layer Assembly. U.S. Patent Application 

Number 12-630822. Filed: December 3, 2009; Granted May 5, 2014. Web access: USPTO Publication Number 2010-0189913 A1. 3

0 



Protein Multilayers. 

  

QCM monitoring of LbL assembly of glucose oxidase 

(GOx) and myoglobin in alternation with DNA.  

We see regular assembly process. 
  
  



SEM image of cross-sections of protein multilayer on silver electrode and 

QCM monitoring of its assembly 

28 bilayers of GOx/PEI 

Y. Lvov, K. Ariga, T. Kunitake, J. Am. Chem. 

Soc., 1995, v.117, 6117 "Assembly of 

multicomponent protein films by means of 

electrostatic layer-by-layer adsorption“   

 

Sequential multistep biocatalysis in glucoamylase / 

glucose oxidase multilayer on starch converting:  

Y. Lvov, K. Ariga, J. Ferment. & Bioengineering, 2000, v.82, 502 "Sequential reaction and 

product separation on LbL films of glucoamylase and glucose oxidase." 

Protein Architecture: 

Four-layer 45 nm silica  

nanoparticles on silver 

electrode (cross-section) 

Nanoparticle  

Architecture 



Protein 

super- 

lattice: 



Starch

Reaction product

Glucoamylase

PEI/PSS multilayer

Glucose oxidase

Porous material

Pressure

Corresponding to the two reaction stages, 

the outer layer of glucoamylase was 

followed by a layer of glucose oxidase. 

Between these active layers we placed a 

number of penetrable, but not active, 

polycation / polyanion layers (PEI/PSS)
n
 

(i.e., spacer layers). A 2 % starch solution 

under 0.5 atm pressure difference moved 

through the multilayer. At the first enzyme 

layer starch was converted to -glucose, 

and at the second layer, -glucose was 

converted to D-glucono--laction and H
2
O

2
. 

The maximal output of the two-step 

reaction was detected when the upper 

layer was GA, the bottom layer was GOx, 

and the distance between them was 10 

nm.  



LbL-Nanoparticle Films in Microchannels.  

Two type of channels were studied:  

100 and 5 mm wide  

Microreactor



LbL-Assembly of Catalytic 

Nanoparticles in the Channels of 

Microreactor  

 

100-nm diameter polystyrene latex was assembled in 50-mm 

channels of silicon microreactor bed. SEM image shows the edge of 

the channel. 10-nm diameter  Pt-nanoparticle was also assembled 



Polyion and 

nanoparticle 

multilayers  

deposition on 

whole surface 

Lift-off polyion and nanoparticle 

thin films above the photoresist. 

Substrate 

Patterned 

photoresist 

Patterning of nanoparticle thin film  



LbL Cell Patterning 

Conventional micro photo-

lithography combined with LbL 

self-assembly: 

No constraints on selection of 

substrates, micro-pattmaterials 

Ease in alignment of patterns 

 
Directed neurocells (best 2008 

published image of cell erns)  



“Marriage” of microprinting and nanoassembly 

 Bio cell directing: with M. DeCoster 

PDDA 

surface 

Fibronectin 

pattern 

PDDA surface 

Fibronectin 

pattern 

Two cells “talking” 

M. Decoster: brain cell attached on 

30 µm four-corners nanofilm forms a 

square 



Field Effect Transistor Fabricated by Layer-by-

Layer  Nanoassembly 
(T. Cui, F. Hua, Y. Lvov, IEEE Trans. Electron Devices, 2004, v.51, 503) 

 Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) arrays are fabricated on a 4-inch silicon wafer 
by the combination of conventional microelectronic processes and layer-by-layer nanofabrication.  The active 
and insulating layers were self-assembled as organized multilayers of 15-nm diameter SnO2 and 45-nm 
diameter SiO2 nanoparticles, respectively.  The source, drain, and gate electrodes are made of metal thin 
films.  The threshold voltage is 3 V, on-off current ratio 104, and mobility 2.1x10-2 cm2/V·s.  High 
reproducibility is achieved in MOSFET production. 
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Fig. 4 (a) The drain current-

voltage characteristics with 

gate voltages sweeped from 

0 to 6 V in 0.545 V step.  

The channel width and 

length are 100 and 5 µm. (b) 

the transfer characteristics 

with gate voltages sweeped 

from 0 to 10 V at VDS=4 V. 
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Conclusions 

  

  

 

1D Nanoparticle / Polyions / Protein Multilayers: Biocompatible coating, metal 

rubber, multi-enzyme layers 
 

2D LbL Patterning for Electronics and Cell Growth:  LbL coated substrate  

microlithography and cell growth along the patterns; neuron cell direction. Approaches to  3D nano/ 

micro tissue scaffolds.  
 
 

   Future:   1) Multistep vectorial enzymatic catalysis in protein multilayers 

                        2) Functional 2D and 3D neuron micropatterns 
                   

 
  

  
  

 


