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Abstract 

Layer-by-layer (LbL) is a self-assembly technique, proven to be a simplified method for the 

modification of material surfaces.  The LbL multilayers are formed due to electrostatic 

attraction between opposite charged polymers.  Substrates which can be utilised using this 

technique include dyes, enzymes, drugs and cells.  In this study which comprise of three 

separate LbL studies, 1) compactible cellulose was nanocoated by means of LbL, 2) 

poly(amidoamine) dendrimer mediated synthesis of silver sulfadiazine nanoparticles and 3) 

four poorly water soluble drugs were nanocoated, i.e. furosemide, isoxyl, rifampicin, 

paclitaxel.  

In the first study Kraft softwood fibers was nanocoated using the LbL technique.  This 

technique turned non-flowing, non-compacting cellulose into powders with positive tabletting 

properties which can be used in direct compression in the tabletting process.  The cellulose 

microfibers which were coated with four PSS/PVP bilayers, display the best compaction 

properties.  One of the major advantages of nanocoating is that the process adds less than 1% 

to the weight of the fibres.  This process proved to be environmental friendly due to the type 

of materials used and the quantity.   

In the second study silver sulfadiazine (limited aqueous solubility) was used to synthesize 

highly soluble AgSD nanoparticles.  In this particular study the nanoparticles were stabilized 

against crystal growth by LbL coating.  PAMAM dendrimers were used to coat the particles.  

The dendrimers served as solubility enhancer for this poorly water soluble antibiotic.  This 

study illustrated that nanotechnology based dosage forms can be create and that PAMAM 

dendrimers were crucial to the success of this dosage form. 

In the third study, a LbL nanocoat of chitosan and chondroitin sulfate was self-assembled 

step-wise onto drug nanoparticles.  Furosemide, isoxyl, rifampin and paclitaxel were chosen 

to prepare these nanoparticles.  All four of them display poor water solubility properties.  

Although the nanocoating reduced the dissolution proportional to the coat thickness, it still 

dissolved faster than the commercially available micronized powders of the drugs.  Also this 

LbL nanocoating stabilizes the small particles against crystal growth and aggregation in 

suspension.  The release patterns of the drugs were superior to that of the raw materials.  This 

study proved that LbL coating can improve the performance of poorly water soluble drugs. 
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Uittreksel 

Die tegniek van Laag-vir-Laag (LvL) bedekking is ŉ bewese metode om die oppervlaktes 

van materiale te verander.  Hierdie tegniek behels die vorming van veelvuldige lae rondom ŉ 

deeltjie deur middel van elektrostatiese aantrekkingskrag tussen polimere met 

teenoorgestelde ladings.  Substrate waarop hierdie tegniek toegepas kan word sluit in: 

kleurstowwe, ensieme, geneesmiddels en selle.  Hierdie studie bestaan uit drie afsonderlike 

LvL studies naamlik; (1) die nanobedekking van saampersbare sellulose deur middel van LvL 

bedekking; (2) die sintese van silwersulfadiasien nanodeeltjies deur middel van die gebruik 

van ŉ poli-(amiedo-amien) dendrimeer en (3) die nanobedekking van vier swak 

wateroplosbare geneesmiddels, naamlik; furosemied, isoksiel, rifampisien en paklitaksel. 

Tydens die eerste studie is die LvL tegniek gebruik vir die nanobedekking van Kraft 

sagtehout vesels.  Die bedekking het tot gevolg gehad dat die vloei-eienskappe, en swak 

saampersbaarheid van die sellulose verbeter is.  Hierdie verbeterde eienskappe het tot gevolg 

dat die sellulose suksesvol getabletteer kan word deur middel van direkte samepersing.  

Sellulose mikrovesels wat bedek is met vier dubbel lae bestaande uit PSS en PVP 

(polistireensulfonaat en polivinielpirrolidoon), het die beste saampersbaarheid getoon.  Een 

van die grootste voordele van hierdie bedekkingsproses is dat daar minder as 1% tot die 

gewig van die vesels toegevoeg word.  Verder nog is hierdie proses omgewingsvriendelik as 

gevolg van die hoeveelheid en tipe materiale wat gebruik word. 

In die tweede studie was silwersulfadiasien (beperkte wateroplosbaarheid) gebruik om uiters 

wateroplosbare silwer-SD nanodeeltjies te sintetiseer.  In hierdie spesifieke studie was die 

nanodeeltjies gestabiliseer met LvL bedekking om sodoende kristalgroei te beperk.  

PAMAM-dendrimere was gebruik vir die bedekkingsproses.  Die dendrimere het gedien as 

oplosbaarheidsbevorderaars vir die swak wateroplosbare antibiotika.  Hierdie studie het 

bewys dat doseervorme gebaseer op nanotegnologie vervaardig kan word en dat PAMAM- 

dendrimere noodsaaklik is vir die sukses van die doseervorm. 

Die derde studie het ŉ stapsgewyse LvL nanobedekking van geneesmiddel nanodeeltjies 

behels.  In hierdie studie was kitosan en kondroïtiensulfaat gebruik as bedekkers.  

Furosemied, isoksiel, rifampisien en paklitaksel was die gekose geneesmiddels.  Al vier 

hierdie geneesmiddels toon eienskappe van swak wateroplosbaarheid.  Die nanobedekking 

het tot gevolg gehad dat die dissolusie, eweredig aan die dikte van die bedekkingslaag, 

verlaag het.  Nogtans het die geneesmiddels vinniger opgelos in vergelyking met die 
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gemikroniseerde poeiers van die geneesmiddels wat kommersieel beskikbaar is.  Verder nog 

stabiliseer die LvL nanobedekking die klein deeltjies en voorkom dat kristalgroei en 

aggregasie in suspensie plaasvind.  Geneesmiddelvrystelling was verbeter wanneer dit 

vergelyk word met die kommersiële grondstowwe.  Hierdie studie het bewys dat LvL 

nanobedekking die wateroplosbaarheid van geneesmiddels kan verbeter. 
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Preface 

The article format has been chosen for this PhD study.  Chapter 1 of the thesis is an 

introduction to layer-by-layer technology.  Chapter 2 describes the nano-coating of softwood 

fibers.  In Chapter 3 highly soluble AgSD nanoparticles were synthesized and in chapter 4 

poor water soluble drugs were nanocoated to improve their water solubility. 

All the chapters were already published in leading pharmaceutical journals, i.e. Advanced 

Drug Delivery Reviews; International Journal of Pharmaceutics; Nanomedicine: 

Nanotechnology, Biology and Medicine and Powder Technology.  

 

The composition of the thesis will then be: 

Chapter 1 - Introductory chapter – “Introduction to nanocoatings produced by layer-by layer 

(LbL) self-assembly” Advanced Drug Delivery Reviews, 63:701-715. 

Chapter 2 - Preparation and characterization of directly compactible layer-by-layer 

nanocoated cellulose.  International journal of pharmaceutics, 404:57-65. 

Chapter 3 - Poly(amidoamine) Dendrimer-mediated synthesis and stabilization of silver 

sulfonamide nanoparticles with increased antibacterial activity.  Nanomedicine: 

Nanotechnology, biology and medicine, 9:85-93. 

Chapter 4 - Self-assembled macromolecular nanocoatings to stabilize and control drug 

release from nanoparticles.  Powder Technology, 256:470-476. 

Chapter 5 - Concluding remarks 

Annexure - Other research publications. 
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CHAPTER 1 
This chapter was submitted to Advanced Drug Delivery Reviews. 

Melgardt M. de Villiers, Daniel P. Otto, Schalk J. Strydom, and Yuri M. 

Lvov.  2011. Introduction to nanocoatings produced by layer-by-layer (LbL) self-assembly. 

IMPACT FACTOR: 15.431 

INSTRUCTIONS TO AUTHORS (SUMMARY) 

The aim of the Journal is to provide a forum for the critical analysis of advanced drug and 

gene delivery systems and their applications in human and veterinary medicine.  Theme 

issues are commissioned by one of the Executive Editors or the Editor-in-Chief. The Journal 

does not publish stand-alone manuscripts. If you wish to submit a theme issue topic for 

consideration, please contact one of the editors. Please note that manuscripts should be 

submitted within the timescales indicated by the Theme Editor. The deadlines that are set 

must be adhered too as the publication schedule of the journal is extremely strict. Authors are 

encouraged to submit video material or animation sequences to support and enhance your 

scientific research. For more information please see the paragraph on video data below. 

Article structure    

General arrangements of papers:   Reviews should be divided into sections, each headed by a 

caption (abstract, introduction, review-specific subtitles, conclusions, references). The 

sections should be numbered 1, 1.1, 1.1.1 etc. for major sections and subsections, 

respectively.  A table of contents specifying the sections and subsections should be supplied. 

Title 

Concise and informative. Titles are often used in information-retrieval systems. Avoid 

abbreviations and formulae where possible.    

Author names and affiliations 

Where the family name may be ambiguous (e.g., a double name), please indicate this clearly. 

Present the authors' affiliation addresses (where the actual work was done) below the names. 

Indicate all affiliations with a lower-case superscript letter immediately after the author's 

name and in front of the appropriate address. Provide the full postal address of each 

affiliation, including the country name and, if available, the e-mail address of each author. 
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Corresponding author 

Clearly indicate who will handle correspondence at all stages of refereeing and publication, 

also post-publication. Ensure that phone numbers (with country and area code) are provided 

in addition to the e-mail address and the complete postal address. Contact details must be 

kept up to date by the corresponding author. 

Abstract 

A concise and factual abstract is required. The abstract should state briefly the purpose of the 

research, the principal results and major conclusions. An abstract is often presented 

separately from the article, so it must be able to stand alone. For this reason, References 

should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or 

uncommon abbreviations should be avoided, but if essential they must be defined at their first 

mention in the abstract itself.  The abstract should usually be less than 150 words. 

Graphical abstract 

A Graphical abstract is mandatory for this journal. It should summarize the contents of the 

article in a concise, pictorial form designed to capture the attention of a wide readership 

online. Authors must provide images that clearly represent the work described in the article. 

Graphical abstracts should be submitted as a separate file in the online submission system. 

Image size: please provide an image with a minimum of 531 × 1328 pixels (h × w) or 

proportionally more. The image should be readable at a size of 5 × 13 cm using a regular 

screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. 

Keywords 

A maximum of 6 to 10 keywords or short phrases (not already used in the title) should be 

provided immediately after the abstract. 

Abbreviations 

Define abbreviations that are not standard in this field in a footnote to be placed on the first 

page of the article. Such abbreviations that are unavoidable in the abstract must be defined at 

their first mention there, as well as in the footnote. Ensure consistency of abbreviations 

throughout the article. 
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Collate acknowledgements in a separate section at the end of the article before the references 

and do not, therefore, include them on the title page, as a footnote to the title or otherwise. 

List here those individuals who provided help during the research (e.g., providing language 

help, writing assistance or proof reading the article, etc.). 

Nomenclature and units 

Follow internationally accepted rules and conventions: use the international system of units 

(SI). If other quantities are mentioned, give their equivalent in SI. You are urged to consult 

IUB: Biochemical Nomenclature and Related 

Documents: http://www.chem.qmw.ac.uk/iubmb/ for further information. 

Figure captions  

Ensure that each illustration has a caption. Supply captions separately, not attached to the 

figure. A caption should comprise a brief title (not on the figure itself) and a description of 

the illustration. Keep text in the illustrations themselves to a minimum but explain all 

symbols and abbreviations used. 

Tables 

Number tables consecutively in accordance with their appearance in the text. Place footnotes 

to tables below the table body and indicate them with superscript lowercase letters. Avoid 

vertical rules. Be sparing in the use of tables and ensure that the data presented in tables do 

not duplicate results described elsewhere in the article. 

References 

Citation in text   Please ensure that every reference cited in the text is also present in the 

reference list (and vice versa). Any references cited in the abstract must be given in full. 

Unpublished results and personal communications are not recommended in the reference list, 

but may be mentioned in the text. If these references are included in the reference list they 

should follow the standard reference style of the journal and should include a substitution of 

the publication date with either 'Unpublished results' or 'Personal communication'. Citation of 

a reference as 'in press' implies that the item has been accepted for publication. 

Reference links   Increased discoverability of research and high quality peer review are 

ensured by online links to the sources cited. In order to allow us to create links to abstracting 

and indexing services, such as Scopus, CrossRef and PubMed, please ensure that data 
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provided in the references are correct. Please note that incorrect surnames, journal/book titles, 

publication year and pagination may prevent link creation. When copying references, please 

be careful as they may already contain errors. Use of the DOI is encouraged. 

Web references   As a minimum, the full URL should be given and the date when the 

reference was last accessed. Any further information, if known (DOI, author names, dates, 

reference to a source publication, etc.), should also be given. Web references can be listed 

separately (e.g., after the reference list) under a different heading if desired, or can be 

included in the reference list. 

References in a special issue   Please ensure that the words 'this issue' are added to any 

references in the list (and any citations in the text) to other articles in the same Special Issue. 

Reference management software  This journal has standard templates available in key 

reference management packages EndNote (http://www.endnote.com/support/enstyles.asp) 

and Reference Manager (http://refman.com/support/rmstyles.asp). Using plug-ins to 

wordprocessing packages, authors only need to select the appropriate journal template when 

preparing their article and the list of references and citations to these will be formatted 

according to the journal style which is described below. 

Reference formatting   There are no strict requirements on reference formatting at 

submission. References can be in any style or format as long as the style is consistent. Where 

applicable, author(s) name(s), journal title/book title, chapter title/article title, year of 

publication, volume number/book chapter and the pagination must be present. Use of DOI is 

highly encouraged. The reference style used by the journal will be applied to the accepted 

article by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage 

for the author to correct. If you do wish to format the references yourself they should be 

arranged according to the following examples: 

Reference style   Text: Indicate references by number(s) in square brackets in line with the 

text. The actual authors can be referred to, but the reference number(s) must always be 

given.  
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Abstract 

Studies on the adsorption of oppositely charged colloidal particles ultimately resulted in 

multilayered polyelectrolyte self-assembly. The inception of layer-by-layer constructed particles 

facilitated the production of multifunctional, stimuli-responsive carrier systems. An array of 

synthetic and natural polyelectrolytes, metal oxides and clay nanoparticles is available for the 

construction of multilayered nanocoats on a multitude of substrates or removable cores. 

Numerous substrates can be encapsulated utilizing this technique including dyes, enzymes, drugs 

and cells. Furthermore, the outer surface of the particles presents and ideal platform that can be 

functionalized with targeting molecules or catalysts. Some processing parameters determining 

the properties of these successive self-assembly constructs are the surface charge density, coating 

material concentration, rinsing and drying steps, temperature and ionic strength of the medium. 

Additionally, the simplicity of the layer-by-layer assembly technique and the availability of 

established characterization methods, render these constructs extremely versatile in applications 

of sensing, encapsulation and target- and trigger-responsive drug delivery. 
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Layer-by-Layer, Nanocoating, Self-assembly, Polyelectrolyte, Adsorption 
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1. Historical perspective on layer-by-layer self-assembly 

Novel materials have always been sought and the employment of surface modification at the 

molecular level realized this goal. Surface modification resulted in a multitude of new properties 

that were previously not associated with the native material. These changes include 

modifications of the electrical, optical, magnetic, physicochemical and biological properties of 

the material in question. As consequence, several disciplines of natural science have experienced 

the impact of surface modifications, changing the fundamental properties of materials at the 

building-block-level. The historical evolution of self-assembly will, therefore, be discussed.  

The development of surface science resulted from the ancient superstitious belief that pouring oil 

on water can calm the ripples caused by wind. This ancient believe was scientifically addressed 

by Franklin [1] and Rayleigh and his peers [2-4] followed by seminal work by Langmuir to 

finally realize monomolecular surface coating of solid substrates [5-7]. Blodgett expanded the 

Langmuir film technique to produce multilayer coatings known as the Langmuir-Blodgett (LB) 

technique [8-11].  

The group of Kuhn [12-13] then explored the possibility to adsorb different oppositely charged 

dyes with the LB technique, discovering the potential of layer thickness and energy transfer. The 

LB-technique was however difficult and limited to only certain colloids. Iler [14] however 

observed that oppositely charged colloids could be alternately assembled onto glass substrates 

and work by Nicolau and colleagues illustrated successive layering of substrates with oppositely 

charged metal ions to produce polycrystalline coatings [15,16] and successive polymerizations 

steps in situ to produce alternating polymer coats onto a substrate [17,18]. 

The work of Iler and Nicolau probably inspired the seminal breakthrough made by the group of 

Decher, who used synthetic polyelectrolytes i.e. polymers with ionizable surface groups to form 

polyions that were successively layered onto a substrate by electrostatic interaction [19]. This 

method is robust, simple, does not require sophisticated equipment and precise stoichiometry, 

nor does it rely on complicated chemical reactions to deposit successive layers. Layer-by-layer 

self-assembly (LbL) is still seen as the true alternative to the LB technique. 

Several characterization studies were undertaken on polyelectrolyte multilayers (PEM) in early 

to mid 1990s. The classic PEM characterization techniques were established using X-ray 

diffraction, UV-analysis [20,21] and gravimetric analysis by quartz crystal microbalance (QCM) 
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dissipation [22]. Novel coating colloids including proteins [22] and DNA [23] were also 

introduced.  

Since the late 1990s, work has focused on development of multilayer composites based on 

interactions other than electrostatic interactions such as hydrogen bonding [24-27]. Controllable 

polymerization reactions also resulted in novel approaches to assemble layer-by-layer constructs 

through successive polymerization [28,29]. This development enabled LbL construction and 

applications in which organic, instead of aqueous working media could be employed.  

Highly efficient covalent “click” chemistry was introduced modularly build or modify materials, 

providing an alluring alternative to a dispersion force assembly [30]. Figure 1 provides a timeline 

of the evolution of LbL modification techniques. 

The layer-by-layer (LBL) self-assembly of multiple polyelectrolytes and other particles resulted 

in the production of multifunctional hybrid carrier systems [31-34] for dyes [35,36], sensors [37-

39], enzymes [40,41], drugs [42-44], multiple components [45] and cells [46,47]. Additionally, 

nanocoated substrates provide a surface platform for the attachment of targeting molecules, i.e. 

folic acid [48–50], antibodies [51] or a variety of surface functional groups such as hydroxyl, 

carboxyl and thiol groups [52]. 

Moreover stimuli-responsive properties could be introduced by the inclusion of responsive 

materials in LbL constructs [34]. The following sections describe the robust nature of LbL self-

assembly for the production of versatile carrier systems that comprise oppositely charged 

substances onto a substrate, resulting in a PEM-coated system [53,54]. In section 7, the LbL drug 

delivery technology will be featured. 
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~2000 BC Babylonian sailors believe that the spreading of oil calms stormy seas and 
predicts health, prosperity etc and Chinese spread ink films on water 

~1200 BC Japanese spread ink films on water and deposit water-spread ink films on paper 

~1000 BC Greek sailors adopt the Babylonian belief that oil calms rough seas 

429, 651 AD Greek scholars and philosophers document the calming effect of oil on water 
ripples 

1774 Benjamin Franklin records the first modern scientific account of calming water 
ripples with oil [1] 

1890 Lord Rayleigh pours olive oil on water and measures the decrease of ‘surface 
tension’ at the water-oil interface [2] 

1891 Agnes Pockels systematically observes a notable depression in surface tension 
when oil is compressed below a critical spreading area [3] 

1899 Lord Rayleigh speculates on the findings of Pockels that oil molecules will be 
‘densely packed’ when a certain compression limit is reached [4] 

1917 Irving Langmuir proves Rayleigh’s hypothesis and produces seminal work on 
monomolecular oil layer orientation (Langmuir films) [5] 

1920 Langmuir transfers a monomolecular oil layer to a solid substrate to create the 
first monomolecular coating [6] 

1935 Katharine Blodgett transfers successive monomolecular layers onto a solid 
substrate and the Langmuir-Blodgett (LB) film era is born [8] 

1966 Iler studies electrostatic colloid self-assembly to produce multilayer coatings on 
surfaces, suggesting and alternative to the LB technique [14] 

~1970 Kuhn et al. realizes the potential of multilayer manipulation and Förster- energy 
transfer, employing LB films [12,13] 

1985-1989 Nicolau et al. study and establish polyion self-assembly and multilayer 
assembly by successive in situ polymerization of monomers [15-18] 

1991 Decher introduces the first true alternative to LB modification by introduction 
of electrostatic polyelectrolyte self-assembly in a layer-by-layer (LbL) fashion 
[19] 

1994, 1995 Lvov et al. uses proteins [22] to produce LbL assemblies and Sukhorukov et al. 
brings DNA [23] into play as a polyelectrolyte 

1997 Rubner, Stockton et al. introduces hydrogen-bonded LbL assembly [24-27] 

2000 
~2001 

Covalent bonding can now contribute to the assembly palette [28,29] 
The first PEM deposited on a real drug, ibuprofen, is, reported [44] 

Fig. 1. A timeline showing the evolution of LbL self-assembly. 
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2. Basic principles of the layer-by-layer technique 

The formation of nanocoatings using LbL self-assembly technique distinguishes itself in its 

simplicity from other surface modification methods such as spin-coating, solution casting, 

thermal deposition, chemical self-assembly and the LB technique and will be discussed next.  

2.1 Mechanism of self-assembly 

The buildup of LbL mutlilayers is driven by the electrostatic attraction between the oppositely 

charged constituents [14]. However, hydrogen bonding [55-57], hydrophobic interactions [58] 

and van der Waals forces [59,60] may be exploited to assemble LbL systems or influence the 

stability, morphology and thickness of the films, particle/molecule depositions and permeation 

properties of the film [19,61,62].  

Generally, LbL self-assembly proceeds as follows: (1) A charged substrate is immersed in a 

solution of an oppositely-charged colloid to adsorb the first monolayer, (2) a washing cycle 

follows to remove unbound material and preclude contamination of the subsequent oppositely-

charged colloid, (3) in which the coated substrate is submerged to deposit a second layer and (4) 

the washing/coating cycle is repeated is formed [62] (Figure 2). Some LbL processes require no 

washing cycles thus shortens the duration of the assembly process [63].

 

Fig. 2. A schematic illustration of the alternate adsorption of the polyelectrolyte species to produce a 

multilayered structure. (A) Dipping in a polycation (example) followed by (B) rinsing in a solvent for the 

polycation with (C) dipping in a polyanion and (D) rinsing in a solvent for the polyanion. The process is 

repeated n times to produce (E) the multilayered construct. 

The polyelectrolytes or colloids, which exhibit a high linear surface charge density, are utilized 

in excess to prime the substrate. Therefore, a non-stoichiometric excess of charge is absorbed 

after each step relative to the preceding layer [53,64]. This surplus of charge provides the step-
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wise mechanism for the reversal of the surface charge polarity, facilitating a favorable surface 

for the adsorption of the subsequent layer.  

Techniques, not reliant on intermolecular forces, i.e. covalent or click chemistry were developed 

to produce stable [65,66] or biodegradable [67,68] multilayered structures. However, the 

principle of successive layering still applies. 

The LbL self-assembly methods have advantages compared to the more conventional coating 

methods, including (1) the simplicity of the LbL process and equipment, (2) its suitability to 

coating most surfaces, (3) the availability of an abundance of natural and synthetic colloids, (4) 

the flexible application to objects with irregular shapes and sizes, (5) the formation of stabilizing 

coats and (6) control over the required multilayer thickness [69-71].  

3. Coating materials and substrates 

Several polyelectrolytes and nanoparticles can be utilized to form the ultrathin multilayer 

structures using the LbL self-assembly technique. Furthermore, several substrates can be coated 

with nanothin multilayers. 

3.1 Polyelectrolytes 

Polyelectrolytes are classified according to their origin. Standard synthetic polyelectrolytes 

include poly(styrene sulfonate) (PSS), poly(dimethyldiallylammonium chloride) (PDDA), 

poly(ethylenimine) (PEI), poly(N-isopropyl acrylamide (PNIPAM), poly(acrylic acid) (PAA), 

poly(methacrylic acid) (PMA), poly(vinyl sulfate) (PVS) and poly(allylamine) (PAH) [69]. 

Natural polyelectrolytes include nucleic acids [70], proteins [71] and polysaccharides [72] of 

which alginic acid, chondroitin sulfate [73], DNA [74] heparin, chitosan, cellulose sulfate, 

dextran sulfate and carboxymethylcellulose are most common [73-75]. 

3.2 Nanoparticles and nanoobjects 

Nanoparticles utilized for LbL constructs are derived from stabilized colloidal dispersions of 

charged silica, charged poly(styrene) spheres, metal oxides [14], polyoxometalates [76,77] and 

conducting liquid crystalline polymers [78].  

Positively and negatively charged platelets utilized for multilayer construction are derived from 

naturally-occurring clays such as hectorite, montmorillonite and saponite [79]. Charged liquid 
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crystalline polymers i.e. hydrotalcite were successfully assembled with these clay nanoobjects 

[78,79]. 

Dendrimers have also been successfully used to form PEMs, with poly(amidoamine) (PAMAM) 

dendrimers most commonly used [80,81].  

Carrier systems can be functionalized with stimuli-responsive components that respond to 

temperature, pH and ionic strength [82,83]. The polymers/colloids used in the LbL technique can 

also be functionalized to alter its properties preceding LbL assembly.  

3.3 Substrates 

The prerequisite for successful LbL coating is the presence of a minimal surface charge, which is 

one of the few disadvantages of the technique. However, charged can be induced to still facilitate 

LbL [84]. Most commonly glass, quartz, silicon wafers, mica, gold-coated substrates are coated. 

The type of substrate that is encapsulated depends primarily on the colloids assembled into 

PEMs and analytical monitoring techniques for the coating steps [69]. 

Surface charge is not the only factor that may affect the multilayer adhesion. The surface texture 

could also affect the adhesion properties. Pretreatment of a substrate by annealing with sodium 

chloride smoothened the surface of the substrate, resulting in more intimate contact between the 

substrate and colloid to produce higher quality coats [85,86]. 

Furthermore, the coating elasticity, could also affect the surface adhesion of the coating layers to 

the substrate. The effect of the coating modulus is, however, ambiguous since some studies 

indicated an improvement in surface adhesion for elastic PAH-based coats [87,88] based on the 

morphology of the films and the polarity of the surface charge. However, a detrimental effect on 

coating interactions for highly elastic layers i.e. aminosilane-based PEMs adsorbed to glass was 

found [85]. The substrate might therefore require some pretreatment preceding the LbL assembly 

process to ensure its success. 

4. Experimental parameters and LbL adsorption 

The formation of polyelectrolyte multilayer self-assembly is usually reliant on the electrostatic 

adsorption between the substrate and subsequent layers [14,53]. A two-stage process is 

envisioned by which (1) an initial anchoring of the coating material to the surface is followed by 
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(2) a slow relaxation to form a densely-packed structure on the surface [89]. Some processing 

parameters that influence the adsorption steps of LbL assembly are briefly discussed.  

4.1 Coating material concentration 

Concentrated solutions are required for successful adsorption and to prevent colloid depletion 

during multistep LbL [53,62], to exceed the minimum threshold concentration for attachment 

and to reverse charge polarity for each adsorbed layer. The threshold is primarily dependent on 

solubility and charge density of the colloid. PSS, showed a critical concentration of 10-7 mol/L, 

whereas other polyions illustrated higher thresholds of 10-2 mol/L [90]. Above the threshold, 

concentration was irrelevant to adsorption, however, resulted in an exponential increase in the 

thickness of the monolayers [91,92].  

4.2 Washing 

As shown in Fig. 2, the LbL adsorption process includes a rinsing step, during which the coated 

substrate is washed in a good solvent for the polyelectrolyte to remove unbound polyelectrolytes 

and to prevent the cross-contamination of solutions [93]. 

Strong polyelectrolyte layers (with high surface charge density) are not significantly altered by 

rinsing of the LbL construct since the layer is secured by strong interactions. However, the 

weakly bound polyelectrolytes (low surface charge density) may be stripped off, limiting 

successful LbL assembly [94].  

4.3 Drying 

Successive dipping of the adsorbed films into the respective polyelectrolyte solutions ensures a 

moist environment, enhancing chain flexibility and ionization during the adsorption steps, 

therefore thinner and less dense films are generally formed due to a higher degree of multivalent 

adsorption [69].  

Therefore, if a PEM is allowed to dry after each rinsing step, further film growth may be 

impeded due to the unfavorable rearrangement of the upper surface molecules as seen for PSS or 

by prevention suitable time scales to ensure polyvalent grip of the substrate [95,96].  

Spontaneous drying under ambient conditions for PAH/PSS films produced more ordered films 

compared to those dried under nitrogen streaming, which showed large disordered regions and 

can thus influence film structure [97]. 
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Different rates of drying are also dependent on the number of coated layers, especially the 

dehydration of the inner layers [98]. It is thus important to consider the impact of drying on the 

film if one/both of the colloids used in the PEM film is protein based since these could rearrange 

to prevent coating. Structural rearrangement can, therefore be controlled kinetically.  

Conversely, LbL films assembled from synthetic polyelectrolytes such as poly(o-

methoxyaniline), require a drying step for optimal film growth [99]. Temperature can affect 

drying rates and is therefore an important experimental parameter [69]. 

4.4 Ion concentration and pH of the medium 

In the case of polyelectrolyte LbL self-assembly, electrostatic interactions between the 

alternating polyions result in film formation. Therefore, alterations in the electrostatic charge via 

ions or pH changes, will affect polyelectrolyte interaction and PEM growth [14,53,91]. 

PEM film thickness can increase exponentially or linearly with each step, with linear growth 

taking place when the polyelectrolytes in the solution interact exclusively with the outer layer of 

the multilayer film [100]. Generally, an increase in ionic concentration results in an increase in 

film thickness due to polyelectrolyte charge compensation resulting in more globular rather than 

extended polyelectrolyte structure [100-103]. However, with diffusion of the polyelectrolytes 

into the interior or if interactions between the adsorbing polyelectrolyte and interior takes place, 

the film thickness increases exponentially [100]. Salt ions affected the electrostatic charge 

between layers and consequently on layer thickness PSS/PDDA PEMs. With aid of dialysis, salt 

ions were leached from the media, producing thinner films from these polyelectrolytes compared 

to films produced without dialysis [103]. 

However, exceeding a certain threshold, an increase in salt concentration compensated all charge 

and the polyelectrolyte formed turbid, coagulated dispersions. No adhesion or successful 

multilayering could be achieved under these conditions [104,105]. 

Eq. (1) shows the ion exchange phenomenon regulating the adsorption step that can be 

manipulated by changing the pH or salt concentration in the polyelectrolyte solution [106]: 
)()()()()( aqaqmaqm AMPolPolAPolMPol −++−−++− ++↔+   (1) 

15 

 



where m and aq refer to molecules that are either associated with the substrate surface or which 

are dissolved respectively, Pol refers to charged polyelectrolyte segments whereas M and A are 

salt ions [106,107]. 

It is clear that an increase in the salt concentration in the polyelectrolyte solution(s) will force the 

adsorption step to slow down or cease altogether, unless the salt ions are removed e.g. dialysis 

[103] due to competitive binding between salt and polyelectrolyte ions for adsorption sites on the 

layer surface. Exceeding the critical salt concentration (csc) the adsorbed polyelectrolytes on the 

substrate surface may even be displaced by the salt ions [108]. 

A change in the pH of the solutions will alter the dissociation of the polyelectrolytes and ions, 

which will alter the successive adsorption steps [109,110]. Similarly to ion concentration, a 

change in pH value also resulted in a linear or exponential growth of film layers for weak 

polyelectrolytes dependent on a charge density mismatch under defined pH conditions [111]. 

Furthermore, a critical charge density was elaborated for selected polyelectrolytes coated in 

media containing a varying salt concentration. Below the threshold value, no growth in the 

multilayer construct was observed [112]. 

Monomolecular layer thickness of strong polyelectrolytes is amendable by adjusting the salt 

concentration in the respective solutions, whereas layers constructed from weak polyelectrolytes 

are more susceptible to the variation in the solution pH [113]. Thus the film thickness can be 

modified by adjusting the ionic strength and/or the pH of a specific polyelectrolyte solution [69].  

4.5 Working medium 

A number of studies have elaborated the effect of the working medium polarity on the efficiency 

of LbL assembly. Aqueous solutions of water-soluble polyelectrolytes are primarily used as 

coating materials and PSS and PAH count among the most studied [101]. However, the 

employment of non-aqueous systems have also been investigated with an azo-polyelectrolyte in 

N,N-dimethylformamide [114], PSS/PAH/formamide combinations, [115] and 

PSS/PAH/chloroform systems [116] all of which showed at least some extent of solvent polarity. 

Toluene could also be successfully utilized as an example of a non-polar solvent by addition of a 

surfactant to a suspension of carbon black or alumina particles [117]. 
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The working medium should enable the polyelectrolyte or coating substance to ionize to some 

extent for water-soluble coating substances, since the major interaction between successive 

layers are electrostatic self-assembly. In non-polar solvents, the substances should be coated 

reliant on dispersion forces or hydrogen bonding. This enables the assembly of substances that 

might not ionize or only ionize under harsh conditions. The interactions that are responsible for 

PEM integrity can therefore be strengthened or compromised by the environmental conditions 

resulting in assembly/disassembly of the films. In Section 7, the importance of these conditions 

on drug delivery system assembly and disassembly will be reviewed.  

4.6 Adsorption kinetics 

The preceding sections briefly highlighted some of the experimental factors that could influence 

the adsorption of charged colloids onto a substrate. The factors all show some extent of time-

dependence; therefore adsorption kinetics is the next topic. 

PEM assembly is the result of the competitive interaction between polyelectrolytes, substrate and 

polyelectrolytes and the solvent which could in turn have interaction with both polyelectrolytes 

as well as the substrate [118]. 

Generally, the first step of adsorption onto a substrate is a fast, first-order process spanning a few 

seconds since several initial electrostatic anchoring sites are unsaturated on the substrate. The 

second, slower process could span minutes and reflects the rearrangement of the coated domains 

that were established by the first anchoring step. This two-step mechanism is best described as a 

Johnson–Mehl–Avrami biexponential saturation process [119]. During this second step, 

diffusion of additional polyelectrolyte chains might occur, resulting in additional domain growth. 

The second growth step is diffusion-controlled since the level of coverage in the coated domain 

is saturated with time. Secondly, the duration of the conformational rearrangement of the 

initially-coated anchored coating material contributes to the slower rate of growth during the 

second adsorption step [103,119]. The rearrangement step results in the establishment of a brush-

like polyelectrolyte conformation of the initially adsorbed chains, posing a barrier to further 

surface saturation [120-122]. Polyelectrolyte inter-chain interactions are responsible for this 

layer restructuring as was evidenced from surface tension and contact angle measurement on 

polymer-coated substrates [123]. 
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Particle aspect ratio also affects adsorption kinetics. Hybrid multilayered films were produced by 

a combination of either montmorillonite (MMT) or laponite (LAP) particles with branched 

poly(ethylenimine) (BPEI). The thickness of both types of clay platelets approximates 1 nm, 

however MMT platelets showed an average lateral aspect of 200 nm, compared to approximately 

25 nm for LAP. Additionally, MMT particles possess polydisperse aspect ratios ranging 200–

1000 and that of a LAP approaches a uniform value of 27. The smaller LAP platelets could 

mover deeper into the uncoated voids left by the preceding layer than the larger MMT. MMT 

therefore, showed lesser dependency on the deposition of coating time. The LAP particles 

experienced the two-stage Johnson–Mehl–Avrami-type saturation process; however, the process 

could still be optimized with fairly quick coating exposure times. The smaller LAP clay particles 

required a slightly longer coating time to achieve the same film quality as that with the larger 

MMT particles [122]. 

The first step in the adsorption results in the adsorption of the most material to the surface [119] 

and will be the determining factor for a successful coat. It is not an absolute requirement that the 

surface of the substrate should be fully coated to produce a successful PEM, some material 

should be coated to prime the surface with charge. Therefore, the absorption kinetics should be 

optimized to ensure that the various experimental conditions as well as the exposure time to the 

coating solutions can successfully produce the self-assembled construct.  

5. Layer-by-layer disassembly 

In several cases, intact LbL constructed systems are required to remain stable in order to control 

the release of substances i.e. drugs [42,44] by posing a barrier to release with the possibility of 

variation of barrier permeability for water-soluble drugs and dyes substances under the influence 

of external stimuli such as changes in temperature or ultrasonic treatment [123]. 

The alternative approach to release the captured content in an LbL-assembled system relies on 

the disassembly of the vehicle. The disassembly can be affected by the complete destruction of 

the vehicle or a controlled or sustained erosion of the various layers of the construct, the latter 

posing several challenges due to the multitude of stabilizing interactions between adjacent layers 

[124]. 

Electrostatic screening with sodium chloride has been studied as an immediate disassembly 

trigger for multilayered capsules [125]. The salt concentrations needed to invoke disassembly 
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were often high and resulted in immediate, sometimes unwanted, release of the content [126]. 

Similarly, immediate release upon reaction to a change in pH could also be seen [127]. 

However, by incorporation of biodegradable polyelectrolytes, i.e. poly(ß-amino ester), and non-

biodegradable polyelectrolytes in the multilayered structure, the slow and controlled disassembly 

under physiological conditions was achievable [133]. Similar controlled release effects was seen 

for the hydrolytically cleavable poly(ß-amino ester) with hydrophobic modification up to a 

certain critical point, after which rapid destabilization and release was observed [128]. Tailoring 

the polyelectrolyte of the polysaccharide chitosan by cross-linking to hyaluronan to enzymatic 

degradation also affected control over the degradation of the multilayered film [129]. The 

applications of LbL disassembly in drug delivery will be discussed later.  

6. Characterization of LbL constructs 

The combination of several techniques can be used to study the construction, disassembly or 

release of captured content from LbL PEMs. Some of the more common methods will be briefly 

discussed (Fig. 3). 

6.1 Spectroscopic characterization 

Multilayer growth can be monitored by UV–VIS spectroscopy that determines cumulative 

absorption attributed to stepwise deposition of UV-active colloids [130,131]. 

Ellipsometry determines the distance-dependent change in polarization of a light source as a 

function of reflection or transmission through a substance. Therefore, the multilayered film 

thickness can also be measured this way [132,133]. These methods are most commonly used to 

determine the layer thickness or adsorbed mass per layer during each step [66,119,134-136]. 

Cumulative visible light absorption is also used to determine PEM thickness. Additionally, 

substrate–polyelectrolyte interactions can be studied by the shifts in absorption maxima 

dependent on coating time. This shift was attributed to the interaction of a UV–chromophore that 

was also responsible for the surface adhesion [99] or for solvent–polyelectrolyte interactions 

[137]. 

PEM stability can be studied with confocal laser microscopy (CLSM), if fluorescently-labeled 

polyelectrolytes are assembled [138,139]. The method is limited to detectable particle size 

constraints [140]. Release of fluorescently-labeled substances from PEM capsules were also 
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studied with CLSM [141,142]. Multilayer thickness also scaled proportionally to the 

fluorescence intensity [142]. 

Infrared analysis can be used to determine the PEM moisture content. This could reveal useful 

information to study the structure of ionizing groups as well as the permeability of water-

leachable substances [143] or PEM assembly in the presence of moisture [144,145]. 

Drug interactions with constituent PEM layers could be studied using Raman microscopy. It was 

found that methylene blue arranged as monomers or aggregates in different positions in gold-

labeled polyelectrolyte chains. The interaction of the gold nanoparticles and anionic 

phospholipid was influenced by methylene blue aggregation and chain position, altering the gold 

particle clustering. Consequently, color changes in the surface-enhanced Raman scattering of the 

gold particles were observed [146]. 

Minute dioxin contamination could be by incorporation of Ag nanoparticle sensors in permeable 

LbL constructs of PDDA/PAA. These films were immersed in citrate solution and then Ag 

nanoparticles were trapped inside the porous film. Upon aggregation of these nanoparticles, due 

to complexation with dioxins, a marked increase in the electromagnetic fields between Ag 

particles were facilitated, amplifying the detected Raman signal [147]. 
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Fig. 3. Some of the most common characterization methods of LbL self-constructs (A) zeta potential 

measurements of alternately coated substrates, (B) UV and (C) QCM-D analysis of layer accumulation 

and thickness, (D) AFM analysis of a rough and smooth coated cellulose surface. 
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6.2 Structural characterization 

Quartz crystal microbalance studies, relate vibration dissipation (QCM-D) as function of the 

step-wise amount of colloid adsorbed to a quartz crystal surface in real time. The dissipation 

values are converted by the Sauerbrey equation to the amount of material that was adsorbed per 

layer [148,149]. QCM-D should be used with caution if viscoelastic polyelectrolytes [88,150] are 

coated and where thicker layers are coated due to potential crystal vibration frequency 

compensation, resulting in erroneous interpretations of frequency shifts [151]. 

Electrophoretic particle mobility enables ζ-potential measurements of charged, therefore 

efficiently coated, surfaces to study charge reversal and colloidal stability [152]. 

The internal arrangement PEM structure can be determined by X-ray reflectivity [153,154] as 

seen for PAMAM dendrimers that were assembled in layers with sulfonated poly(aniline). The 

reflectogram intensities were converted to the thickness of the PAMAM layers. These layers 

were present in flat conformations or possibly interpenetrated with the poly(aniline) since the 

calculated thickness deviated from the expected thickness for globular conformations [155]. X-

ray reflectivity also showed that hydrophobic substituents on PDDA produced globular 

structures due to a reduction in solubility. Thickness of the subsequent PDDA/clay PEMs was 

therefore proportional to medium hydrophobicity [156]. 

The surface texture and roughness of PEMs can be elucidated by atomic force microscopy 

(AFM) [106,177]. Water repellency could also be studied as a function of the number of silica 

layers that were assembled onto a glass surface [158]. AFM can aid studying the changes in 

wettability, contact angle and subsequently surface energy [159]. 

A comprehensive study was performed to study the effect of multilayer coating of PEI on 

cellulose substrates where AFM was employed to characterize the surface roughness of the 

coated cellulose substrates and ultimately the interaction of these surfaces with liquids [160]. The 

addition of a Hofmeister series of ions was studied with AFM to determine the effect on 

PSS/PDADMAC multilayer texture. It was observed that chaotropic anions destabilized/stripped 

some layers of a PSS/PDDA PEMs by charge screening [161], resulting in a higher surface 

roughness [162]. 
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Spin relaxation NMR was also employed to study the hydration and dehydration properties of 

multilayers [98] or the mobility of polyionic multilayers [163]. It was proven that water mobility 

in a PAH/PSS LbL construct in solution was impaired when the polycation formed the outer 

layer [98], however in the solid state NMR analysis, the movement was indeed faster when PAH 

formed the outer layer, due to preferred association of water molecules with PSS. The effect of 

higher pH demonstrated bulkier conformations of PAH, allowing for more chain and water 

movement flexibility [164] which could influence drug delivery as seen in the next section. 

Projected particle size and size distributions can be determined with dynamic light scattering 

(nanoparticles or smaller microparticles) or diffraction techniques (larger particles) [165]. 

These are some of the more common techniques that are currently used to confirm the self-

assembly LbL process, as well as to characterize the final PEM structure and release properties 

of delivery systems.  

7. The contribution of LbL self-assembly to drug delivery 

7.1 Advantages of LbL-assembled multilayers 

LbL self-assembly offers several advantages to other methods of encapsulation, coating or 

fixation of substances: (1) the wall thickness of capsules can be tailored in the nm–μm range, (2) 

several types of synthetic/natural colloids are available for LbL, (3) the location and sequence of 

the layers can be controlled, (4) surface labeling with targeting molecules is possible, (5) 

stabilization of submicron particles is possible [167], (6) LbL avoids the use of 

thermodynamically unstable mechanically-micronized particles [168,169] and (7) much lower 

amounts of colloids (~ 1%) is needed to produce a functional coating compared to a minimum of 

~ 10% with conventional techniques.  

7.2 Drug release 

A major challenge in drug delivery is to produce controlled, sustained or triggered release 

systems for small encapsulated drug molecules. Fluorescein dye release from polyelectrolyte 

capsules showed that the number of layers determined the extent of diffusion resistance and 

encapsulated core dissolution, also relevant to drug delivery systems [170]. 
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Tailored release systems minimize side-effects due to lower systemic drug concentrations, 

prolonged duration of drug action and protection of active ingredients in hostile physiological 

environments [171,172]. 

Another challenge of controlled-release drug delivery systems is curbing the fast initial release of 

drug. However, capturing procaine hydrochloride in nanoparticles smaller than 200 nm and 

depositing only a few layers of PAH/PSS, successfully eliminated burst release. The PEM 

prevented particle swelling; therefore, the particles were less permeable to drug diffusion, 

lengthening the release t1/2 from 30 min to 3 h [173]. 

A pulsatile release system was also developed by PSS/PAH layering of acrylate-based polymer 

microgel particles containing fluorescently-labeled dextran as a macromolecule model substance. 

These particles were cross-linked, however, these bonds were hydrolyzed in the release medium. 

Subsequently, the free dextran chains could absorb solvent, swell and upon a critical swelling 

value, rupture the PEM capsules to release a high concentration of dextran particles. By variation 

of PEM layering, acrylate-dextran composition and degree of cross-linking, the rupture of PEM 

capsules was rendered pH-responsive. Permeability to different molecular weight dextran model 

compounds could also be controlled due to difference in swelling capacity of the encapsulated 

particles [174]. 

Silk fibroin is a family of proteins with controllable levels of crystallinity that can be exploited to 

modulate the rate and extent of the release of drugs like paclitaxel and clopidogrel [175-177]. 

LbL with silk fibroin/gelatins alleviated burst release and facilitated tunable sustained release of 

trypan blue, inulin and BSA [178].  

7.3 Encapsulated drugs 

Chitosan, alginate, dextran sulfate and carboxymethylcellulose were used to capture ibuprofen, 

producing one of the first PEM drug delivery systems. The pH of the medium was optimized to 

prevent dissolution of ibuprofen, whilst ensuring optimum polyelectrolyte charge for assembly. 

Short release times were found, although the effect of the number of layers; therefore barrier 

thickness, on the rate of release was confirmed [44]. 

Furosemide microcrystals were nanoencapsulated by gelatin/PSS/PDDA multilayers. Release 

was prolonged by 50–300 times based on just 2 or 6 bilayers respectively which reached a 
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maximum thickness of ~ 155 nm, further suggesting LbL for sustained release applications 

[167]. 

Dextran, chitosan, alginate and poly(acrylic acid) as PEM colloids and vitamin E tocopherol 

poly(ethylene) glycol 1000 succinate as a crystal stabilizer was assembled to lower the extent 

naproxen release by ~ 50% compared to the uncoated crystals. A controlled zero-order release 

was also demonstrated for naproxen PEM capsules, achieving a release of 60–80% over 8 h [42]. 

Indomethacin microcrystals were coated with chitosan/alginate under various conditions. Raising 

the deposition temperature from 20 to 60 °C, produced thicker coats (16 or 32 nm respectively) 

due conformational compaction of the PEM which in turn prolonged drug release up to 2 h 

compared to less than 20 min for uncoated crystals [179]. 

Dexamethasone release was prolonged by PEMs comprising gelatin A/B layers of different 

thickness, combined with PSS/PDDA. Moreover, using sonication during LbL also 

deagglomerated and stabilized the micronized dexamethasone aggregates. Although small 

particles (0.5–5 μm) were obtained complete release could be prolonged to 2 h without burst 

release [180]. 

Doxorubicin was loaded into PAH/PSS capsules that were templated on sacrificial silica cores in 

media with low pH and low salt concentrations. Encapsulation of 90% was already achieved at 

pH 6.0 with even higher encapsulation at lower pH values due to lowering of electrostatic 

interactions between PAH/PSS with resultant higher permeability. Release of doxorubicin was 

subsequently also higher at low pH since doxorubicin–PSS interaction was at a minimum. Low 

salt ion concentrations slightly screened electrostatic interactions between colloids which 

therefore assumed a coiled, permeable conformation. The release t1/2 for all PEM capsules 

exceeded 14 h [181]. 

Doxorubicin and daunorubicin were loaded into carbonate cores doped with PSS. The cores were 

coated and upon dissolution, only the interior PSS layer remained with the assembled outer 

layers forming the PEM capsule. The interior PSS layer could selectively capture drug molecules 

in the capsule interior. Additional layering resulted in some loss of the internal PSS layer, 

lessening drug encapsulation. PEM capsules could however sustain drug release in a bimodal 

fashion by which the initial phase released 40–80% drug in the first 4 h depending on PEM 

composition [182]. 
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Poorly water-soluble paclitaxel and tamoxifen aggregates were deagglomerated and stabilized as 

nanocolloids by sonication-assisted LbL with either PAH/PDDA as and PSS. The amine groups 

of surface-deposited PAH could also be covalently labeled with a tumor-specific antibody, 

resulting in a significant increase in target-specific drug delivery. Drug content in the carriers 

exceeded 85%, unprecedented by other carrier systems. Release spanned 2–10 h depending on 

the PEM architecture [183]. 

Ampicillin has a short biological half-life of < 1 h and its application could benefit from a 

sustained or controlled release formulation. The chitosan/alginate platform was exploited to form 

ampicillin-loaded beads which were then coated with the same polyelectrolytes. Cross-linking of 

multilayered beads with polyphosphate could sustain release of the antibiotic since only 20–30% 

release occurred within 24 h compared to uncoated beads that released > 70% in the first 4 h 

[184]. 

Tobramycin was assembled with dextran sulfate or PSS on a sacrificial ZnO core. Tobramycin 

loading in these PEM shells reached values of up to ~ 62% depending on the amount of bilayers. 

The release of tobramycin, using either dextran sulfate or PSS, into lachrymal fluid of rabbits 

attained values above the therapeutic concentration for over 6 h compared to the commercial 

product, which was already eliminated after 2 h. The PSS-based shells were more stable than the 

electrostatically-stabilized dextran sulfate shell due to hydrogen bonding of the phenyl rings of 

PSS could still stabilize the shells in the presence of counterions [185]. 

Rifampicin was encapsulated by hydrogen-bonded LbL assembly of PVP/PMA capsules on 

sacrificial silica template cores. Drug was preferentially encapsulated in the capsule interior and 

was enhanced at higher temperatures up to 40 °C. A sigmoidal release pattern was seen as 

function of pH with almost no release at low pH and a sudden release exceeding pH 6.8 

(intestinal pH) when hydrogen-bonded layers were destabilized [186]. 

Ciprofloxacin was captured in PAH/PMA capsules templated on sacrificial CaCO3 cores that 

were stabilized in PSS solution. PAH was thus the first coated layer on the anionic PSS-tagged 

core and a carbodiimide was used to cross-link the PEM layers for the desired duration. PSS 

formed the interior layer after core dissolution favoring drug encapsulation in the interior by 

adjustment of the medium pH to protonate ciprofloxacin. Release could be prolonged to 10 h 

with effective antibacterial action against E. coli still present after 25 h by which time the 
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unloaded control particles already showed a 900-fold increase in E. coli concentration of the 

inoculation dose [187]. 

Artemisinin, an antineoplastic drug, was encapsulated by chitosan, gelatin and alginate PEM 

capsules, with an encapsulation efficiency exceeding 90%. Four bilayers of gelatin/alginate 

lengthened the release half-life of the drug to 15 h compared to complete release for the same 

dose of uncoated crystals within 2.5 h. A six-layer chitosan/alginate PEM extended release to 20 

h. The polymer:drug ratio for the 6-layer chitosan/alginate formulation was, remarkably efficient 

at 1:24. Ionic strength and type of polyelectrolyte significantly affected multilayer thickness and 

drug release rates [188]. 

A unique electrically-triggered drug delivery system was introduced for gentamicin an antibiotic 

with five amine groups which could be protonated at pH < pKa ~ 8.2. Prussian Blue was used as 

counter polyanion for gentamicin. Prussian Blue (PB), a conductive iron–cyanide complex 

becomes electrically neutral upon electrical current flow. Chitosan-PB layers were deposited 

onto a substrate, followed by PB-gentamicin layers of a desired sequence. A pulsatile release was 

illustrated as current flow was switched on and off, because the electrostatic interaction between 

PB and gentamicin was abolished. A period of controlled release was also demonstrated if 

current flow was maintained. One order of magnitude higher release could be shown for this 

triggered system compared to passive release systems [189].  

7.4 Protein and peptide drug delivery 

Acid-resistant, orally-administered insulin nanoparticles were produced by LbL with alginate 

and dextran sulfate preceding nucleation with calcium. These nucleated particles were coated 

with a poloxamer and stabilized with a chitosan layer before final coating with albumin. These 

PEM capsules released a high dose of insulin in alkaline media in the first 30 min with depletion 

of the vesicle in the next hour. A significant hypoglycaemic effect of 45% relative to basal 

plasma glucose concentration was maintained over a 24 h period for PEM nanoparticles, even 

though an oral bioavailability of only 13% could be illustrated. A subcutaneous insulin injection 

achieved a rapid, hypoglycaemic effect that dissipated relatively quickly. Conversely, the PEM 

system showed a sustained, clinically-relevant effect that could potentially prove more effective 

by avoidance of regular injections [190]. 
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Insulin was encapsulated by consecutive layering of either Fe3+ or protamine as outerlayers onto 

dextran sulfate to produce gastric acid-resistant particles in the range of 2–3 μm. Loads of ~ 46% 

and encapsulation efficiency of ~ 70% could be achieved. PEM particles with just four bilayers 

produced a significant hypoglycaemic effect in test animals reaching 6 h, which was extended to 

12 h by assembly of 10 bilayers, to only 2 h achieved with uncoated oral insulin [191]. 

Insulin was assembled with alginate by hydrogen bonding to construct PEM capsules around 

hydrocortisone cores. Immunosuppressive glucocorticoids commonly cause hyperglycemia; 

however, by release of insulin as a one of the PEM constituents, it could potentially control this 

side-effect. The exposure of the capsule to a phosphate buffered solution at pH 7.4 (0.01 M) 

slowly abolished the insulin–alginate hydrogen bonding interaction to slowly release insulin in 

addition to hydrocortisone. Insulin secondary structure was not affected during LbL, therefore 

holding great promise for in vivo applications [192]. 

Growth-promoting factors such as brain-derived neurotrophic factor (BDNF) are used to 

promote axonal regeneration for potential treatment of nerve tissue injuries. Biocompatible 

agarose scaffolds are mostly used to guide the growth of new axons. By employment of a protein 

model similar to BDNF i.e. lysozyme, hydrogen-bonded PAA/PEG/lysozyme PEMs were 

deposited onto agarose scaffolds. The exposure of proteins to harsh solvents normally used for 

simultaneous templating and drug loading of agarose scaffolds was thus avoided. Gradual 

degradation of the hydrogen-bonded film, released active protein over the period of one month. 

The PEM prevented detrimental contact between the agarose scaffold and growing neuronal cells 

illustrating a useful application of LbL in nerve regeneration promoted by delivery of therapeutic 

agents [193]. 

Glucose oxidase oxidizes glucose to produce gluconic acid and hydrogen peroxide. In turn, 

hydrogen peroxide can be converted to oxygen and water by catalase and this enzymatic synergy 

would, therefore, favor the constant oxidation of available glucose. Insulin was encapsulated in 

PEMs of glucose oxidase/catalase that were cross-linked to different extents. Exposure of these 

capsules to glucose activated the enzyme cascade, producing gluconic acid (and hydrogen 

peroxide) that lowered the pH in the PEM shell environment. Subsequent hydrolysis of the cross-

linked bonds enhanced permeability and released insulin attaining 40% after 3 h incubation in 
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glucose solution before leveling off. Virtually no insulin was released in glucose-free control 

medium [194]. 

DNA vaccination results in the presentation of specific antigens on antigen-presenting cells i.e. 

dendritic cells that can then recognize foreign antibodies to trigger an immune response. PEM 

vaccine particles were prepared by LbL of a hydrolysable poly(ß-amino ester) and plasmid DNA 

(pDNA) onto poly(styrene) template cores. By changing the PEM outer layer from poly(ß-amino 

ester) to linear PEI, the particles were transported to the same extent into macrophages, however 

with PEI it seemed that the pDNA was also transported to the cytosol. Approximately 80% of the 

pDNA was released in the first 12 h whereas the remaining load was released over the next 60 h 

[195]. As illustrated for pDNA/poly(ß-aminoester) systems, the delivery is also physiologically 

relevant since the poly(ß-amino ester) can readily hydrolyse at pH ~ 7.0 at 37 °C [196]. 

A transdermal vaccination system was illustrated by an LbL construction of a poly(ß-amino 

ester) and/or the model protein antigen, ovalbumin (OVA) and the immunostimulatory DNA 

oligonucleotide, CpG. These films were coated onto a dermal delivery patch at an optimized pH 

of 6.0 and dried. Upon application of the films to stripped skin surface, the films rehydrated (pH 

~ 7.4), resulting in disassembly of the hydrogen-bonded films with release of the active agents to 

be taken up by skin dendritic cells for antigen presentation and subsequent vaccination. Release 

could be extended from one to several days depending on the PEM compositions. The largest 

amount of OVA release takes place during the first 24 h and a maximum release period of 3 days 

could be achieved. CpG release was more gradual and could still be seen after 7 days [197].  

7.5 Loaded object-based LbL drug delivery devices 

Porous CaCO3 microparticles were prepared by colloidal agglomeration and stabilized with PSS 

preceding loading of the cores in different solvents with ibuprofen. The washed, loaded cores 

were then layered with protamine sulfate/PSS. Depending on pH, layer composition and loading 

conditions, the bilayers could delay the release of ibuprofen; doubling the total release time from 

220 to 420 min. The prolonged release was seen despite the fact that ibuprofen was now present 

in an amorphous, more soluble form compared to the crystalline uncoated particles [198]. 

The lumens of halloysite nanotubes were partially loaded with dexamethasone using an 

evacuation technique, yielding loads of approximately 7%. Loaded tubes were subsequently 

layered with PEI/PAH and other polyelectrolytes of various molecular weight. Coated tubes 
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produced superior release retardation compared to uncoated tubes, with medium to very high 

molecular weight polyelectrolytes showing 25–40% and uncoated tubes demonstrating 80% 

release over a 6 h period [199]. 

Mesoporous silica spheres were coated with PAH and PSS to produce PEM capsules for 

gentamicin. Drug loading was performed at pH 2.0 by incubation for a set period of followed by 

precipitation in the capsule interior at pH 8.0 due to a marked reduction in permeability of the 

PEM wall at pH 8.0. pH-triggered release was seen in low pH with 70% release over 12 h with 

capsule depletion at 30 h. Virtually no release in higher pH media was found due to low 

permeability of the PEM wall [200]. 

A carboxy-ß-cyclodextrin-analog (cCD) was utilized to host the anti-inflammatory drug 

piroxicam and then LbL coated with poly(l-glutamic acid) (PGA) and poly(l-lysine) (PLL). The 

poorly water-soluble piroxicam could be solubilised in high amounts in the cCD, however the 

release of piroxicam, as judged from the duration of suppression of inflammatory modulator 

expression, was markedly influenced by the PEM architecture [201]. 

The antitumor drug, risedronate, was complexed into a hybrid polyelectrolyte derivative of PLL 

that was grafted with a ß-cyclodextrin (ß-CD) to host the drug. The PLL-ß-CD polycation was 

then assembled with the PGA onto bone implants. These drug-loaded systems resulted in a 70% 

higher antitumor effect compared to unloaded complexes (that was slightly active due to cell 

penetration of ß-CD moieties). Additionally, the tumors seen with complexed drug were 60% 

smaller than for pure drug or placebo as monitored over an 18-day period. The loaded complexes 

also attained a drug concentration that was 2.3-fold larger than the minimum curative 

concentration over a period of 7 days [202]. 

A hybrid electrostatic PEM system was fabricated for the antibacterial substance, triclosan. A 

linear hydrophobic polymer, poly(propylene oxide) (PPO), was functionalized on both its 

terminals with generation 4.0 PAMAM dendrimers to provide a hydrophilic, ionizable amine-

terminated corona. The PPO-PAMAM block copolymers formed micelles in water and the 

hydrophobic core encapsulated triclosan, whilst the outer polycationic corona could be coated by 

PAA to produce a delivery system containing ~ 35% triclosan. The release of triclosan 

significantly sustained with a release t1/2 of 77 h and a total release of 20 days, with efficient 

inhibition against S. aureus. Drug-free films produced no antibacterial effect [203]. 
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Triclosan was captured in micelles based on biodegradable poly(ethylene oxide)-poly(ε-

caprolactone) block copolymers (hydrogen bond acceptor) and assembled with PAA as hydrogen 

bond donor. The films were assembled at pH < 3.0 and disassembled at pH 7.4 to release the 

drug-loaded micelles. By cross-linking, the release of the micelles from the films could be 

controlled. Ultimately, cross-linked films achieved a maximum sustained release of 13 days 

compared to normally coated particles which showed only 90 min release. All the loaded 

systems proved effective against S. aureus [204] and again advocated the use of hydrogen bond 

assembled films for drug release under mild pH conditions, temperature-responsive systems 

under physiologically-relevant temperature as with polymers with low glass transition 

temperatures [205,206]. 

A number of studies have also reported the LbL coating of liposomes with PLL, PGA and 

hyaluronic acid to control the release of Ag+ ions with antibacterial action against E. coli [207] 

and control the release of fluorescent dyes from coated liposomes [208]. 

Ellagic acid, an antineoplastic phenolic compound, was captured in soybean lecithin liposomes 

and subsequently coated with chitosan/dextran sulfate. Loading reached 64% and encapsulation 

efficiency achieved 43%. Approximately 20% of the load was released during the first day from 

uncoated liposomes with slightly lower release for coated liposomes. By the third day uncoated 

formulations showed 50%, the two bilayer-liposomes ~ 30% and the four bilayer-liposomes ~ 

20% release. From the third day onwards, prolonged release was seen with the uncoated 

liposomes showing > 80% cumulative release at 15 days, the two bilayer-liposomes achieved ~ 

40% and the four bilayer-liposomes ~ 25% cumulative release. Temperature increases enhanced 

release for all liposomes, however the coated liposomes showed > 20% less release than 

uncoated carriers. An increase in pH from 3.0 to 7.0, with less destabilization of polyelectrolyte 

charge, reduced release for all liposomes, with coated carriers releasing less than uncoated 

liposomes [209].  

7.6 Targeted delivery 

Some of the most useful platforms to label the surface of LbL assembled carriers exploit specific 

interactions between (1) sugars and lectins such as concanavalin A to sensitize surfaces to sugars 

expressed on cell surfaces [210,211], (2) biotin and avidin for multilayering of specific 

antibodies [212] or sensitizing the surface to biotin-conjugates by deposition of an outer layer 

31 

 



containing avidin [213,214] and (3) labeling with virus proteins to fuse the carrier content with 

cells [215]. 

Folic acid labeling is commonly used against cancer tissues, overexpressing folate receptors 

compared to normal tissues. PLGA nanoparticles that were first coated with chitosan and 

alginate preceding covalent labeling with folic acid or PEG-modified folic acid illustrated tumor 

selectivity. The particles that were LbL coated, but not tagged with folic acid, showed virtually 

no uptake with the folate receptor expressing cell lines [50]. 

LbL carriers coated with A33 monoclonal antibody, could be successfully targeted to colorectal 

cancer tumors of which ~ 95% present the A33 antigen. The carrier particles were templated on 

sacrificial poly(styrene) cores of various sizes and comprised PSS, PAH, PEI and PAA among 

others. PEG-only terminated particles could avert the binding of antibody-free carriers to the 

antigen. However, the antibody-coated capsules were successfully targeted and delivered even 

when PEG was coated on top of the antibody [216]. 

Liver parenchymal cells were also successfully targeted. These cells express asialoglycoprotein 

receptors presenting lectins, proteins that recognize monosaccharides such as d-galactose [217]. 

Propranolol was loaded into CaCO3-templated PEM capsules comprising PSS and a novel 

synthetic galactose-functionalized copolymer polycation. Loading was achieved selectively in 

the capsule interior due to good interaction between propranolol and the polycation. The 

galactose-labeled polycation illustrated excellent lectin affinity, implying potential liver targeting 

delivery systems [218]. 

Targeted gene delivery was successfully performed by coating biodegradable poly(d,l-lactic 

acid) films (as gene carrier). Poly(ethyleneimine), another commonly used gene vector, was 

modified to bear galactose moieties to target liver cell asialoglycoprotein receptors. A model 

plasmid DNA (pDNA) molecule served as the counter polyelectrolyte whilst also serving as a 

reporter gene. When the coated poly(lactic acid) particles attached to galactose recognizing cell 

lines, they were internalized and subsequently also released the pDNA in the surface layer. This 

pDNA, upon translation, resulted in heightened expression of β-galactodidase to produce a 

metabolite, o-nitrophenol which could be monitored to confirm LbL carrier delivery. Cell lines 

that are impervious to galactose did not report this increase in metabolism, implicating this 

system for targeted gene transfection as a therapeutic system [217].  
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7.7 Future outlook on LbL in drug delivery 

The first ten years of LbL self-assembly laid the physicochemical foundation for the 

manufacturing of LbL constructs and the characterization thereof. During this period, different 

substances were also loaded into and released from these carriers dependent on PEM architecture 

and stimuli i.e. temperature, pH and changes in ion concentration. 

Since the turn of the millennium, LbL drug delivery systems have been developed. The robust 

nature of the self-assembly process, the high encapsulation efficiency, targetability and 

biocompatibility of PEM drug delivery holds great potential controlled and targeted release of 

drugs and genes. 

In future we can anticipate that the array of colloids utilized in LbL assembly will become more 

sophisticated due to improvements in organic and polymer synthesis. Polyelectrolytes might 

assume hybrid forms through functionalization of monomers with drug, gene or nucleic acid and 

other moieties preceding polymerization. These hybrid colloids will perform simultaneous roles 

as structural constituents, drug carriers/prodrugs and stimuli-sensitive release triggers. LbL 

stabilization will also to a larger extent to improve otherwise troublesome, unstable carriers such 

as liposomes or micelles. 

PEM or colloidal shells will show more specific stimuli-responsiveness as was already shown for 

glucose-specific enzyme multilayer systems. It can be imagined that LbL reservoirs, containing 

therapeutic agents, could be implanted in patients with a genetic predisposition to a detrimental 

conditions. As soon as disease markers are encountered by these implanted LbL capsules, a 

therapeutic agent is released. Intense multidisciplinary cooperation is needed to develop these 

sensor mechanisms for specifically-triggered release. 

The development of multi-agent delivery vaccines are also on the rise. These vaccines can be 

made very specific with LbL vesicles providing adequate storage and protection until activation 

is needed. Differently loaded LbL carriers could perhaps be included in a larger carrier and 

depending on the stimulus; reactants could be released from smaller entrapped vesicles that 

trigger the release of different agents from the larger carrier. Alternatively, a selectively 

permeable large carrier would control the exposure of encapsulated smaller vesicles to these 

triggers before releasing of therapeutic agents that diffuse through the PEM. 
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Long-term treatment with biodegradable PEM implants for low therapeutic index drugs i.e. 

corticosteroids or anti-cancer drugs could be useful in treatment of tumors. These implants could 

be situated close to/in the tumor, ensuring long-term sustained release of the drug. The same 

principle could probably be applied to deliver genes/DNA fragments to patients with metabolic 

defects to ensure long-term treatment. 

Negative feedback release drug delivery systems with retained sensitivity and release potential 

should also be realized soon. A sensor system should, therefore be developed to stimulate, but 

also turn off, the release of therapeutic agent. Temperature and pH changes can already result in 

such releases based on conformational changes in certain polyelectrolytes; however sensors to 

specific disease markers or metabolites need to be developed. 

Exotic targeting proligands could also be developed that will only on encountering certain 

signaling markers/enzymes be converted to the active ligand. These LbL particles could be 

administered without the release of drug, until the targeting proligand is activated, recognized by 

the target receptor and taken up into the cell with subsequent release. 

Additionally, LbL delivery systems will become subject to clinical trials and especially 

pharmacokinetic and toxicological evaluations of these delivery systems will be seen. These tests 

will not only determine the safety of the therapeutic agent, but also study elimination of the 

actual carrier systems from the body.  

LbL self-assembly systems therefore provide a very robust platform to create novel, hybrid or 

stabilized drug delivery systems for a myriad drugs and genes can be employed on various nano- 

to macroscopically-sized systems. Due to its technological ease and cost of preparation, 

avoidance of hazardous preparative chemicals, independence of precise stoichiometry, 

facilitation of controlled, triggered and target release, the technique should see significant growth 

in future as a leading drug delivery technology. Fig. 4 shows some of the applications of LbL 

drug delivery systems. 
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Fig 4. A schematic of (A) the LbL coating of silica cores with PSS/PAH and loading with gentamicin to 

produce (B) gentamicin PEM nanocapsules with (C) pH-dependent, prolonged release [203]. (D) The 

effect of different PEM architectures and number of bilayers on artemisinin sustained release [191]. 

8. Conclusions 

The evolvement and simplicity of LbL construction provided a simple, robust platform, 

independent of precise stoichiometry, for the modification of material surfaces or the 

encapsulation of various substrates. The technique facilitated a ‘library’ approach to create novel 

carrier systems, especially in the field of drug delivery. A myriad of colloids can be used to 

create novel hybrid-coated materials by use of different intermolecular forces. 

Multifunctionality of LbL systems can be introduced by the inclusion of different materials in the 

multilayers i.e. polyelectrolytes, metal oxides, clay nanoobjects and enzymes all of which could 

be rendered stimuli-responsive. Ultimately, the surface of these constructs can be labeled with 
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targeting molecules and reagents, enabling targeted and triggered delivery of the encapsulated 

substances or the activation of catalytic reactions under suitable conditions. 

A sound knowledge of the historical evolution of LbL as well as the physicochemical basis 

which first characterized these systems was transferred to the field of drug delivery. This resulted 

in the development of some novel, highly efficient drug delivery systems and the foundation on 

which even more sophisticated delivery systems will be based in the near future. 
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Abstract 

Microcrystalline cellulose is a commonly used direct compression tablet diluent and binder.  It is 

derived from purified α-cellulose in an environmentally unfriendly process that involves mineral 

acid catalysed hydrolysis.  In this study Kraft softwood fibers was nanocoated using a layer-by-

layer self-assembling process.  Powder flow and compactibility results showed that the 

application of nano thin polymer layers on the fibers turned non-flowing, non-compacting 

cellulose into powders that can be used in the direct compression of tablets.  The powder flow 

properties and tableting indices of compacts compressed from these nanocoated microfibers were 

similar or better than that of directly compactible microcrystalline cellulose powders.  Cellulose 

microfibers coated with four PSS/PVP bilayers had the best compaction properties while still 

producing tablets that were able to absorb water and disintegrate and did not retard the 

dissolution of a model drug acetaminophen.  The advantages of nanocoating rather than 

traditional pharmaceutical coating are that it add less than 1 % to the weight of the fibers and 

allows control of the molecular properties of the surface and the thickness of the coat to within a 

few nanometers.  This process is potentially friendlier to the environment because of the type and 

quantity of materials used.  Also, it does not involve acid-catalyzed hydrolysis and neutralization 

of depolymerized cellulose. 

 

Key words: layer-by-layer, selfassembling, nanocoating, cellulose, direct compression 

Running title: Directly compactible nanocoated cellulose 
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Introduction 

Tablets, and in particular directly compressed tablets, are considered to be the most desirable 

dosage form for drug delivery since it is affordable and convenient for patients, and it has a 

straightforward, easily controllable and low cost manufacturing process which is attractive for 

pharmaceutical manufacturers and friendlier to the environment (De la Luz Reus Medina and 

Kumar, 2007; McCormick, 2005).  Also, the process of direct compression consists of only two 

manufacturing steps including mixing of the constituent powders and compression to produce the 

final tablet dosage form, and this is beneficial in the pharmaceutical industry since it reduces the 

risk that an error may be introduced during the manufacturing process which could compromise 

the safety and stability of the final product (McCormick, 2005). 

Most dosage forms require the addition of excipients in order to assist in the manufacture and 

delivery of the dosage form, and for directly compressed tablets these include diluents, binders, 

lubricants, disintegrants and glidants (Aulton, 2000; De la Luz Reus Medina and Kumar, 2006; 

Peck et al., 1989).  Cellulose fibers, manufactured from the purification and size reduction of α-

cellulose fibers from the pulp of fibrous plant materials, serves as the basis for the manufacture of 

a variety of these excipients but  it is not used in its unmodified form due to its poor flow 

properties (Aulton, 2000; De la Luz Reus Medina and Kumar, 2007).  A modified cellulose, 

microcrystalline cellulose (MCC) is the most commonly used diluent or binder in directly 

compressed tablets.  MCC is derived from purified wood α-cellulose by the treatment of the 

cellulose fibers with mineral acids (De la Luz Reus Medina and Kumar, 2006; Doelker, 1993).  

This acid treatment results in the hydrolysis of the amorphous cellulose fibers which also reduces 

the degree of polymerization in the cellulose chains, and this leads to the formation of aggregates 

of microcrystals with an average particle size in the micrometer range (Chuayjuljit et al., 2008, 

Doelker, 1993).  The reason for this modification is that the unmodified cellulose fibers have 

poor flow and compression properties compared to MCC, and these two properties play an 

essential role in the manufacturing of tablets through direct compression since it influences the 

weight uniformity, compressibility and tensile strength of the tablets (Lindner and Kleinebudde, 

1994).  However the process through which MCC is manufactured is environmentally unfriendly 

since it consumes large quantities of fresh water which is difficult to recycle as a result of the 

treatment with strong mineral acids.  More environmentally friendly methods for preparing MCC 

have been suggested.  (Chuayjuljit et al., 2008; Stupińska et al., 2007).  There are two possible 
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options available in order to be more environmentally conscious during the manufacturing of 

directly compressed tablets, and these are to either develop another environmentally friendly 

method for the production of MCC, or to develop method of altering the flow and compression 

properties of the unmodified cellulose fibers in order for it to be suitable for the manufacture of 

directly compressed tablets.  The latter was explored during this study through the nanocoating of 

aqueous suspensions of Kraft softwood fibers with various polymers, using a layer-by-layer 

(LbL) self-assembly process. 

The layer-by-layer (LbL) coating process is the sequential application of alternate 

polyelectrolytes or charged nanoparticles onto the surface of a charged substrate (Lvov et al., 

1993).  These ultrathin coatings can be functionalized for controlled drug delivery purposes (Ai et 

al. 2003, De Geest et al., 2006) or to adjust the properties of the coated substrate (Lu et al., 2007), 

and the properties of this coating depends on the nature of the molecules that make up the 

coating.  It has been shown that colloidal SiO2 is suitable for coating lignocellulose wood 

microfibers in order to improve the tensile strength of paper sheets made from these cellulose 

fibers, and cellulose fibers have also been coated with polymers in order to alter the surface 

properties of these fibers (Huang et al., 2005; Lu et al., 2007).  This thus indicates that the LbL 

coating method might be a well suited technique to alter the properties of unmodified cellulose 

for making it suitable for use during direct compression.  The aim of this study is to determine the 

feasibility of the LbL technique in coating cellulose fibers with polyelectrolytes commonly used 

in LbL coating and other biocompatible polymers in order to improve the flow, compression and 

tableting properties of cellulose fibers. 

Materials and Methods 

Materials 

Beaten, bleached (TCF) Kraft softwood fibers from Southern Pine (dried after beating) were 

supplied by International Paper Company, Bastrop, LA.  Short damaged fibers were prepared by 

Wiley milling the dry pulp strips and passing it through a 60 mesh screen (resulted fiber length 

was 0.2 ± 0.1 mm).  Fluorescein-5-isothiocyanate (FITC), cationic poly(dimethyldiallyl 

ammonium chloride) (PDDA; MW 200,000), anionic sodium poly(styrenesulfonate) (PSS; MW 

70,000), polyvinylpyrrolidone (PVP, K30, MW ~ 40,000) and the charged polypeptides, gelatin 

type B (alkali processed or bovine gelatin; Bloom strength 225, MW 50,000∼100,000) and 
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chitosan (medium molecular weight), was purchased from Sigma-Aldrich (St. Louis, MO, USA).  

Microcrystalline cellulose USP/NF, Avicel® PH101 and PH102 were purchased from FMC 

Corporation (Newark, DE, USA).  Milli-Q water with a resistivity of 18.2 MΩ/cm was used 

throughout this study in the preparation of the dissolution media, and all other reagents were 

analytical grade unless otherwise stated.  

LbL nanocoating of cellulose fibers 

Based on the negative charge on the suspended cellulose fibers, 1 g of the fibers were suspended 

in 100 ml of a PDDA solution (2 mg/ml in PBS buffer pH 5.8).  The isoelectric point of PDDA is 

12 and therefore has a net positive charge at pH 5.8.  The suspension was then sonicated for 15 

min, transferred to centrifuge tubes and centrifuged at 10 000 RPM for 5 min.  The separated 

coated fibers were washed three times with PBS buffer.  Zeta potential measurements indicated 

reversal to positive charge due to PPDA masking the negative drug particle surface charge. The 

particles were then resuspended in 100 ml of PSS solution (2 mg/ml at pH 5.8), stirred for 20 min 

to ensure coating, centrifuged, and then washed three times.  At this pH, PSS carries a net 

negative charge because the isoelectric point of PSS is below 1.0. This completes the assembly of 

the first bilayer. When gelatin B was used in the assembling process, it was dissolved in the PBS 

pH 5.8 at a concentration of 2 mg/ml.  It was layered with PDDA because it has a negative charge 

at pH 5.8 (isoelectric point, ~4-5).  Due to the low solubility of chitosan at pH 5.8 it was 

dissolved in 0.1 M HCl.  At this pH chitosan has a net positive charge.  When PVP (2 mg/ml in 

0.1 M HCl) was used in the coating it was layered with PSS.  In each case at least four bilayers 

were applied to the cellulose particles. 

Characterization of LbL nanocoating 

Prior to polyion multilayer formation on the cellulose fibers, the coating procedure was 

elaborated on gold electrode resonators of 9-MHz quartz crystal microbalance (QCM; USI-

Systems Inc., Kyoto, Japan). The resonators were immersed in the polyion solutions for 25 min, 

removed, and dried. The added mass and the coating thickness (∆L) can be calculated from the 

frequency shift (∆F), according to the Sauerbrey equation and using a special scaling.  For the 

instrument used in this study, the calibration was ∆L (nm) = 0.017∆F(Hz).  These optimized 

assembly conditions were applied to the LbL nanocoating on the cellulose particles.  To ensure 

the reversal of charge after each polyion coating, the zeta-potential of the suspended particles 
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were measured with a Zeta-plus photon correlation spectroscopy and microelectrophoresis 

instrument (Brookhaven Instruments, Holtsville, NY, USA).  Since the coating with PVP 

depended more on hydrogen bonding than charge the layering of PVP with PSS was also 

followed by depositing the film on quartz slides (Yang et al., 2007).  Before film preparation, the 

quartz slides were thoroughly cleaned by immersion in boiling H2SO4/H2O2 (70:30 v/v) for 30 

min, followed by rinsing with deionized water and drying with a stream of pure N2.  The quartz 

slides were also modified before LbL deposition of PVP by coating with two PDDA/PSS layers.  

The UV-Vis absorbance measurements were obtained with an Agilent 8453 UV-Vis 

spectrophotometer (Santa Clara, CA, USA). 

Microscopic analysis 

Scanning electron microscopy (SEM) studies were performed on samples that were affixed on 

carbon-taped stubs and thinly coated with Au/Pd.  Both a Hitachi S570 and a Hitachi S-900 

FESEM was used to photograph the samples (Hitachi High Technologies, Pleasanton, CA, USA).  

All micrographs were recorded with a crystal emission of 10 keV.  Additional SEM micrograph 

analysis was conducted with automated image analysis routines available in ImageJ 1.42 imaging 

analysis software.  Confocal laser scanning microscopy (model DMI RE2; Leica, Allendale, NJ, 

USA) and fluorescent spectrometry (Photon Technology International, Lawrenceville, NJ, USA) 

were used to visualize the LbL coating.  For fluorescence, the cellulose particles were coated with 

FITC labeled PDDA (Ai et al., 2003). 

Powder flow properties 

Prior to making measurements all powder were dried under vacuum for at least 24 hours.  Angle 

of repose measurements were made by allowing powder samples to fall freely from a height of 45 

mm onto a constant base with a diameter of 40 mm, through a glass funnel.  The angle of repose 

was determined by taking photographs of the powder mound and measuring the angle formed 

between the horizontal surface of the base and the incline using ImageJ picture editing software.  

The Hausner ratio and Carr’s index for each sample was determined by pouring a known weighed 

quantity of powder, equal to approximately 2 g powder, into a graduated 50 ml cylinder. The 

initial powder volume (bulk volume) was measured after which the cylinder was tapped on a hard 

surface for 2 minutes (approximately 200 taps), or until the powder volume remained constant, 

and a second volume measurement (tapped volume) was made.  The Hausner ratio was calculated 
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as the ratio between the tapped and bulk densities of each sample, whereas the Carr’s index was 

calculated using equation 1 (Carr, 1965): 

%100% ×
−

=
t

btC
ρ
ρρ   (1) 

where ρt and ρb are the tapped and bulk densities respectively.  All measurements were repeated 

five times for each sample. 

Compaction properties 

The powder samples were compacted into tablets with a Carver auto bench top press (Wabash, 

IN).  The tablets had a diameter of 12 mm and weighed approximately 250 mg.  Each powder 

was kept under pressure for 30 s before the pressure was removed.  Six different compaction 

forces: 60, 120, 180, 240, 300 and 360 MPa were used.  Before compaction, the powders were 

dried under vacuum for at least 24 hours and afterwards the tablets were rested for 12 hours 

before the tablet weight and dimensions were measured.  Diametrical tablet hardness was 

measured with a Varian VK 200 tablet hardness test unit (Varian, Palo Alto, CA), and this 

enabled the calculation of the tensile strength (σ) (Fell & Newton, 1970): 

Dt
P

π
σ 2
=   (2) 

where P is the crushing strength, D the diameter and t the thickness of the tablets.  The brittle 

fracture index (BFI) of the tablets was calculated using the following equation  









−








= 15.0

0σ
σBFI   (3) 

Where σ is the tensile strength of the tablet without a hole and σ0 the tensile strength of a tablet 

with a hole.  A modified punch and die set with upper and lower sides having a hole and a pin at 

their centers permitted the formation of compacts with a centrally located hole (~1.0 mm 

diameter) that acted as a stress concentration defect during tensile testing.  BFI values were 

calculated for tablets compacted to comparable tensile strength and porosity. 

The porosity of tablets, ε, was calculated using Eq. (4). 
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tablet

ρ
ρε −=1   (4) 

where ρtablet is the density calculated using the volume and weight of each tablet and ρtrue is the 

true density of the material measured using a Quantachrome Model MPY-2 helium displacement 

pycnometer (Quantachrome Corporation, Syosset, NY). 

Compactibility plots of tensile strength versus porosity was analysed with the Ryshkewitch 

equation (Ryshkewitch, 1953) 

εσσ be−= 0   (5) 

where ε is the tablet porosity and σ is the tablet tensile strength.  The constant σ0 is the maximum 

tensile strength at zero tablet porosity and b is an empirical constant that has been related to the 

pore distribution within a tablet (Roberts et al., 1995). 

Heckel plots were constructed by plotting the natural log of the inverse of the compact porosity 

against the respective compaction pressures in accordance to the Heckel equation 

AKP +=






ε
1ln   (6) 

where K and A are slope and intercept, respectively, and P is the compaction pressure applied..  

Regression analysis was performed on the linear portion of each curve, and the slope value (K) 

obtained was converted to mean deformation, yield, pressure (Py) using the relationship 

K
Py

1
=   (7) 

The areas under the Heckel curves (AUCH) were calculated using TableCurve 2D and it was used 

as a measure of the extent of volume reduction that the material experienced over the entire 

compaction pressure range (60-360 MPa). 

Disintegration time and dissolution testing 

Tablets for the disintegration study were prepared to have similar solid fractions (1-ε) and tensile 

strengths.  The disintegration test was performed according to the US Pharmacopoeia/National 

Formulary disintegration method using water at 37ºC and an Erweka GmbH apparatus (type 712, 

Erweka, Offenbach, Germany).  The disintegration times reported are averages of five 
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determinations. 

Dissolution testing was performed on six tablets made from cellulose, nanocoated cellulose or 

MCC, and acetaminophen (APAP) powder mixtures.  Tablets made from the powder mixtures 

that contained 30 and 60% (w/w) acetaminophen were used for the dissolution testing.  Tablets 

prepared with acetaminophen concentrations of greater than 60% (w/w) were too brittle to 

handle, and were deemed not practically acceptable. The dissolution method for acetaminophen 

tablets from the United States Pharmacopoeia 2007 was followed (USP 2007), and dissolution 

apparatus 2 (the rotating paddle method) was used during the dissolution testing of these samples. 

A Varian VK 7000 dissolution apparatus (Palo Alto, CA) was used with 900 ml phosphate buffer 

USP (pH 5.8) as the dissolution media, made with potassium phosphate monobasic (KH2PO4) 

and sodium hydroxide (NaOH).  The paddles were rotated at 50 rpm and 2.5 ml of dissolution 

media were withdrawn at predetermined time intervals, up to 2 hours, and it was immediately 

replaced with an equal amount of fresh dissolution media.  The amount of AAP in solution was 

calculated by determining the ultraviolet (UV) absorbance of the withdrawn solutions at a 

wavelength of 243 nm (USP 2007), and this value was converted to a concentration value using a 

calibration curve. 

Results and discussion 

Particle morphology  

This paper reports the use of the LbL coating on small soft wood cellulose fibers and 

demonstrates the use of these nanocoated particles as a direct compaction tablet diluent.  Direct 

compression is a process by which tablets are compressed directly from powder blends of the 

active ingredient and suitable excipients without pre-treatment by wet or dry granulation.  

Cellulose and especially MCC, purified partially depolymerized cellulose prepared by treating α-

cellulose with mineral acids, is a diluent often used in direct compression.  Examination of 

commercially available MCC powders reveals that many have similar particle morphology but 

they differ significantly in particle size.  The SEM images in Figure 1 show MCC particles that 

appear very rough, with many wrinkles and folds, irregular in shape, and with aspect ratios from 

1.5 to 3 (Shangraw et al., 1987).  Closer inspection of the surface reveals a crystalline powder 

composed of agglomerated porous microfibers (Figure 1b).   
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Figure 1.  SEM photomicrographs of (a) MCC (Avicel PH102) particle and (b) the surface of the MCC 

particle. 

SEM and laser confocal fluorescent photomicrographs of the milled softwood cellulose fibers are 

shown in Figure 2.  Milling damaged the ends of the fibers but caused little wall separation of the 

porous microfibers (Lvov et al., 2006).  The majority of the fibers were very short (0.2 ± 0.1 mm) 

with aspect ratios similar to that of the MCC particles.  Microscopically, Figure 2a, the 

morphology and size of the uncoated cellulose and MCC particles appeared similar. 
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Figure 2.  SEM photomicrographs of the surface of (a) cellulose particle and (b) a cellulose particle 

coated with (PDDA/(PSS/PVP)3).  (c) Laser confocal fluorescent image of a cellulose particle coated with 

labeled (PDDA-FITC/PSS)8. 
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Characterization of the LbL nanocoating 

The cellulose fibers were coated with polyelectrolytes commonly used in the LbL process 

(PDDA and PSS) and also GRAS and biocompatible polymers (gelatin, chitosan and PVP).  The 

surface charge (ζ-potential) and change in surface charge is important for the LbL nanocoating 

process.  The cellulose fibers had a negative potential of -30±2.1 mV.  The first precursor 

polyelectrolyte layers provided even coating and showed a change in surface potential with 

values of +35±3.0 mV for cationic PDDA and -27±1.9 mV for anionic PSS.  Overall, alternate ζ-

potential values were observed for all multilayer films (Figure 3).  The results shown in Figure 3 

confirmed the LbL nanocoating of PDDA/PSS, PDDA/gelatin, PSS/chitosan or chitosan/gelatin 

in organized alternating layers.  For each layer deposited, the underneath layer could have a 

different molecular distribution and conformation, which may explain the slight variations of the 

measured ζ-potential values for a specific polyelectrolyte when combined with different 

oppositely charged polyelectrolytes.  SEM photomicrographs, Figure 2b, also showed the coating 

because compared to uncoated particles smoother particle edges, and filled cracks and pores were 

observed after coating.  Confocal images, Figure 2c, of the bright green fluorescence of 

microfibers coated with eight layers of labeled FITC–PDDA alternated with PSS also confirmed 

the uniform polymer nanocoating on the surface of the fibers.  Confocal microscopy was used as 

a measurement to confirm the LbL coating.   
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Figure 3.  Change in the cellulose particles ζ-potential during the LbL nanocoating.  

The coating thickness was estimated from QCM measurements.  A resonance frequency shift, 

Figure 4, of the LbL nanocoated QCM-resonator enabled the calculation of the thickness of 

deposited polyelectrolyte multilayers.  On the resonator each step of the PDDA/PSS 
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polycation/polyanion deposition added approximately 2–5 nm thickness to the nanocoating 

thickness (Figure 4).  From this it was estimated that the total thickness of the PDDA/PSS 

nanocoat was ~15 nm.  This added about 0.15 % to the total weight of each fiber.  Similarly the 

thickness of the PDDA/gelatin nanocoat was ~29 nm, the PSS/chitosan nanocoat ~25 nm and the 

chitosan/gelatin nanocoat ~64 nm.  The 0.6 % increase in weight for the chitosan/gelatin 

nanocoat was double that for the PDDA/gelatin and PSS/chitosan (0.3 %), and four times that of 

the PDDA/PSS nanocoat.  Together the QCM results showed that these ultrathin coatings added 

less than 1 % to the weight of the cellulose fibers.  This is significant because addition of these 

coatings by processes such as blending, granulation or spray coating would require significantly 

larger quantities of the polymers. 

Since the adsorption of PVP depends on hydrogen bonding more than change interactions, the 

absorption of PSS/PVP bilayers were followed by UV spectroscopy at λ = 225 nm.  This 

wavelength corresponds to absorbency of benzyl rings of PSS (Lvov et al., 1994).  
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Figure 4.  QCM monitoring of resonance shifts by the subsequent nanoassembly of multiple layers on 

quartz resonators (solid lines and closed symbols) and thickness of layers relative derived from QCM data 

(broken lines and open symbols). Adsorption time is 25 min for every step. 
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Figure 5.  (a) Monitoring of the LbL PSS/PVP assembly process by UV/Vis spectroscopy (λ = 226 nm) 

(solid line).  (b) Thickness of PSS/PVP bilayers derived from QCM monitoring of resonance shifts on 

quartz resonators (broken line). 

Since the deposition was done on both sides of the glass slide the increase in absorbance, Figure 

5, correspond to the absorbance value of double the number of bilayers deposited.  There was a 

linear increase in absorbency with number of bilayers; therefore, the mass of the film was 

increasing linearly too.  The thickness of the PSS/PVP layers deposited by the LbL technique was 

calculated from QCM data and Figure 5 shows the film thickness versus number of bilayers. The 

average thickness of each PSS/PVP bilayer was estimated to be 9±0.7 nm.  Since the results in 

Figure 4 showed that a single PSS layers is about 2-3 nm thick, each bilayer is composed mostly 

of PVP.  The total thickness of the nanocoat containing PVP in three of the bilayers and on the 

outer surface was 30 nm which included the 2-3 nm thick PDDA precursor layer.  This increased 

the weight of each particle by approximately 0.3 %.  These results demonstrate the successful 

selfassembling of a PSS/PVP nanocoat on the cellulose fibers.   

Powder flow properties of nanocoated cellulose 

The flow properties of powders are of critical importance in the production of tablets by the 

direct compression method.  The powder flow properties of the nanocoated cellulose fibers are 

listed in Table 1.  For powders that flow the angle of repose is often used to indicate differences 

in flow properties.  Angles ≤ 25º corresponds to excellent flow while angles > 50º indicates very 

poor flow.  The uncoated cellulose fibers had an angle of repose of 64º indicating unsatisfactory 

flow.  Although the angle of repose values, Table 1, indicated that the flow properties of the 

nanocoated powders were only passable (between 30-40º) it was similar to that of commercially 

available MCC powders (Geldart et al., 1990).  According to Geldart’s classification of powders 
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a Hausner ratio of 1.96 of the uncoated cellulose powder means it is poorly flowable and difficult 

to fluidize (Geldart, 1970).  The Hausner ratios of all the nanocoated powders were < 1.25 

indicating that they were non-cohesive with good flow, similar to that of Avicel PH102.  Angle 

of repose and Hausner ratios was confirmed by the Carr’s compressibility values listed in Table 1 

(Hiestand, 2002).  These powder flow property values indicated that LbL nanocoating changed 

the flow properties of the cellulose fibers from exceedingly poor to good.  It also converted the 

cellulose fibers into powders that flowed as well or better than MCC powders.  Powder flow was 

again tested on samples stored for 36 months at room temperature and the values obtained was 

within 5 % of the original test results.  This shows the stability or the coatings.   

Table 1.  Compressibility and powder flow properties of the nanocoated cellulose particles.  Type of flow 

was characterized according to Carr’s compressibility values (Hiestand, 2002). 

Nanocoating Angle of Repose 

(º) 

Hausner 

ratio 

C% Type of flow 

Uncoated cellulose 64 1.96 49 Exceedingly poor 

PDDA/PSS 38 1.23 15 Good 

PDDA/Gelatin 38 1.16 17 Fair 

PSS/Chitosan 41 1.22 28 Poor 

Chitosan/Gelatin 38 1.18 20 Fair 

PDDA + PSS (1:1) 37 1.17 15 Good 

PSS/PVP 37 1.16 14 Good 

Avicel PH101 41 1.32 24 Passable 

Avicel PH102 36 1.17 14 Good 
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Compaction properties of nanocoated cellulose 

Compaction studies, because they mimic the tableting process, were used to assess the 

mechanical properties of the nanocoated cellulose fibers.  In Figure 6 the change in tensile 

strength versus compaction pressure for the nanocoated cellulose fibers is shown.  In this study 

this relationship was used to measure the tabletability of vacuum dried powders using zero-

pressure measurements (Sun, 2008).  Since at both low and very high pressures considerable 

deviations of the experimental data occur due to particle rearrangements and strain hardening a 

pressure range of 60-360 MPa was used (Sun, 2008).  Within this pressure range both cellulose 

and MCC undergo plastic deformation of the primary particles that contributed predominantly to 

the formation of compacts (Doelker, 1993).  In this study the MCC powders used as controls 

formed intact tablets within this compaction pressure range.  The results in Figure 6a show that 

cellulose fibers coated with a PSS/PVP nanocoat and tablets made from a 1:1 mixture of fibers 

with PDDA or PSS on the outer surface had the highest tensile strength over the entire 

compression range.  The significantly higher tensile strength of the tablets containing PVP could 

be due to the excellent tablet binding properties of PVP (Horn and Ditter, 1982).  In addition, a 

previous study has shown that when mixing oppositely charged LbL-treated pulps, then in 

addition to inter fiber hydrogen bonding, the electrostatic interactions between positive and 

negative fibers provide stronger bonding in the paper (Zheng et al., 2006).  The PSS/chitosan 

coated cellulose compacts had the lowest tensile strength at each compaction pressure.  There 

was no significant difference between the compaction properties of the other nanocoated fibers 

and the MCC powders.  Tensile strength was measured for samples stored for 36 months at room 

temperature and the values obtained was within 5 % of the original test results for all the coated 

samples.  This shows the stability of the coated cellulose fibers.   
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Figure 6.  Influence of LbL nanocoating on the (a) tensile strength and (b) porosity of cellulose compacts 

as a function of compaction pressure.  Each nanocoat was composed of four bilayers of the 

polyelectrolytes which included a precursor PDDA layer or PDDA/PSS bilayer.  For comparison the 

compaction properties of Avicel PH101 and PH102 are also shown.   

In powder compaction the observations of Heckel is often used to evaluate the stress of a material 

during compression (Heckel, 1961).  In Figure 6b the effect of compression on the porosity of the 

powder compacts is shown.  With increasing pressure, the density of all the powder increased 

leading to decreasing porosity.  Within the pressure range studied a near straight-line relationship 

(mean R2 = 0.994±0.003) existed between ln[1/1(1-D) and P (equation 6) for Avicel PH102, the 

PDDA/gelatin and PSS/PVP coated, and a 1:1 mixture of fibers with PDDA or PSS on the outer 

surface (Figure 7).  For these powders tablet density approached zero porosity faster.  This meant 

that they undergo more permanent plastic deformation to more effectively eliminate pores.   
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Figure 7.  Heckel plots for LbL nanocoated cellulose particles and Avicel PH101 and PH102. 

For these powders lower tablet porosity also resulted in larger areas of interparticulate bonding 

thus stronger tablets.  Although linearity was not observed over the whole compression pressure 

range for the other nanocoated powders, linearity was seen for at least 60-240 MPa (mean R2 = 

0.99±0.004, Table 2).  The mean yield pressure values calculated from the slope of the Heckel 

curve (equation 7) (Table 2) show that, compared to Avicel PH102, the PSS/PVP coated fibers 

and a 1:1 mixture of fibers with PDDA or PSS on the outer surface undergo plastic deformation 

at a lower compaction pressure.  The greater compactibility of these powders was also evident 

from the AUCH values because the AUCH for the PSS/PVP powder was 1.3 and the mixture of 

positive and negative particles 1.2 large than that of Avicel PH102.  The mean yield pressure and 

AUCH indicate that these two nanocoated powders were the most ductile materials.  Except for 

the PSS/chitosan coated fibers that was the least ductile the yield pressures and AUCH values of 

the other nanocoated cellulose fibers were comparable to that of the MCC powders. 

Even though cellulose powders are generally compactible the stability of these compacts depends 

on the ability of the materials to relieve stresses without undergoing brittle fracture.  For example 

the uncoated cellulose powders formed compacts but were not able to relieve stress rapidly 

enough and the tablets always capped or laminated.  In this study BFI values (equation 3) was 

used to measure the ability of compacts to withstand fracture (Hiestand, 1996).  The BFI values 

(Table 2) for all the powders were < 0.2 and except for the Avicel PH102 that had the smallest 

BFI value, the BFI values of all the other powders were not significantly different (p < 0.05).   
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Table 2.  BFI values and the mechanical properties of coated cellulose particles derived from Heckel 

analysis.  The AUCH was calculated over the entire compaction pressure range of 60-360 MPa.  Results 

for the uncoated cellulose particles is not shown because compacts laminated upon compression over the 

entire compaction pressure range. 

Nanocoating Compaction pressure 

range (MPa) 

BFIa Py 

(MPa) 

Heckel 

R2 

AUCH 

PDDA/PSS 60-240 0.11±0.03 118 0.989 892 

PDDA/Gelatin 60-360 0.12±0.02 129 0.995 835 

PSS/Chitosan 60-240 0.18±0.02 147 0.987 699 

Chitosan/Gelatin 60-240 0.15±0.03 115 0.990 879 

PDDA + PSS (1:1) 60-360 0.11±0.02 72 0.998 1157 

PSS/PVP 60-360 0.09±0.02 78 0.992 1073 

Avicel PH101 60-300 0.08±0.01 128 0.989 765 

Avicel PH102 60-360 0.05±0.01 108 0.991 897 

a BFI were calculated for tablets compacted to comparable tensile strength and porosity (see Table 3). 
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Figure 8.  Change in the compactibility parameters σ0 (non filled bars) and b (filled bars) for nanocoated 

cellulose fibers derived from the Ryshkewitch equation. 
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BFI values < 0.2 indicated that all the compacts were able to relieve stresses sufficiently such that 

brittle fracture was not significant (Hiestand, 1996).  This meant that tablets made with the 

nanocoated cellulose fibers were not likely to cap or laminate when compacted under the 

compaction pressures used in this study.  In addition, according to Hiestand (1996) experience 

has also taught that when BFI values are < 0.2, there will be no problem with fracture during 

tableting on a rotary press unless the bonding is very weak. 

Compactibility can also be represented by a plot of tablet tensile strength versus porosity.  In this 

study tensile strength versus porosity for the powders was plotted and the data were extrapolated 

using the exponential relationship shown in Equation 5 (Ryshkewitch, 1953; Roberts et al., 

1995).  For all the materials, except the uncoated cellulose fibers that did not form intact 

compacts, the correlation coefficient of the non-linear regression, R2, was > 0.995.  From these 

fits the maximum tensile strength at zero tablet porosity (σ0) were extrapolated and the values are 

given in Figure 8.  The mean σ0 for all the powders was 15±0.3 MPa indicating no statistically 

significant difference (p < 0.05).  This means that tablet tensile strength at a common porosity 

was approximately constant for all the nanocoated and MCC powders.  The constant b in 

Equation 5 has been related to the pore distribution within a tablet (Roberts et al., 1995; Sun, 

2008; Sun and Grant, 2001).  Lower values of b are characteristic of homogeneous pore 

distribution, whereas higher values of b are indicative of inhomogeneous porosity.  The results in 

Figure 8 show the b values for the materials used in this study.  The average b = 5.3±0.2 

(maximum 5.5 and minimum 5.0) is similar to that reported by others for MCC and indicate that 

in terms of tablet porosity, within the studied pressure range evaluated, the nanocoated cellulose 

produced compacts that were similar or better than MCC tablets.  Although statistically not 

significant the b value for the PSS/PVP coated cellulose was the lowest and contributed most to 

the variance.  Since b is the slope of the ln(σ) versus ε line, the lower b value corresponds to a 

slower increase in tensile strength as porosity is reduced. 

Disintegration of compacts 

The disintegration times of tablets compressed to similar solid fractions (0.94-0.96) and tensile 

strengths (11-13 MPa) are listed in Table 3.  The uncoated cellulose compacts disintegrated the 

fastest because it formed very poor compacts that capped and laminated.  Compacts of both 

Avicel PH101 and Avicel PH102 did not disintegrate within 100 minutes because although MCC 
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is a strong binder and good wicking agent it does not swell and when compacted on its own, does 

not disintegrate (Kumar et al., 2002).  Tablets made with the PDDA/PSS nanocoated fibers and a 

1:1 mixture of fibers with PDDA or PSS on the outer surface also did not disintegrate within 100 

minutes.  Compared to these and the MCC compacts tablets prepared with the LbL nanocoated 

cellulose fibers coated with gelatin, chitosan and PVP disintegrated within 50 minutes.  Although 

the disintegration times was faster for compacts made with these powders tensile strength and 

porosity values still indicate that these powders are strong binders.  Since, the tensile strength and 

solid fraction values obtained for tablets were comparable it appears that the difference seen in 

the disintegration times must be due to the wettability of the nanocoating (Wu et al., 2007).  

Contact angle measurements of the coated quartz resonators used for QCM analysis indicated that 

PDDA or PSS coating had contact angles between 30-40º while water spread completely on those 

coatings having chitosan, gelatin or PVP on the surface.  This would make it easier for water to 

access and enter the compacts which in turn would promote disintegration. 

Table 3.  Disintegration times of tablets compacted to comparable tensile strength and porosity. 

Nanocoating Compaction 

pressure (MPa) 

Tensile strength 

(MPa) 

Solid fraction 

(%) 

Disintegration 

time (min) 

Cellulose 360 - 95.1 4±1 

PDDA/PSS 240 11.4 95.5 > 100 

PDDA/Gelatin 240 11.9 95.4 35±7 

PSS/Chitosan 360 11.8 95.2 > 100 

Chitosan/Gelatin 180 12.0 94.6 42±6 

PDDA + PSS (1:1) 180 11.3 96.0 > 100 

PSS/PVP 180 12.6 95.2 26±5 

Avicel PH101 240 11.4 94.1 > 100 

Avicel PH102 180 10.8 94.2 > 100 
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In order to determine if the nanocoatings have an influence on the release rate of a drug from 

tablets, dissolution tests were performed on tablets prepared from powder mixtures between 

coated cellulose fibers or MCC and APAP.  The dissolution of tablets containing 30% and 60 % 

APAP were tested.  APAP is poorly released from the tablets prepared from unmodified 

cellulose.   

This is due to the fact that these tablets did not completely disintegrate during the dissolution 

analysis which slowed down the release of the drug from these tablets.  However, it was seen that 

the dissolution profiles of the acetaminophen tablets made from coated fibers, and containing 

both 30% and 60% (w/w) APAP, were similar to the dissolution profiles of the tablets made with 

the MCC powder.  Similarity was confirmed by f2 calculations (SUPAC-IR, 1995).  SUPAC-IR 

suggest that similarity between two dissolution profiles be concluded if f2 is between 50 and 100, 

where 50 represents an average 10% difference at all sampling time points and 100 is the upper 

bound of f2 when the distance at all sampling time points is 0.  The results from the dissolution 

tests for cellulose fibers coated with PSS/PVP compared to uncoated fibers and MCC are shown 

in Figure 9.   

 

Figure 9.  Dissolution profiles for APAP tablets prepared from blends of the drug and uncoated 

lignocellulose, lignocellulose LbL coated with PSS/PVP and uncoated MCC. 

Conclusion 

The results for the compactibility of nanocoated soft wood microfibers obtained in this study 

showed that LbL selfassembling of nano thin polymer layers on cellulose fibers can be used to 

produce cellulose based directly compactible tablet diluents.  The powder flow properties and 

tableting indices of compacts compressed from these nanocoated microfibers were similar or 
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better than that of directly compactible MCC powders.  Cellulose microfibers coated with four 

PSS/PVP bilayers had the best compaction properties while still producing tablets that were able 

to absorb water and disintegrate and for a model drug, APAP, produced tablets with similar 

dissolution profiles.  Although the mechanism for improve compactibility of the coated cellulose 

fibers is not completely understood it is thought that a combination of better flow, better 

compression, and the addition of a nanocoat of the polymers that act as a binder all contributes to 

the improved performance of the nanocoated fibers when compared to MCC. 

The advantages of using LbL nanocoating rather than traditional pharmaceutical coating 

processes are that it allows control of the molecular properties of the surface and the thickness of 

the coat to within a few nanometers, and that it add less than 1 % to the weight of the fibers.  

Although the LbL coating process involved milling, suspension, centrifuging (or filtering) and 

drying of coated fibers, this process is potentially friendlier to the environment because it uses 

biocompatible and degradable materials and does not involve acid-catalyzed hydrolysis and 

neutralization of depolymerized cellulose. 
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Abstract  

Silver sulfadiazine (AgSD) is a topical antibiotic with limited aqueous solubility. In this study, it was 

shown that poly(amido amine) (PAMAM) dendrimer complexes with sulfadiazine (SDZ) and silver 

could be used for a bottom-up approach to synthesize highly-soluble AgSD nanoparticles. These 

nanoparticles were stabilized against crystal growth by electrostatic layer-by-layer (LbL) coating with 

various PAMAM dendrimers. Additionally, silver nanoparticles can be incorporated in the dendrimer 

shells which augmented AgSD release. Nanoparticle formulation in a cream base provided a topical 

drug delivery platform with enhanced antibacterial properties against burn wound infections, comprising 

of three nanostructures i.e., AgSD and silver nanoparticles as well as PAMAM dendrimers, in one 

efficient, elegant nanosystem. 
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Background 

The skin is essential for human survival since it provides a protective barrier between the internal tissues 

and the environment.
1
 Burn wounds compromise this protective immune system barrier, subsequently 

easing the manifestation of bacterial infections in these wounds.
2
 Burn wounds are protein-rich and 

consist of avascular necrotic tissues which limits the effective permeation of systemically-administered 

antibiotics in the treatment of these wounds.
3
 Subsequently, topical antibacterial preparations are the 

basis for burn wound treatment and topical silver sulfadiazine (AgSD) is seen as the gold standard.
1,4

 

AgSD, a sulfonamide antibiotic, effects a dual inhibitory action on bacterial growth by its sulfa moiety 

(sulfadiazine – SDZ) that prevents bacterial folate absorption and subsequent DNA synthesis, whereas 

the silver that is released from AgSD binds and disrupts the DNA structure, precluding bacterial DNA 

replication.
5
 

Poly(amidoamine) (PAMAM) dendrimers are dendritic polymers characterized by regular branching 

and radial symmetry.
6,7

 PAMAM dendrimers have illustrated useful drug delivery and antimicrobial 

applications with amino-terminated dendrimers showing high antibacterial efficacy.
8,9,10,11

 This is 

attributed to the electrostatic interaction between the cationic dendrimer and the anionic bacterial cell 

surface with resultant disruption of the lipid bilayer and consequent cell lysis.
8,12

 Thus, by combination 

of an antibiotic such as sulfamethoxazole and PAMAM dendrimers, a synergetic antibacterial effect was 

demonstrated on bacterial cultures.
13

  

The advent of nanotechnology and nanomedicine enabled scientists to synthesize and manipulate 

particles of highly insoluble drugs on the nanoscale, which subsequently increases the solubility of these 

drugs.
14

 Since the antibacterial effect of AgSD is limited by its poor aqueous solubility, co-formulation 

with PAMAM dendrimers and/or the preparation of nanoparticles, represent alternative methods of 

improving its solubility and/or antibacterial effect, and this was subsequently studied.
14,15

 Additionally, 

the thermodynamically favorable bottom-up synthesis approach employed here, illustrated a unique 

application of dendrimers in producing antibiotic nanoparticles that were also stabilized on a colloidal 

level by employment of the dendrimers for layer-by-layer (LbL) coating. This study reports one of the 

first accounts of the improved efficacy of the nanoparticles that were formulated in topical cream 

preparations as compared to commercial antibiotic equivalents.  

Methods 

Detailed descriptions of the materials methods can be found in the supplementary material. 

 

 



 

 

96 

Nanoparticle preparation by microfluidization 

Ethylenediamine core PAMAM dendrimers were used in all instances to fabricate silver
16

 and SDZ 

nanoparticle
17

 complexes, utilizing microfluidization (microfluidizer model 110-Y, Microfluidics, 

Newton, MA, USA) (Figure 1 and supplemental material). Dendrimers are denoted in abbreviated form 

as generation(G)-PAMAM-terminal group. The optimized reactant mixture for production of the AgSD 

nanoparticles was G4.0-PAMAM-NH2/Ag
+
 (molar ratio of 1:1) and G4.5-PAMAM-COOH/SDZ (molar 

ratio of 1:1). The layer-by-layer coating process of the nanoparticles is described in the supplemental 

material. 

 

Figure 1: A schematic illustration of the microfluidizer used for preparing the AgSD nanoparticles.  

Titration 

Titration with ionic silver was employed to establish the degree of complexation between the 

dendrimers and SDZ. 

Particle sizing 

The size distribution and stability of these complexes were evaluated by dynamic light scattering 

(NICOMP 380 submicron particle sizer, Particle Sizing Systems, Santa Barbara, CA) for submicron 

sizing and light diffraction (Malvern Mastersizer X, Malvern, Worcestershire, UK) for particle sizing 

over 1 µm.  

Particle morphology 

Particle morphology was investigated by transmission electron microscopy (TEM) (JEOL USA, Inc., 

Peabody, MA, USA) and high resolution TEM with a Tecnai G2 S-Twin electron microscope (FEI, 

Hillsboro, Oregon, USA). 
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Structural analysis 

X-ray powder diffraction (XRPD) (Bruker D8 Advanced diffractometer, Bruker, Germany) and Raman 

microscopy (Thermo Scientific DXR Raman microscope, Waltham, MA) revealed the structure and 

composition of the nanoparticles.  

Quartz crystal microbalance with frequency dissipation 

Quartz crystal microbalance frequency dissipation (QCM-D) (USI-Systems Inc., Fukuoka, Japan) was 

used to determine the layer thickness of coated nanoparticles.  

Zeta potential measurements 

Zeta potential measurements (Zeta-plus photon correlation spectroscopy and microelectrophoresis 

instrument, Brookhaven Instruments, Holtsville, NY) confirmed charge reversal during LbL coating. 

Drug release 

Enhancer cell accessories equipped to a dissolution tester (Vanderkamp 600, Van Kel Industries, NJ) 

was used to establish antibiotic release profiles from the formulated and dialysis for native nanoparticles 

(Slide-A-Lyzer dialysis cassettes) with the antibiotic assayed by high performance liquid 

chromatography (HPLC) (Thermo Separation Products, Waltham, MA) and silver by atomic absorption 

spectroscopy (Perkin Elmer model 5100 PC Zeeman atomic absorption spectrophotometer). 

Antimicrobial efficacy 

Antimicrobial efficacy was established through incubation of the nanoparticles and cream-based 

formulations thereof with burn-wound bacterial cultures.  

Results 

Characterization of complexes 

The amount of Ag
+
 that formed a complex with a single dendrimer molecule was calculated by titration 

of Ag
+
 with standard solutions of amino- and/or carboxyl-terminated dendrimers (supplementary 

material Figure 3). G4.0 and G5.0-PAMAM-NH2 dendrimers were complexed with 34 and 67 Ag
+ 

ions 

respectively. The G3.5 and G4.5-PAMAM-COOH dendrimers showed complexation values of 86 and 

115 respectively. The PAMAM-NH2 dendrimers had a lower Ag
+
/dendrimer complex ratio compared to 

PAMAM-COOH dendrimers since a coordination complex between Ag
+
 and the amine groups form, 

whereby two primary amines bind one silver ion.
16

 Experimentally, this was correlated since the 

Ag
+
/dendrimer ratios for G4.0 and G5.0-PAMAM-NH2 were equal to approximately half the number of 

amino groups, 64 and 128, respectively.  
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For the G3.5- and G4.5-PAMAM-COOH dendrimers electrostatic complexes formed.
16

 The 

Ag
+
/dendrimer ratios for G3.5- and G4.5-PAMAM-COOH of 86 and 115 respectively, corresponded 

closer to the number of carboxylate functional groups of 64 for G3.5 and 128 for G4.5.
16

 The weaker 

carboxylate-interaction complexes were selected to ensure the release of silver from the AgSD particles. 

Similarly, the complexation efficiency between sulfadiazine (SDZ) and the dendrimers was studied in 

methanol. The number of SDZ associated with each dendrimer was calculated (supplementary material) 

as 24, 38, 38 and 68 molecules for G3.5-PAMAM-COOH, G4.0-PAMAM-NH2, G4.5-PAMAM-COOH 

and G5.0-PAMAM-NH2 respectively. Approximately a third of the carboxylate groups were complexed 

with SDZ for G3.5- and G4.5-PAMAM-COOH, whereas the number of SDZ molecules bound to the 

amino dendrimers approached half the number of amino groups in the G4.0- and G5.0-PAMAM-NH2. 

The SDZ-amino dendrimer interaction was strongly electrostatic, whereas weak hydrogen bonding 

prevailed with carboxyl groups
17

, therefore more SDZ molecules could complex with G4.0- and G5.0-

PAMAM-NH2 compared with G3.5- and G4.5-PAMAM-COOH dendrimers even though they have an 

equal number of terminal functional groups. Moreover, the SDZ has a large molecular volume 

compared to Ag
+
 and experience steric hindrance to bonding at the surface. Despite the larger SDZ 

loading capacity on PAMAM-NH2, weakly-complexed PAMAM-COOH was preferred to optimize the 

nanoparticle synthesis. 

The motivation for using complexes comprising silver, dendrimers, and SDZ was dual purpose i.e., to 

increase the solubility of silver and SDZ, enhancing the reaction and yield of AgSD nanoprecipitates 

and to serve as templates the formation of nanoparticles from the molecules that they are complexed 

with.
18

 The AgSD nanoparticle synthesis could only be effective if the silver and SDZ were free in 

solution
15

, therefore the weak complexes, regardless of lower reagent loading, were selected for 

synthesis since it was still more effective than using raw materials. Ag
+
 forms a weak complex with 

G4.0-PAMAM-NH2 (34 Ag
+
 complexed) and Ag

+
 and SDZ reacts in a 1:1 stoichiometric ratio to form 

AgSD. Therefore, the weak G4.5-PAMAM-COOH/SDZ complex that contained 38 molecules of SDZ 

was utilized as counter reagent. 

Dendrimers also aggregate with each other or other dendrimer molecules
19

, due to hydrogen bonding, 

electrostatic interactions and/or physical entanglement of the dendrimer branches.
19,20

 The Ag
+
-loaded 

G4.0-PAMAM-NH2 and SDZ-loaded G4.5-PAMAM-COOH dendrimers thus aggregated during AgSD 

nanoparticle synthesis due to electrostatic interaction optimized for pH
20

 and AgSD nanoparticles 

precipitated by exceeding its poor aqueous solubility of 3.4 μg/mL.
15

 Microfluidization was utilized to 

process the particles formed by the Ag-loaded G4.0-PAMAM-NH2 and SDZ-loaded G4.5-PAMAM-

COOH reactant mixture (Figure 1). 
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Particle size distribution and morphology 

Dendrimer nanoaggregates 

The G4.0-PAMAM-NH2 and G4.5-PAMAM-COOH dendrimers showed bimodal size distributions as 

was anticipated if individual and self-aggregated dendrimer molecules present.
21

 The mean particle size 

for 0.1 mM solutions of G4.0-PAMAM-NH2 and G4.5-PAMAM-COOH were 23 nm and 18 nm 

respectively. However, a solution containing G4.0-PAMAM-NH2 and G4.5-PAMAM-COOH 

dendrimers showed a unimodal size distribution with aggregates being 10-fold larger at 158 nm and 203 

nm for 0.1 and 1 mM solutions respectively (supplemental material). The dendrimer mixtures illustrated 

a narrower size distribution, explained by the differences in the dominant intermolecular forces in the 

different aggregates of the system.
20

 Aggregates comprising only a single type of dendrimer likely 

resulted from weak hydrogen bonding and physical entanglement, that could be abolished and reformed 

to produce size fluctuation. The stronger electrostatic interaction between G4.0-PAMAM-NH2 and 

G4.5-PAMAM-COOH dendrimers produced more stable particle size distributions.
19,22

 

AgSD nanoparticles and effect of dendrimer coating on AgSD nanoparticle size 

AgSD nanoparticles processed with microfluidization were more uniform in size distribution as the 

number of process cycles was increased. After 3 processing cycles a unimodal size distribution was 

observed. The mean particle size increased with each of three successive cycles processing step, from 

218 nm to 238 nm to 243 nm (Figure 2a). 

The AgSD nanoparticles, suspended after three processing cycles, increased in particle size over the 

course of 240 minutes from 243 to 1400 nm (Figure 2b). The large surface free energy of the AgSD 

nanoparticles resulted in thermodynamic instability with resultant particle surface crystallization (Figure 

2c) to minimize the free energy.
23

 

Surface crystallization can be impeded by the application of a monomolecular polymer coating on a 

crystallizing surface.
24

 Here, the electrostatic LbL method
25,26

 was used to coat the silver sulfadiazine 

nanoparticles with polyions (supplementary material). Fig 2a and b show that the particle size growth 

was impeded by LbL coating, however not for anionic poly(styrene sulfonate) (PSS). AgSD 

nanoparticles showed a zeta potential of -23.9 to -25.9 mV in an aqueous medium (supplemental 

material). PSS has a negative surface charge resulting in weak repulsion
24

 and phase separation of 

AgSD and PSS with resultant clustering and crystallization of the AgSD particles. 

In contradiction, cationic poly(dimethyldiallyl ammonium chloride) (PDDA) completely suppressed 

surface crystallization due to inefficient complexation of silver ions which prevented their clustering 
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and crystallization. Additionally, PDDA layers have a greater magnitude in zeta potential than PSS
25

 

due to its quaternary ammonium substituent and this exceeded the limit for colloidal stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Time-correlated particle size analyses 

of the AgSD nanoparticles (a) uncoated, coated 

with polyions or dendrimers, (b) coated with 

different generation dendrimers and (c) SEM 

images of uncoated, crystallized AgSD 

nanoparticles suspended in water for 240 minutes 

and commercially available micronized AgSD 

with a mean particle size of 5.8 μm (insert). 
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The AgSD nanoparticles were also LbL coated with dendrimers
26,28,29

 to determine if this would 

stabilize the nanoparticles. G1.0- and G4.0-PAMAM-NH2 are cationic, G3.5- and G4.5-PAMAM-

COOH are anionic. Since AgSD nanoparticles were anionic, the first nanocoat was either G1.0- or 

G4.0-PAMAM-NH2 dendrimers, followed by either G3.5- or G4.5-PAMAM-COOH. The dendrimer 

double layers produced similar efficiency compared to PDDA without significant differences between 

the dendrimer generations (Figure 2a). 

Dendrimer coatings averaged 0.73 nm thickness for G1.0-PAMAM-NH2 dendrimer layers and 2.24 nm 

for G3.5- and G4.5-PAMAM-COOH layers. The application of two double layers of the dendrimers 

(Figure 2b) resulted in a 5.94 nm increase in the particle diameter which is equated to negligible 2.44% 

relative to the original 243 nm. 

Furthermore, the thickness of each of the dendrimer coatings was less than the diameter of the 

individual dendrimer molecules i.e., 2.2 nm (G1.0-PAMAM-NH2), 4.5 nm (G3.5-PAMAM-COOH) and 

5.4 nm (G4.5-PAMAM-COOH)
6
, suggesting that the dendrimer structure was highly compressed due to 

its multivalent grip on the substrate.
28 

Powder diffraction and Raman microscopy 

The presence of silver and AgSD nanoparticles in the PAMAM-coated nanoparticles was observed from 

XRPD (supplementary material Figure 7). The diffraction peaks at 38.2°, 44.4°, 64.6°, 77.5°, and 81.6° 

2θ correspond to silver and the high intensity peak at 10.3° 2θ is characteristic of AgSD.
15,33

 The Raman 

spectra of the PAMAM-coated AgSD with additional added silver (supplemental material), agreed with 

that of the silver nanopowder, indicating the presence of silver nanoparticles. Both the XRPD and 

Raman microscopy results thus indicated that silver nanoparticles do form as a result of the interaction 

between ionic silver and the dendrimer molecules as reported.
33

 

Drug release kinetics  

Uncoated and PAMAM-coated AgSD micro- and nanoparticles 

For AgSD nanoparticles to be effective in treating burn wounds the drug must be released from the 

nanostructure and comparative release studies of coated and uncoated systems were undertaken. 

Comparative release profiles of SDZ from uncoated micronized and nanosized AgSD as well as 

dendrimer-coated nanoparticles with or without added silver followed the same trend (Figure 3).  

AgSD nanoparticles illustrated a significantly faster initial zero-order release rate of 1.34 mg/h 

compared to the micronized AgSD (0.36 mg/h). This rate gradually decreases over time down to 0.35 

mg/h to that of the micronized particles. During the initial phase of the release profile, the drug particles 
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still present a nanoscale size distribution and therefore expose a high surface area with a high rate of 

dissolution. However, the dissolution rate decelerated in the second phase since the nanoparticles have 

grown to microscale particles which present a comparatively lower dissolution surface area. This second 

phase dissolution rate approached that of the pristine microparticulate powders. 

 

Figure 3. Release of sulfadiazine from uncoated microparticles, nanoparticles and PAMAM-coated nanoparticles 

with and without silver nanoparticles in the shell. 

Moreover, the 81.8% of SDZ released from the nanoparticles after 30 hours was greater than the 39.7% 

from the micronized AgSD. This difference is attributed to the greater initial rate of release, resulting in 

a greater final amount of SDZ being released compared to that from micronized AgSD. 

The initial release rate for dendrimer-coated nanoparticles of 0.30 mg/h (0 to 5 hours) was comparable 

to micronized AgSD. From 10 to 17 hours, the rate accelerated to 1.34 mg/h, similar to the initial 

dissolution rate of the uncoated AgSD nanoparticles. Thereafter, the rate tapered off to 0.26 mg/h 

(Figure 3). It was expected that the initial release rate from the PAMAM-coated particles would be 

similar to that of the uncoated nanoparticles due to their comparable size; however, this expectation was 

experimentally contradicted. Only after 10 hours could the release rate approach that of to the initial 

uncoated particles. This is explained by considering that the particles are surrounded by strongly 

interacting, compact PAMAM monolayers.
28 

This nanocoating increased the path length of diffusion 
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slightly, however the coat was very compact suggesting interaction with the silver ions as cause of the 

significantly lower release rate of SDZ due to a decrease in the diffusion coefficient.
30 

 

Figure 4. The experimental and predicted amounts of sulfadiazine and silver released from (a) uncoated 

micronized AgSD, (b) PAMAM-coated AgSD and (c) AgSD coated with PAMAM saturated with ionic silver.  
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The release observed between 10 and 20 hours is explained by the interaction between Ag
+
 and 

dendrimer molecules which form coordinated or electrostatic bonds.
16

 If the Ag
+
 contained in AgSD had 

no interaction with the dendrimer monolayers, all the released silver should be derived from AgSD. 

Silver constitutes ~30.20 wt% of AgSD, and provides the theoretical amount to be released from 

AgSD
15 

and experimental correlation was sought on this basis. 

Figure 4a shows the silver release obtained for uncoated AgSD, and the results in Figure 4b were 

collected from PAMAM-coated AgSD. Figure 4c shows AgSD nanoparticles that were coated with 

PAMAM, however with additional Ag
+
 added to saturate the dendrimer monolayers with ionic silver, 

followed by rinsing to eliminate any free silver. It can be seen in Figure 4a and c that the predicted 

amount of released SDZ and silver correlated with the experimentally determined quantities.  

Since the uncoated AgSD contains no dendrimer molecules to interact with silver, the result in Figure 4a 

was expected. The results in Figure 3c indicate that the experimental and theoretical amount of SDZ and 

silver released corresponded, thus saturating the dendrimer monolayers with additional silver prevented 

the silver, liberated from AgSD, from interacting with the dendrimers. 

Figure 4b shows that a greater amount of SDZ was released than predicted. This discrepancy arose from 

the interaction of Ag
+
 with the dendrimers, which screened some of the charge in the LbL dendrimers. 

A more globular structure of the dendrimers resulted and the layers became more permeable due to 

relaxation of the dense multivalent grip with more space between adjacent dendrimer and/or 

polyelectrolyte layers for diffusion of SDZ.  

The amount of released Ag
+
, based on AgSD released, was experimentally lower than anticipated, since 

the prediction was based on the amount of AgSD and SDZ in solution. The Ag
+
 from the free SDZ was 

complexed with the dendrimer molecules and not observed. Thus, AgSD clusters broke from the surface 

of the encapsulated nanoparticles and diffused through the LbL dendrimer layers whilst some Ag
+
 

dissociated from AgSD which aggregated within the dendrimers in the monolayers, releasing only SDZ. 

Since the solubility of SDZ (74 μg/mL) is 22 times higher than AgSD (3.4 μg/mL)
15,31

, the increase in 

release of AgSD observed for the PAMAM-coated nanoparticles (Figure 3b) between 10 and 20 hours 

resulted from SDZ released due to charge screening by Ag
+
, driving the release equilibrium positively.  

The decrease in release from 20 to 30 hours resulted from depletion of the AgSD core since 91.5% SDZ 

released within 30 hours. The light-yellow suspension of PAMAM coated AgSD nanoparticles turned 

black towards the end of the release experiment (Figure 5a) with black spots observed on the surface of 

the AgSD nanoparticles (Figure 5b). These black spots indicated the presence of metallic silver 

nanoparticles that formed upon reduction of the silver ions which came in close contact with the 

dendrimer molecules in ambient ultraviolet light.
16,32 
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Figure 5. SEM images of (a) the AgSD nanoparticles; inserts shows (A) a fresh suspension of PAMAM-coated 

AgSD nanoparticles, and (B) the black suspension after dissolution. (b) SEM image of PAMAM-coated AgSD 

nanoparticles containing silver in the coating and an insert of a TEM micrograph showing the reduced silver 

nanoparticles on the surface of the AgSD. 

Effect of added silver on drug release kinetics 

To determine if the formation of the silver nanoparticles in the dendrimer monolayer influenced the 

release of SDZ from the coated nanoparticles, PAMAM-coated AgSD nanoparticles were prepared and 

ionic silver (AgNO3) was added. This increased the likelihood of interaction between the dendrimers 

and the drug-bound Ag
+
 from AgSD and a zero-order release pattern observed at 0.67 mg/h - twice the 
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rate from the PAMAM-coated nanoparticles was observed when silver was added. Any disruptions in 

the electrostatic forces in polyelectrolyte monolayers would markedly compromise the integrity of the 

multilayered LbL construct, increasing drug release.
34

 It is possible that the dendrimer monolayers are 

weakened by the electrostatic interactions between silver and dendrimers weakening layer integrity, 

increasing the release compared to the unmodified PAMAM coating (Figure 3). Maximum SDZ release 

(~96%) from these saturated, coated nanoparticles was observed after 30 hours and was the largest 

quantity of SDZ released compared to the other particles. 

Drug release from topical formulations of PAMAM-coated AgSD nanoparticles 

Silver sulfadiazine is generally prescribed as a 1% (w/w) cream formulation to treat burn wound 

infections.
4,35

 A cream containing 1% (w/w) PAMAM coated AgSD nanoparticles (based on AgSD) 

was compared to a commercial product containing only 1% AgSD. Addtionally, three different AgSD 

cream formulations (1% w/w AgSD), including micronized AgSD, PAMAM-coated AgSD 

nanoparticles and PAMAM coated AgSD nanoparticles saturated with Ag
+
, were evaluated. Figure 6 

depicts the release patterns of SDZ from creams that were generally comparable to the native (not 

formulated) nanoparticle release pattern (Figure 3) which implied that the same release mechanism was 

present in all systems. 

 

Figure 6. The release of sulfadiazine from different 1% (w/w) AgSD cream formulations. 

 

However, the release rates of SDZ from the creams were markedly slower compared to the solution due 

to the higher viscosity of the creams. The cream formulated with micronized AgSD (commercial 

equivalent) released 28.9% of its SDZ content. However, the creams formulated with PAMAM-coated 
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AgSD nanoparticles, one of which was saturated with silver, released 76.0% and 64.5% respectively, 

equating a ~2.5 fold increase in SDZ release. 

Antimicrobial efficacy 

Table 1 and 2 as well as Figure 7 show the effect of the heightened release of SDZ from the topical 

dendrimer formulations against the most commonly-found burn wound bacteria
1,39

 including ATCC 

Staphylococcus aureus 29213 and 25923, Staphylococcus epidermidis 12228, Escherichia coli 29212 

and 25922, and Pseudomonas aeruginosa 27853 (supplementary material). 

Dendrimers
8,12

 and silver nanoparticles have inherent antibacterial properties
8,36,37,38

, therefore three 

additional control creams containing only PAMAM or silver nanopowder and PAMAM with silver 

nanoparticles were formulated in equivalent quantities to amount of the substances in the AgSD creams. 

These control creams and the cream containing micronized AgSD demonstrated the smallest zones of 

inhibition.  

 

Table 1 

Antibacterial activity of the ingredients and their combinations (n=2) 

Bacterial strains Zone of inhibition (mm) 

PAMAM Ag Ag + PAMAM (AgSD) + (Ag 

PAMAM) 

Staphylococcus aureus ATCC 29213 5.4±0.2 6.4±0.3 9.7±0.4 13.8±0.3 

Staphylococcus aureus ATCC 25923 4.4±0.4 5.0±0.2 11.8±0.4 18.1±0.4 

Staphylococcus epidermidis ATCC 12228 4.0 ± 0.2  4.8 ± 0.6 14.5 ± 0.4 23.9 ± 0.4 

Escherichia coli ATCC 29212 4.5 ± 0.4   5.2 ± 0.4 8.2 ± 0.7 12.2 ± 0.5 

Escherichia coli ATCC 25922 2.6 ± 0.5   4.2 ± 0.1 5.6 ± 0.8 10.9 ± 0.3 

Pseudomonas aeruginosa ATCC 27853 4.1 ± 0.4  4.3 ± 0.1 10.9 ± 0.6 17.5 ± 0.4 
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Table 2 

Antibacterial activity of AgSD cream formulations (n=2) 

Bacterial strains Zone of inhibition (mm) 

AgSD micro AgSD nano 

+ PAMAM 

Ag + nano+PAMAM + 

Ag 

Staphylococcus aureus ATCC 29213 4.1 ± 0.2  35.6 ± 0.4 33.5 ± 0.5 

Staphylococcus aureus ATCC 25923 6.3 ± 0.4  36.1 ± 0.3 34.2 ± 0.6 

Staphylococcus epidermidis ATCC 12228 9.4 ± 0.4  45.2 ± 0.6 39.5 ± 0.4 

Escherichia coli ATCC 29212 4.0 ± 0.5  19.4 ± 0.6 19.0 ± 0.3 

Escherichia coli ATCC 25922 5.3 ± 0.3  24.0 ± 0.7 20.7 ± 0.7 

Pseudomonas aeruginosa ATCC 27853 6.6 ± 0.2   17.9 ± 0.5 26.4 ± 0.4 

 

Therefore, PAMAM dendrimers and the silver nanoparticles were less, or equally as effective at 

bacterial inhibition as the cream containing micronized AgSD. However, the zones of inhibition were 

largest for the creams comprising of the dendrimer-coated AgSD nanoparticles and with dendrimer-

coats saturated with silver. No significant difference for the inhibitory effects of the different coated 

nanoparticles was illustrated; however the zone of inhibition of the coated AgSD nanoparticles was 

between 2 and 7 times greater (gram positive bacteria) and between 2 and 5 times greater (gram 

negative bacteria) than that of the micronized AgSD cream. No significant difference between the 

AgSD nanoparticles with and without silver nanoparticles in the dendrimer coating was demonstrated 

which suggested a limited contribution for the metallic silver to the antibacterial effect of the AgSD. 

Again it was suggested that the Ag
+
 was probably complexed to the dendrimers and not available for an 

antibacterial effect. Therefore, it was primarily SDZ and the dendrimers that resulted in the antibacterial 

effects.  
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Figure 7. Photos of agar plates inoculated with 

Staphylococcus aureus (ATCC 2913), illustrating the 

inhibition zones for (a) cream formulations containing 

either PAMAM dendrimers (I), silver nanopowder (II) 

or a combination of PAMAM dendrimers and Ag 

nanopowder (III), (b) for the cream base, commercially 

available 1 % AgSD cream and a cream containing 1 % 

nano AgSD and (c) for the commercially available 1 % 

AgSD cream and a cream containing a PAMAM-

coated 1 % AgSD nanoparticle formulation with Ag 

nanoparticles in the coating. 

 

Dendrimers are able to cause cell lysis and increase membrane permeability to ultimately result in an 

antibacterial effect.
8,12

 The antibacterial effect of AgSD resulted from both ionic silver that binds 

bacterial DNA, and the sulfadiazine moiety which precludes PABA assimilation in DNA, which 

ultimately increases the cell permeability to ionic silver.
5,40

 The enhanced antibacterial effect of the 

AgSD nanoparticles resulted from both the increased amount of SDZ released from the nanoparticles, as 

well as the antibacterial effect of the PAMAM dendrimers, and perhaps to a lesser extent due to Ag 

nanoparticles in the coating. 
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Discussion 

A novel application for PAMAM dendrimers was illustrated for a bottom-up approach to synthesize 

uncoated and multilayer-coated silver-containing antibiotic nanoparticles. Our approach illustrated 

several purposes for the utilized PAMAM dendrimers used here.  

First, the dendrimers served as a solubility enhancer for a poorly water-soluble antibiotic, silver 

sulfadiazine. The increase in solubility of the antibiotic was illustrated by the fact that more sulfadiazine 

was observed in release studies for dendrimer-coated particles than for uncoated particles. 

Second, by complexation of the dendrimers with ionic silver and sulfadiazine, a reactions system could 

be produced which resulted in a very efficient process to produce silver sulfadiazine (supplemental 

material). This process optimization coincided with the characterization of the formed complexes to 

select the best silver-complexed and sulfadiazine-complexed dendrimer reagents that were subsequently 

processed via microfluidization. 

Third, the PAMAM dendrimers could impart significant colloidal stability to the produced nanoparticles 

if these were coated with dendrimers of different generation and type after production. It was illustrated 

that the LbL coating process stabilized these particles at the nanoscopic level at approximately 240 nm 

with an insignificant contribution to particle size growth due to coating. 

Due to the colloidal and size stability introduced by the LbL coats on the nanoparticles, a much more 

efficient release of the antibiotic was seen due to the fact that surface crystallization, therefore particle 

growth, was impeded even over prolonged periods of time. This effectively increased the surface that 

was available to the release medium with resultant higher concentrations of the drug in solution. 

Fourth, the results suggested that ionic silver could screen some of the charge in the multilayer-coated 

nanoparticles through interaction with the charged dendrimer layers. At first glance, one might assume 

that this phenomenon would preclude any beneficial antibacterial effects of silver in the antibiotic. 

However, it was revealed that the release equilibrium of sulfadiazine from the silver sulfadiazine could 

indeed be driven positively with significantly higher release values found for the coated nanoparticles in 

comparison to all the other tested systems. The screening effect or filtering of silver ions by the 

dendrimers could liberate more sulfadiazine that does not occur in systems devoid of dendrimer coats 

which are not capable of forming complexes with the silver ions or in particles of larger size. 

As far as the antibacterial properties of the dendrimers were concerned, these showed some antibacterial 

effects although not as significant as when they contained the sulfonamide. However, this illustrated yet 

another beneficial property of the PAMAM dendrimers in addition to their use as excipient or reagent in 

the synthesis of the nanoparticles. 
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A well-known problem in modern day hospitalization is the occurrence of nosocomial or hospital-

acquired infections caused by multiresistant pathogens. As stated, burn wound patients will have a 

compromised primary defense system due to the destruction of the skin barrier and easily acquire 

infections. In several cases, many of these patients will be hospitalized which puts them at even greater 

risk to not only acquire infections, but also virtually untreatable nosocomial infections.  

Since systemic administration of antibiotics is ineffective in the treatment of these infections due to poor 

permeation of drug into these wounds, topical treatment is quintessential to curb infections, 

complications and even death. Several useful applications of antibiotic nanoparticles have been 

illustrated in bacterial susceptibility tests which evaluated commonly-found burn wound bacteria 

including Pseudomonas, Staphylococcus and Escherichia species. However these nanoparticles were 

incubated directly in these cultures without formulating them into topical dosage forms. 

In this study, topical formulations of coated and uncoated nanoparticles were indeed formulated and 

evaluated to determine if the formulation did not hamper the effect of the antibiotic. Here, topical 

creams containing the synthesized antibiotic nanoparticles, demonstrated significantly higher release 

efficiencies compared to microparticulate commercial products. This enhanced release was seen even 

though the viscous environment of the cream stunted the release to some extent compared to solutions. 

Therefore, our formulations can be seen as very efficient. The PAMAM-coated, stabile silver 

sulfadiazine particles in the creams subsequently also resulted in markedly larger zones of inhibition in 

the burn wound bacterial cultures.  

To conclude, one of the first accounts of the efficacy of a dosage form containing antibiotic 

nanoparticles was illustrated and characterized. This illustrated that nanotechnology-based dosage forms 

can be realized and create a realistic clinical platform for the treatment of burn wound infections. The 

PAMAM dendrimers used in this study proved crucial to the success of this dosage form and future 

applications of these molecules can be envisaged to create bottom-up processes to create effective 

nanomedicines. 
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Materials 

The following materials were purchased: micronized silver sulfadiazine USP (with an average particle 

size of 5.8 μm) and sodium sulfadiazine USP (Spectrum Chemicals & Laboratory Products, Gardena, 

CA), silver nanopowder (average particle size of less than 100 nm), silver nitrate and ethylene diamine 

core poly(amidoamine) (PAMAM) dendrimers, G1.0-PAMAM-NH2, G3.5-PAMAM-COOH, G4.0-

PAMAM-NH2, G4.5-PAMAM-COOH and G.5.0-PAMAM-NH2(Sigma-Aldrich, St. Louis, MO.). 

Hydrophilic ointment (Aquaphilic
®
) was obtained from Medco Lab Inc. (Sioux City, IA). milli-Q water 

with a resistivity of 18.2 MΩ.cm was used throughout this study. All other reagents were of analytical 

grade. 

Methods 

Experimental procedures 

Preparation of sulfadiazine nanoparticles 

For silver-dendrimer complexation experiments, the method of Keki et al. was followed.
1
 The complex 

formation between sulfadiazine and the dendrimers was carried out according to the method of Prieto et 

al.
2 

A bottom-up synthesis process was used to produce nanosuspensions of silver sulfadiazine because 

it allows the formation and stabilization of nanosuspensions without the need for size reduction. This 

method is based on the observation that when equimolar aqueous solutions of G4.0- and G5.0-

PAMAM-NH2/Ag complexes and G3.5- and G4.5-PAMAM-COOH/SDZ complexes are mixed, silver 

sulfadiazine (357.14 g/mol) was produced and was precipitated from these solutions because of its low 

solubility product (KSP ~8 × 10
-12

 at pH 7 and 25ºC). 

This method was refined and scaled-up by using a modified Microfluidizer (model 110-Y, 

Microfluidics, Newton, MA, USA) process. In the modified process the two separate reactant solutions, 

0.001 M G4.0-PAMAM-NH2 complexed with silver and 0.001 M G4.5-PAMAM-COOH complexed 

with sulfadiazine, were pumped into a 2 mL reaction chamber. The microfluidizer contains an air-

powered intensifier pump designed to supply the desired pressure at a constant rate to the product 

stream coming from the reaction chamber. As the pump travels through its pressure stroke, it drives the 

product at constant pressure through precisely defined fixed-geometry microchannels within an 

interaction chamber. As a result, the product stream accelerates to high velocities, creating shear rates 

within the product stream, which ensures uniform particle size and deagglomeration (extrusion) of the 

silver sulfadiazine nanoparticles produced after synthesis. 
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Crystallization experiments were conducted at 138 MPa (20,000 psi) process pressure. The interaction 

chamber that was used had a minimum channel dimension of 87 µm. After the initial synthesis process 

the silver sulfadiazine nanosuspensions were passed an additional two times through the microfluidizer. 

Then the dispersions were centrifuged to separate the solids from the dendrimer solvent mixtures. The 

solids were then rinsed with water, filtered, and either air dried or dried in a vacuum oven. Figure 1 

illustrates the microfluidization methodology used here. 

In order to prepare AgSD nanoparticles with a uniform size on a large scale, 30 mL each of the G4.0-

PAMAM-NH2/Ag and G4.5-PAMAM-COOH/SDZ solutions were processed three times through a 

microfluidizer. 

 

Figure 1.  A schematic illustration of the microfluidizer used for preparing the AgSD nanoparticles.  

This resulted in the average synthesis of 0.652 g of nanoparticles consisting of 99.16% AgSD, 

determined by HPLC analysis, yielding 88.7% product. 

LbL coating of nanoparticles: QCM-D 

Prior to polyion multilayer formation on SDZ nano crystals, the coating procedure was elaborated on 

gold electrode resonators of a 9-MHz quartz crystal microbalance (USI-Systems Inc., Fukuoka, Japan). 

The resonators were immersed in a polyion solution for 15 min, removed, and dried. The added mass 

and the coating thickness (ΔL) was calculated from the frequency shift (ΔF), according to the Sauerbrey 

equation, using a special scaling. For the instrument used in this study, the calibration was ΔL (nm) = 

0.017 ΔF (Hz).  

LbL coating of nanoparticles: zeta potential measurements 

To ensure the reversal of charge after each polyion coating, the zeta-potential of the suspended particles 

were measured and the reported results represents the mean of 10 measurements determined with a 

Zeta-plus photon correlation spectroscopy and microelectrophoresis instrument (Brookhaven 

Instruments, Holtsville, NY, USA). All measurements were performed in air-equilibrated 1 mM KCl 

solution. 
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LbL coating method 

The electrostatic layer-by-layer method was used to coat the silver sulfadiazine nanoparticles by the 

layer-by-layer self-assembly technique. The bare, negatively charged particles (1 mL of a 10 wt % 

dispersion) were incubated with 10 mL of positively charged electrolyte solution (1 mg/mL containing 

0.154 M NaCl) for 5 min, followed by centrifugation (Eppendorf 5804R centrifuge at 1,000 g). 

Recovered coated nanoparticles were washed twice and then redispersed in 1 mL of water before further 

assembly. 1 mL of a negatively charge electrolyte solution (1 mg/mL containing 0.154 M NaCl) was 

then added to the particle dispersion, 5 min was allowed for adsorption, and another centrifugation and 

two wash cycles were performed. The adsorption steps were repeated to build multilayers on the silver 

sulfadiazine nanoparticles. Figure 2, illustrates the process. 

 

Figure 2.  The layer-by-layer coating process is illustrated for the recovered, pristine AgSD 

nanoparticles that were synthesized with G4.0-PAMAM-NH2/Ag and G4.5-PAMAM-COOH/SDZ 

reactants. The negatively charged, pristine nanoparticles are suspended in NaCl buffer containing (A, 

top) the polycation, PDDA or (A, bottom) a dendrimer solution containing the positively charged NH2-

terminated PAMAM dendrimer. Adsorption of the polyions takes place to form either polycation-coated 

(B, top) or NH2-PAMAM-dendrimer-coated nanoparticles (B, bottom) to produce particles with an 

excess positive charge. The coated particles are washed to remove unbound polyions preceding coating 

of the positive nanoparticles with (C, top) the polyanion, PSS or the negatively charged COOH-

terminated-dendrimer (C, bottom) and the nanoparticles now assume a net negative charge as seen in 

(D) after washing off the unbound polyions. Therefore, the dendrimers used to coat were fresh solutions 
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of the dendrimers and not the same as those used for manufacturing the nanoparticles. The charge 

reversal is reflected as polarity changes in the zeta potential measurements. 

Release of silver sulfadiazine from nanoparticles  

In vitro release of silver sulfadiazine was measured by a dialysis technique. The dialysis technique made 

use of Slide-A-Lyzer dialysis cassette (3 to 12 mL capacity) with low-binding regenerated cellulose 

(MWCO = 10,000 g/mol). Nanoparticles were suspended in the dissolution medium at a concentration 

equivalent to 2 mg/ml SDZ. Samples were taken from the solutions (10 mL equivalent to 20 mg silver 

sulfadiazine) and transferred immediately to the dialysis cassettes. The cassettes were promptly placed 

in 500 mL glass-jacketed beakers containing 400 mL of the dissolution medium maintained at 32ºC. 

The dissolution medium consisted of a solution of 100 mM acetate buffer, pH 6.0. The outer phase, 

receptor medium, was stirred continuously with a magnetic stirrer and sampling (10 mL) was made at 

specific time intervals followed by replenishment with 10 mL fresh, heated buffer. The dialysis 

apparatus was completely covered with aluminum foil to prevent photochemical degradation of silver 

sulfadiazine. 

Release of silver sulfadiazine nanoparticles from a cream base 

The enhancer cell used in this study consisted of a metal load ring, a cap, a membrane and a drug 

reservoir. The ointment was placed in the drug reservoir (2 cm diameter) on top of the membrane. The 

membrane used in this study a cellulose acetate with a pore size of 0.45 µm soaked in 15% oleic acid in 

isopropyl myristate. A metal load ring was used to keep the membrane and the washer in place during 

the cap application. Finally, the bottom screw was tightened to bring the ointment, or semisolid 

preparation, in complete contact with the membrane certain that no entrapped air is present at the 

interface of the ointment and the membrane.  

A USP Six Spindle Dissolution Tester (Vanderkamp 600, Van Kel Industries, NJ, USA) with modified 

flask assemblies substituting of 200 mL for the standard 900 mL flasks and smaller-sized paddles, were 

used to measure drug release from the enhancer cell assembly. The paddles were rotated at 100 rpm. 

The dissolution medium consisted of a solution of 100 mM acetate buffer, pH 6.0 and the temperature 

was controlled at a constant of 32°C and exact volume samples were withdrawn at 1 hour intervals from 

each vessel up to 24 hours. The volume withdrawn was replaced with an identical volume of fresh 

medium.  

A correction factor was applied in the calculations to account for the drug loss during sampling. For 

each sample a set of six diffusions were run to obtain cumulative release profiles. 
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Antibacterial activity of cream with nanoparticles 

A modified agar well dilution technique compared the inhibitory zone for antibacterial activity of 

AgSD, AgSD-dendrimer, and nanoparticle AgSD -dendrimer creams against common organisms 

associated with burn infections (ATCC Staphylococcus aureus 29213 and 25923, Staphylococcus 

epidermidis 12228, Escherichia coli 29212 and 25922, and Pseudomonas aeruginosa 27853). 

The bacteria were incubated for 18 to 24 hours at 37ºC on Mueller-Hinton agar (MHA). The resulting 

colonies were suspended in normal saline to a turbidity measurement consistent with a 0.5 McFarland 

standard. An inoculum of ~10
6 

cfu/mL was obtained by spreading 200 μL of the organism suspension 

onto freshly prepared MHA plates.  

Three agar wells were created in each plate using a 6 mm diameter tube to remove the agar. The wells 

were filled with 200 μL of cream, allowed to settle at room temperature for 1 hour and incubated for 18 

to 24 hours at 37ºC. The three different cream types were evaluated in the same plate for each organism 

to ensure accurate comparisons in antibiotic activity. The resulting zone of inhibition was measured in 

millimeters with vernier calipers and compared to the control AgSD cream. All antibacterial 

experiments were performed in duplicate for reproducibility. 

Analytical procedures 

Particle sizing 

Light scattering experiments were performed to measure the size of the nanoparticles using a NICOMP 

380 submicron particle sizer (Particle Sizing Systems, Santa Barbara, CA, USA) equipped with a He-Ne 

laser (45 mW, 644 nm wavelength), an avalanche photodiode detector (APD) optimized for wavelength, 

and a goniometer. All DLS experiments were performed at 25ºC. The experiments were run in the auto-

mode of the instrument, and the digital correlator analyzed the intensity of scattered light collected at an 

angle of 90°. The viscosity of the dispersions was taken as the same as that of the dispersion medium 

(water). Samples were withdrawn for DLS analysis at predetermined times after mixing of the reagent 

dendrimer complexes. Since the data obtained in initial part of the synthesis method are bimodal, a 

NICOMP analysis method that is based on a proprietary extension of the CONTIN technique, involving 

the discrete Laplace transformation inversion of the acquired autocorrelation data, was used. The 

particle size of larger sized particles, >1 µm, was measured with a Malvern Mastersizer X (Malvern, 

Worcestershire, UK) using a 100 mm Fourier transformation lens at 25 °C. For this method, all samples 

were diluted with demineralized particle-free water to an adequate obscuration prior to size 

measurement. 
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Transmission electron microscopy 

Transmission electron microscopy (TEM) analysis was performed on a JEOL JEM 1200 EXII TEM 

(JEOL USA, Inc., Peabody, MA, USA). A Tietz camera was used to obtain digital images. All images 

were acquired at a tension of 80 kV and current density of 20 pA/cm
2
. High-resolution TEM (HRTEM) 

images were obtained using a Tecnai G2 S-Twin electron microscope operated at 200 kV (FEI, 

Hillsboro, Oregon, USA).  

Specimens were prepared by mounting a drop of an aqueous suspension of nanoparticles on a carbon 

coated copper grids followed by evaporation under vacuum at room temperature. 

X-ray powder diffraction 

X-ray powder diffraction (XRPD) patterns were recorded using a Bruker D8 Advanced diffractometer 

(Bruker, Germany), and the data were analyzed using the Eva software package. The instrumental setup 

was as follows: voltage, 40 kV; current, 40 mA; radiation source, Cu; divergence slit of 1 mm; anti-

scatter slit, 0.1 mm; detector slit, 0.1 mm; scan range, from 2° to 40° 2θ, scan speed, 0.4° 2θ/min with a 

step size of 0.02° 2θ and a step time of 3.0 seconds.  

Raman analyses 

For Raman microscopy analysis, the powder samples were placed on a glass microscope slide and was 

analyzed using a Thermo Scientific DXR Raman microscope (Waltham, MA) with a diode pump solid 

state (DPSS) laser, with an excitation wavelength of 532 nm and 10 mW laser power. 

HPLC assay of silver sulfadiazine 

Silver sulfadiazine was analyzed using a high performance liquid chromatograph (AS 1000 auto 

sampler and P2000 pump, Thermo Separation Products, Waltham, MA) equipped with a multiple 

wavelength UV detector (UV 3000 detector) set at a wavelength of detection λmax of254 nm. 

Chromatographic separation was performed using a C18 column (Econosil, 5 µm particles, 250 × 4.6 

mm, Alltech, Deerfield II).  

The mobile phase consisted of a solution of water, acetonitrile, and phosphoric acid (900:99:1) filtered 

through a 0.45 µm membrane filter (Gelman Sciences Inc., Ann Arbor, MI, US) and degassed in an 

ultrasonic bath for 15 min before use. The flow rate was 1 ml/min, injection volume 20 µL and all 

analyses were conducted at ambient temperature (~23 °C).  

All solutions were protected from light. Solutions of stock reference standards were prepared daily. 

Silver sulfadiazine (100 µg/mL) was dissolved in the mobile phase. These solutions were diluted further 

with the mobile phase to prepare calibration standards ranging 0 to 60 µg/mL. 
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Quantitation was based on linear regression analysis of analyte peak area versus analyte concentration in 

µg/mL. Least squares linear regression analysis of the data gave slope, intercept, and correlation 

coefficient data. The HPLC method used in this study were evaluated for precision, accuracy, 

selectivity, linearity, robustness and system suitability. Samples were quantified using peak areas of the 

analyte. 

Atomic absorption spectroscopy assay of elemental silver 

The silver content of the suitably diluted samples was analyzed by flame atomic absorption 

spectrometer and the concentration was determined using standard solutions of silver in a background 

matrix. A Perkin Elmer model 5100 PC Zeeman atomic absorption spectrophotometer, HGA-600 

Graphite Furnace, Model AS-60 Autosampler, Perkin Elmer 5100 ZL Zeeman furnace module, Perkin 

Elmer furnace cooling system, Perkin Elmer Model 0057-0759 EDL power supply, and computer 

software furnished with a silver hollow cathode lamp and air-acetylene flame, was used for the analysis.  

The operating conditions were: wavelength, 328.1 nm; spectral bandwidth 0.7 nm; lamp current 10 mA. 

Pyrolytically-coated graphite tubes with L’vov platforms (Perkin-Elmer) were used. For the silver 

standard, a standard solution of silver for atomic absorption spectroscopy (BDH Chemicals), which 

contained AgNO3 equivalent to 1 mg Ag (9.270 µmol) per mL was used.  

Calibration curves for silver were linear across the range of 0 to 7 µg/mL. Working standards were 

prepared by diluting the stock standard with the release medium. Since silver nitrate solutions are light 

sensitive and have the tendency to plate silver out on the container walls, they were stored in amber 

bottles. 

Titration of silver and sulfadiazine with PAMAM dendrimer complexes 

For silver dendrimer complexation experiments, silver nitrate was selected because of its good solubility 

both in water and in methanol. Briefly, 10 mL aqueous solutions of the PAMAM dendrimers (1 × 10
-5

 

M) were titrated with AgNO3 solution (1 × 10
-4

 M) and monitored by UV-VIS spectroscopy. 

Absorbance of the solutions was recorded at λmax 380 nm using a Multispec-1510 spectrophotometer 

(Shimadzu, Japan).  

The UV-method was calibrated and complied with generally accepted specifications for linearity, 

precision, accuracy, repeatability, and recovery. 

Complex formation between sulfadiazine and the dendrimers was carried out as described.
2
 In short, the 

dendrimers were combined with SDZ in methanolic solution and the mixtures were incubated for 12 h at 

25ºC. The methanol was evaporated and the resultant solid residues were dissolved in 0.1 ml of Tris 

buffer 10 mM pH 7.5 plus NaCl 0.9% p/v (Tris buffer) at room temperature. The solutions were 
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centrifuged at 10,000×g for 5 min, in order to separate soluble complexes from the non-complexed 

insoluble free SDZ. The amount of SDZ in the complexes was quantified by HPLC after dilution in the 

mobile phase. Solubility profiles were constructed by adding excess amounts of SDZ was added to 

dendrimer solutions ranging from 0 to 3 × 10
-3

 M. 

These profiles revealed two sections of the curve for which linear regression equations of the sloped and 

horizontal portions were calculated. The saturation point was indicated by interpolation of these 

equations to produce the point of intersection, equivalent to the amount of monovalent silver ions bound 

to one dendrimer molecule. 

Results 

Nanoparticle complexation in the microfluidizer 

 

Figure 3.  An illustration of the reaction between the Ag and SDZ dendrimer complexes, and the 

dendrimer aggregates that form during the preparation of the AgSD nanoparticles (the reaction scheme 

shown occurs in the 2 mL reaction chamber of the microfluidizer). 
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Figure 4.  A schematic representation of the mechanism by which silver nanoparticles are synthesized 

in the dendrimer monolayers during dissolution of AgSD from the nanoparticles.
1,3
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PAMAM-Ag-SDZ complex titrations 
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Figure 5.  The results from (a) the titrations of silver nitrate (AgNO3) and the various PAMAM 

dendrimer solutions and (b) the complexation between sulfadiazine (SDZ) and the dendrimers, that were 

used for determining the amount of silver ions that complexes with each dendrimer and the loading 

capacity for the different dendrimer molecules respectively. 
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Particle sizing  
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Figure 6.  Particle size analyses of the dendrimer solutions, indicating the size of the dendrimer 

complexes that form in solution, as well as the distribution of aggregates formed by mixing dendrimers 

with different terminal functional groups of 0.1 M (a) G4.0-PAMAM-NH2, (b) G4.5-PAMAM-COOH 

and (c) G4.0-PAMAM-NH2 combined with G4.5-PAMAM-COOH, whereas (d) is the results from a 1 

mM solution of both G4.0-PAMAM-NH2 and G4.5-PAMAM-COOH. 
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Figure 7.  The results from particle size analyses of the AgSD nanoparticles that were processed (a) 

once, (b) twice and (c) three times through the microfluidizer and (d) AgSD nanoparticles were triple-

processed followed by suspension in water for 4 hours. 
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QCM-D and zeta potential measurements 
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Figure 8.  QCM-D (a), (c) and zeta potential measurements (b), (d) indicating the formation of the LbL 

coating on nano- and micronized AgSD, consisting of G1.0-PAMAM-NH2 and either G3.5- or G4.5-

PAMAM-COOH dendrimers. 
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XRPD 

 

Figure 9.  XRPD analyses of (a) micronized AgSD, (b) PAMAM coated AgSD with additional added 

silver and (c) silver nanopowder. 
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Figure 10.  Raman spectra of (a) (I) silver nanopowder, (II) PAMAM coated AgSD with added silver 

nitrate and (III) a solution of G4.5-PAMAM-COOH to which silver nitrate has been added and (b) (I) 

AgSD nanoparticles, (II) micronized AgSD and (III) sodium sulfadiazine. 
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Abstract 

A layer-by-layer (LbL) nanocoat (< 25 nm thick) of two polyelectrolytes, chitosan and 

chondroitin sulfate, were self-assembled step-wise onto drug nanoparticles that were prepared 

by a solvent-evaporation emulsification method using eucalyptol as the oil phase. Four poorly 

water-soluble model drugs, furosemide, isoxyl, rifampin and paclitaxel were chosen to 

prepare these particles. Zeta potential, particle size measurements, and microscopic 

inspection of the coated particles, were used to confirm the successful addition of each 

polyelectrolyte layer and the stability of the nanoparticles. This manufacturing process 

produced stable drug nanoparticles with volume mean diameters below 250 nm. Dissolution 

tests confirmed that although the nanocoat reduced the dissolution of nanoparticles 

proportional to the coat thickness, they still dissolved much faster than commercially 

available micronized powders of the drugs. In addition, increasing the layer thickness (still 

less than 50 nm thick) by adding more LbL bilayers produced sustained release nanoparticles. 

Ultimately, the LbL nanocoating stabilized these small particles against crystal growth and 

aggregation in suspension and resulted in nearly perfect controlled drug release. 

 

 

Keywords: poorly water soluble; nanoparticle, layer-by-layer; self-assembly; stability; 

controlled release 

 

 

Text Graphical Abstract 

Nanocoating through LbL-self-assembly using minute quantities of polyelectrolytes provides 

control of drug release and physical stability of nanoparticles. This improves the 

pharmaceutical performance of poorly water-soluble drugs. 
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1. Introduction 

Powder agglomeration can significantly deter efficient mixing, dispersion and fluidization of 

particles into a medium of choice. Physical stability of small particles is significantly 

compounded since their large surface free energy can only be dissipated by agglomeration 

[1]. In the case of nanocrystals, a special phase definition states that the stable seed size will 

be where the interfacial free energy will be a minimum for a specific phase volume, 

otherwise known as Wulff’s theorem [2]. In the case of drug nanoparticles, these are not 

necessarily presented as single phase, homogeneously sized particles. Most often these small 

particles incorporate an array of inhomogeneous particles of various size and shape 

distributions which will result in the well-known Ostwald-ripening effect [3]. Due to this 

ripening effect, particles with wide size distributions will continue to grow and redissolve to 

finally reach a thermodynamically stable size as predicted by Wulff’s theorem.  

The need for drug nanoparticles arose from the fact that approximately 95% of all new drugs 

have poor pharmacokinetic properties such as low water solubility and bioavailability [4]. 

The well-established and current dissolution theory argues that an optimum, small particle 

size will result in the highest rate of dissolution and solubility [5-7] and therefore proposes 

that these insoluble drugs would demonstrate significant improvements in their technological 

behaviour if they were deagglomerized and if a small particle size, possibly in the nanoscale 

range, could be assured [8]. 

It is quite apparent that size reduction of these insoluble drugs would induce physical 

instability of the particles that will compromise any advantages that size reduction would 

have imparted. Therefore, several stabilization mechanisms were introduced to maintain the 

benefit of particle size reduction on release rate and solubility of drugs. Some examples 

include the encapsulation of poorly water-soluble drugs such as paclitaxel [9], furosemide 

[10] and nifedipine [11, 12] in PAMAM dendrimers, interactive powder mixing which 

deposited minute particles of griseofulvin on a larger carrier particle [13], dispersion of 

poorly water-soluble drugs in highly soluble polymers such as poly(vinylpyrrolidone) [14], 

and poly(ethylene glycol) [15]. Perhaps the most robust and easiest method to ensure small 

particle stability, also in is the layer-by-layer (LbL) self-assembly nanocoating technique 

[16]. The successive deposition of minute quantities of polyelectrolytes of alternating 

polarities has been shown to create a highly stable nanoshell around dexamethasone 

microparticles [17]. Additional successful applications of LbL coating were illustrated for the 
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inhibition of surface crystallization of amorphous indomethacin [18], nanoencapsulation of 

furosemide microcrystals to control drug release [19], to improve the photostability and 

pharmacokinetic profile of nifedipine [20] and the stabilization of dexamethasone 

nanoparticles [21].   

In this study, several poorly water soluble drugs with diverse surface properties were subject 

to a LbL nanocoating procedure to investigate whether any beneficial properties could be 

imparted to these troublesome drugs.  

2. Materials and methods 

2.1 Materials 

Chitosan (CHI) of molecular weight, 15 000 g/mol was purchased from Polysciences, Inc, 

(Warrington, PA, USA). Chondroitin sulfate sodium salt (CS, MW ~ 50,000 g/mol) from 

bovine trachea, cationic poly(dimethyldiallyl ammonium chloride) (PDDA, MW ~ 150,000 

g/mol), anionic sodium poly(styrenesulfonate) (PSS, MW ~ 70,000 g/mol), fluorescein 

isothiocyanate (FITC), USP grade furosemide and nifedipine, eucalyptol FCC grade, and 

analytical grade organic solvents were purchased from Sigma Aldrich Chemicals (St. Louis, 

MO, USA). Isoxyl and paclitaxel were supplied by Cayman Chemicals (Sapphire, Redfern, 

NSW, Australia). Ultrapure water used for all experiments and cleaning steps was obtained 

from a Barnstead Nanopure Diamond RO system having a specific resistance of greater than 

18 MΩ/cm. Except for CHI, the polyelectrolyte (PE) solutions were prepared in 0.1 M 

phosphate buffered saline solution (PBS, pH 7.40) consisting of 1.1 mM potassium phosphate 

monobasic, 3 mM sodium phosphate dibasic heptahydrate, and 0.15 M NaCl. CHI was 

dissolved in 0.01 M acetic acid solution. 

The synthesis of FITC-labeled CHI was based on the reaction between the isothiocyanate 

group of FITC and the primary amino group of chitosan as reported in the literature [22,23]. 

Briefly, 20 mg FITC was dissolved in 20 ml anhydrous methanol and added to 20 ml 1% w/v 

CHI in 0.01 M acetic acid solution. After 3 h under light occlusion at ambient temperature, 

the FITC-labeled chitosan (FITC-CHI) was precipitated by raising the pH to 10.0 with 0.5 M 

NaOH. The unreacted FITC was removed by washing with distilled water and centrifugation 

(10 000 rpm for 5 minutes) until no fluorescence was detected in the supernatant. 

2.2 Preparation of nanoparticles 

Nanoparticles of the drugs were prepared by a modified solvent-evaporation emulsification 

method as previously reported in the literature [21]. Briefly, 30 mg/mL solutions of the drugs 
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in acetone were emulsified with twice the volume of eucalyptol for 30 minutes under 

vigorous agitation and low temperature (ice bath with 2000 rpm stirrer, IKA Eurostar PWR, 

Wilmington, NC, USA). Prepared emulsions were then further processed using a 

microfluidizer (model 110-Y, Microfluidics, Newton, MA, USA) [24]. The drug particles 

were collected by centrifugation at 5 000 RPM for 10 minutes and resuspended in 0.1 M 

PBS. The nanoparticles were again collected by centrifugation at 5 000 RPM for 10 minutes. 

This process was repeated several times to remove all the eucalyptol. The nanoparticle 

powders were dried and stored in a refrigerator for future use. 

2.3 Layer-by-layer absorption of polyelectrolytes 

Except for CHI that was dissolved in 0.01 M acetic acid, the pH of the PE solutions was 

maintained at 7.40. The LbL assembly procedure was as follows: 1.0 mL of a 20 mg/mL of 

the PE solution was mixed with 1 ml of 30 mg/mL drug nanoparticles, followed by 5 minute 

incubation under gentle shaking [16]. After a layer was added, three washing cycles of 

centrifugation, removal of the supernatant, and re-suspension in 1.5 mL of pH 7.20 buffer 

solution were performed to ensure the removal of unbound PE. The centrifugation was 

performed at 5 000 RPM for 5 to 10 minutes. The process was continued by alternating the 

polycationic and polyanionic layers until the desired number of layers was attained. The first 

PE layer was either PDDA or PSS dependent on the ζ –potential of the uncoated drug 

nanoparticles (furosemide + 22 mV, paclitaxel – 39 mV, isoxyl + 35 mV and nifedipine -32 

mV).  

2.4 Characterization of nanoparticles 

2.4.1 Quartz crystal microbalance analysis 

Prior to PE multilayer formation on the nanoparticles, the coating procedure was elaborated 

on gold electrode resonators of 5 MHz quartz crystal microbalance (QCM200, Stanford 

Research Systems, Sunnyvale, CA, USA). The resonators were immersed in a polyion 

solution for 15 minutes, removed, and dried. The added mass and the coating thickness (ΔL) 

can be calculated from the frequency shift (ΔF), according to the Sauerbrey equation [25], 

using a scaling factor. For the instrument used in this study, the scaling factor was ΔL (nm) = 

- 0.022 ΔF (Hz). These experimental self-assembly conditions were then applied to the LbL 

shell assembly on the nanocrystals. In addition, after each PE coating on the nanoparticles, 

the ζ-potential of the particles suspended in water was measured using a ZetaSizer Nano ZS 

(Malvern, Westborough, MA, USA).  
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Figure 1. SEM photomicrographs of furosemide microparticles (top), coated nanoparticles 

(middle) and nanoparticles LbL coated with FITC labeled chitosan (bottom).  Particles were 

coated with 4 layers of PE’s (see Fig. 7). 

2.4.2 Electron microscopy and confocal scanning laser microscopy  

Scanning electron microscopy (SEM) studies were performed on samples that were affixed 

on carbon-taped stubs and thinly coated with Au/Pd. Both a Hitachi S570 and a Hitachi S-900 

FESEM was used to photograph the samples (Hitachi High Technologies, Dallas, TX, USA). 

All micrographs were recorded with a crystal emission of 10 keV. Additional SEM 
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micrograph analysis was conducted with automated image analysis routines available in 

ImageJ 1.47 imaging analysis software [26]. Confocal laser scanning microscopy (model 

DMI RE2; Leica, Allendale, NJ, USA) and fluorescent spectrometry (Photon Technology 

International, Lawrenceville, NJ, USA) were used to visualize the LbL coating. For 

fluorescence, the drug nanoparticles were coated with FITC labeled CHI. 

2.4.3 Particle sizing and zeta potential 

The particle size distributions of the centrifuged nanoparticles, before and after LbL coating, 

were measured with the ZetaSizer Nano ZS. Material index of refraction for PE coated 

particles was set to 1.46 and PBS solution (saturated or unsaturated with drug) was set to 

1.33. A volume of 1.5 mL of the drug particle suspension was pipetted into a disposable 

cuvette. Acquisition was performed at room temperature and volume mean diameters D[4,3] 

calculated. 

2.5 Dissolution and release studies 

The in vitro dissolution rates of the drug nanoparticles were determined by a dialysis method 

under sink conditions [27,28]. Dialysis cassettes (Slide-A-Lyzer, 10 000 MWC, Pierce, 

Rockford, IL, USA) containing 3 mL of drug solution or suspension was placed in 80 ml 

beakers containing 50 mL of  the dissolution medium. Release studies were conducted at 37 

ºC in a water bath under stirring (100 RPM). At fixed intervals, 2 mL of the dissolution 

medium was withdrawn and the amount of drug released measured using HPLC. After each 

withdrawal the volume removed was replaced with 2 mL fresh dissolution medium. All 

experiments were repeated 6 times. Drug solutions in methanol (2 mg/mL) and suspensions 

prepared from the micron-sized particles were used as controls. For furosemide (pH 5.80 

phosphate buffer) and nifedipine (simulated gastric fluid TS without pepsin and sodium 

lauryl sulfate), the dissolution media specified by the USP was used [27]. The dissolution 

medium for isoxyl and paclitaxel was PBS buffer pH 6.80. The HPLC analysis methods 

specified in the USP for furosemide, nifedipine and paclitaxel were used to determine the 

amount of drug released as a function of time. Isoxyl was analyzed by HPLC using a C18 

column (Hypersil™ 5 µm ODS, Phenomenex, USA), UV detection at 270 nm and 70% 

acetonitrile in 20 mM ammonium acetate buffer as the mobile phase [28]. All drug samples 

were analyzed with a Shimadzu Prominence HPLC system (Kyoto, Japan), consisting of a 

LC-20 AT pump, a SIL-20 AC HT autosampler and a SPD-M20A diode array detector. 
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Figure 2. SEM photomicrographs of paclitaxel 

microparticles (top), coated nanoparticles 

(middle) and nanoparticles LbL coated with FITC 

labeled chitosan (bottom).  Particles were coated 

with 5 layers of PE’s (See Fig. 7). 

Figure 3. SEM photomicrographs of isoxyl 

microparticles (top), coated nanoparticles 

(middle) and nanoparticles LbL coated with FITC 

labeled chitosan (bottom).  Particles were coated 

with 4 layers of PE’s (see Fig. 7). 
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3. Results and discussion 

The goal of this study was to improve the dissolution rate of water-insoluble and practically 

insoluble drugs by reducing the particle size to below 500 nm, since a significant increase in 

available surface area could be affected compared to unprocessed drug particles. The drugs 

chosen were furosemide, nifedipine, isoxyl and paclitaxel. The aqueous solubility of 

furosemide ranges from 10 µg/ml at pH 2.00 to 22 mg/ml at pH 8.00 [10]. The aqueous 

solubility of nifedipine has been measured at 5-6 µg/mL in the pH range of 4.00-13.0 [12]. 

The reported aqueous solubilities of paclitaxel and isoxyl are 3-4 µg/ml [9] and 3-6 µg/ml 

respectively [28]. In this study drug nanoparticles were prepared using a modified solvent-

evaporation emulsification method described above. SEM photomicrographs of the micron-

sized raw materials and the prepared nanoparticles are shown in Figures 1-4.  

Using the particle shape characterization guidelines from the USP the micronized furosemide 

crystals (D[4,3] = 14±4 µm) can be described as partially split, acicular and columnar 

particles with sharp ends (Figure 1). In contrast the furosemide nanoparticles were plate like 

with rounded edges and smooth surfaces. The paclitaxel microparticles (D[4,3] = 12±4 µm) 

looked like milled equant spherical aggregates with rough surfaces (Figure 2) while the 

paclitaxel nanoparticles were equant spheres with smooth surfaces. The isoxyl crystals 

(D[4,3] = 21±6 µm) was a mixture of drusy columnar and lath-like particles with cracked 

surfaces (Figure 3).  Processing produced very small equant nearly spherical isoxyl particles 

with smooth surfaces. The nifedipine microparticles (D[4,3] = 19±5 µm) were lamellar, flake 

and plate like particles sometimes aggregated with sharp edges and cracked surfaces (Figure 

4). 

145 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEM photomicrographs of nifedipine 

microparticles (top), coated nanoparticles 

(middle) and nanoparticles LbL coated with 

FITC labeled chitosan (bottom).  Particles were 

coated with 5 layers of PE’s (see Fig. 7).  

 

The nifedipine nanoparticles were small spheres or larger plate-like particles with smooth 

surfaces and rounded edges. The mean volume particle diameter of the nanoparticles 

recovered after preparation were 174±31 nm for furosemide, 110±31 nm for nifedipine, 

65±19 nm for isoxyl, and 156±22 nm for paclitaxel (Figure 5).  
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Figure 5. (A) Volume particle size distributions of freshly prepared drug nanoparticles (a) isoxyl, (b) 

paclitaxel, (c) nifedipine and (d) furosemide. (B) Volume size distribution of (a) uncoated and (b) LbL 

coated paclitaxel nanoparticles. 

One challenge associated with very small drug particles are their stability in suspension. Very 

small particles tend to aggregate in suspension [1] or, due to their higher solubility; 

nanoparticles may grow orders of magnitude in size due to Ostwald ripening [2,5-7]. As 

shown in Figure 6(a) the uncoated particles grew larger when suspended in water. Within 24 

hours the particles doubled in size, except for the nifedipine particles which showed a mean 

volume particle size in the micron range after 5 days. To prevent growth and to increase the 

stability of the particles prepared in this study, particles were coated with polyelectrolytes 

using layer-by-layer self-assembly [16]. The coating process was first confirmed by QCM, 

Figure 7(a). Briefly, the coating conditions employed during QCM experiments were also 

applied to drug nanoparticle coating. From these results the predicted thickness of the layers 

on the particles were also estimated using the Sauerbrey equation.  

The actual coating of the nanoparticles was confirmed by measuring the successive reversal 

of the polarity of the particle zeta potential after coating. Initially, the ζ-potential of the pure 

particles was measured, Figure 7(b), followed by measuring the coated particles after 

application of the PE coats. During the coating process, the particles were also coated with  
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 Figure 7. Characterization of LbL coatings (a) 

frequency shift and film thickness of each 

assembly layer adsorption on QCM electrodes 

(b) change in ζ-potential of the coated particles 

versus the number of adsorption steps (first 

positive shift represents a layer of PDDA and 

first negative shift represent a layer of PSS, 

subsequent layers are CHI+ and CS−). 

Figure 6. The effect of LbL coating on the long-term stability of nanoparticles suspended for 120 
hours: (a) time dependent growth and aggregation of uncoated particles when suspended in water; (b) 
effect of number of LbL layers on the reduction in particle growth and aggregation of drug particles 
suspended in saturated aqueous solutions of the drugs; (c) long term stability of LbL coated (2-4 
layers) particles suspended in a saturated solution of the drug in water for 120 days. Suspensions were 
kept in a water bath at 25±1.5°C. (Saturated aqueous solutions of the drugs were prepared by adding 
an excess amount of drug powder to ultrapure water, putting the suspensions in a shaking water bath 
for 24 hours at 25±1.5°C and filtering the solutions through 0.2 µm filters). 
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FITC-labeled CHI. In Figures 1-4 the fluorescence of the particles coated with the FITC-CHI 

also confirmed the deposition of a thin layer of CHI. Together QCM data, ζ-potential 

measurements and fluorescence microscopic evaluation, proved the successful LbL coating 

process in the application to drug nanoparticles. The process also illustrated its versatility in 

coating diverse nanoparticulate drug substrates with significantly different solubility, particle 

size and shape, and surface properties. In Figure 6(b) the effect of coating on the particle size 

of the drug particles are shown. The results represent the mean volume particle sizes of 

uncoated particles and those coated with up to 15 polyelectrolyte double layers suspended in 

saturated drug solutions for 120 hours. For the four drugs, coating with only 3 polyelectrolyte 

layers showed no change in the particle size measured before and after suspension during a 

lapse of 120 hours. These results show that LbL coating stunted particle growth and that it 

required only a few layers of electrolyte to produce very stable particles in suspension. These 

results agree with those reported for larger amorphous indomethacin particles [18].  

Due to the potential in vivo toxicity associated with positively charged particles, it was 

decided to only assess the drug release of particles that demonstrated a negative zeta 

potential. For furosemide and isoxyl, 3 PE layers (Figure 5a) were required to render a 

negative zeta potential (thickness ~ 5 nm measured by QCM) to stabilize the particles.  

Nifedipine and paclitaxel (Figure 5a) both required 4 layers (thickness ~ 8 nm measured by 

QCM) to produce a negative zeta potential. These coats increased the diameters of the 

particles, Figure 5b. After coating, the mean volume particle diameters were 186±15 nm for 

furosemide, 136±21 nm for nifedipine, 151±10 nm for isoxyl, and 185±16 nm for paclitaxel. 

However, the long-term suspension stability of these particles was satisfactory since an 

insignificant increase in particle size was observed up to 120 days and the particles of all the 

drugs remained smaller than 200 nm (Figure 6c). In Figure 8, the release profiles of the LbL-

coated, negatively charged drug particles in biorelevant dissolution mediums are shown. 

None of the coated drug particles released the drug as fast as from a drug solution; however 

drug release was significantly faster than from micronized commercially available drug 

powders. Since the surface area through which diffusion occurred was known for the dialysis 

cassettes, the intrinsic dissolution rates (IDR) were calculated using the release data shown in 

Figure 8. Calculated IDR values are listed in Table 1. Evaluation of these values shows that 

optimized coatings used for stable, negatively charged nanoparticles decreased the IDR 

approximately 1.1-1.3 times compared to the drug solutions. In contrast, drug release from 

these LbL-coated particles was 1.8 times faster for furosemide, 3.9 times faster for paclitaxel, 
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2.4 times faster for isoxyl and 3.3 times faster for nifedipine when compared to the IDR of 

micronized commercially available powders.  

  

  

Figure 8. Drug release profiles for (a) furosemide, (b) paclitaxel, (c) isoxyl and (d) nifedipine after 

coating with the minimum number of polyelectrolyte layers that stabilized the nanoparticles against 

growth while maintaining a negative surface charge. For reference purposes the release profiles from 

drug solutions in methanol and aqueous suspensions of micronized drug particles are also shown. 

The effect of the number of polyelectrolyte bilayers on drug release was also measured and 

the IDR calculated from these curves are listed in Table 1. The drug release rates, IDR, of all 

the drugs decreased almost linearly (R2 > 0.92) with an increase in the number of bilayers up 

to a thickness < 50 nm. From the linear relationships it was estimated that a drug with 9-11 

bilayer coatings would produce particles < 250 nm with a release rate similar to uncoated 

drug powder with average mean volume particle sizes > 12 µm. These results show the 

potential preparation of sustained release drug nanoparticles coated by the LbL method.  For 

all the drugs, virtually no drug release was observed for the 15 bilayer-coated particles for up 

to 12 hours. The release rates from the coated particles were also 7 times slower for 

furosemide, 15 times slower for paclitaxel, 24 times slower for isoxyl and 10 times slower for 
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nifedipine compared to the micronized suspensions. The magnitude in the decrease of the 

release rate depended on the aqueous solubility of the drugs. The effect was less for more 

soluble drugs, furosemide and nifedipine, compared to the less soluble drugs, paclitaxel and 

isoxyl. 

Table 1. IDR rates for drug solutions, micronized powder suspensions and LbL coated drug 

nanoparticles measured from dialysis cassettes. IDR rate shown in italics represent the 

minimum number of polyelectrolyte layers necessary to stabilize the particle against growth 

in suspension.  

 IDR (mg/hr/cm2) 

 Furosemide Paclitaxel Isoxyl Nifedipine 

Solution 0.0440 0.0270 0.0309 0.0283 

Micronized 0.0177 0.0061 0.0098 0.0076 

1 bilayer 0.0345 0.0259 0.0258 0.0264 

1.5 bilayer 0.0324  0.0240  

2 bilayers  0.0242  0.0248 

5 bilayers 0.0251 0.0149 0.0145 0.0158 

10 bilayers 0.0171 0.0061 0.0076 0.0072 

15 bilayers 0.0025 0.0004 0.0004 0.0007 

 

4. Conclusion 

The robust nature of LbL self-assembly was illustrated in this study by successfully 

depositing PE nanocoats on poorly water-soluble drugs with markedly different surface 

characteristics. Additionally, a common challenge associated with small particles, namely 

their physical stability against particle growth, could be surmounted efficiently by coating. 

The coated nanoparticles demonstrated long-term stability against particle growth over the 

test period of 120 days which suggests a sufficient period for storage of the particles prior to 

dosage form formulation and most probably stability of the dosage form, should the PE coats 

remain intact. 

Another advantage of the LbL coating procedure was demonstrated in the release pattern of 

the chosen drugs. It is well-known from dissolution theory that a reduction in particle size 

will result in higher rates of dissolution. The size reduction of the particles compared to the 

commercially available raw materials, did indeed demonstrate this effect as seen from the 
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IDR values measured for various drug compositions. Although the coated nanoparticles 

showed a lower IDR than the uncoated particles, their IDR was still superior to the raw 

materials. The ultimate advantage illustrated for the nanocoated drug particles was however 

realized in the observation of nearly perfect zero-order controlled release patterns. 

Considering the ease of application of the coatings through LbL-self-assembly, the minute 

quantities of PE deposited and the advantageous effects of the coat on release and physical 

stability of drug nanoparticles, the LbL coating method can only be advocated to improve the 

performance of poorly water-soluble drugs.  
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CHAPTER 5 

Concluding remarks 

 

Layer-by-layer (LbL) is a self-assembly technique that has garnered popularity in the field of 

controlled drug delivery. As demonstrated throughout this study, LbL is a technique whereby 

oppositely charged polymers are sequentially added onto the surface of a drug or 

pharmaceutical excipient (either crystalline or amorphous) to form a multilayer. This 

multilayer is formed through a combination of interactions between the alternating polymer 

layers, including electrostatic attraction, hydrogen bonding, hydrophobic interactions and (in 

some cases) covalent bonding. The multilayer that is formed can be tailored to achieve 

specific physicochemical and/or drug-release properties, and this is dependent on the 

substrates that are selected to form the multilayers. Substrates which have been utilised in the 

literature include synthetic polymers (dendrimers), natural polymers (DNA, RNA, peptides 

and polysaccharides), macromolecules (micelles and liposomes) and nano-particles. 

This study is comprised of three separate LbL studies. The first study sought to investigate 

the impact of LbL nanocoatings on the powder flow and compactibility of cellulose 

microfibers. LbL multilayers were produced using various combinations of either 

poly(styrenesulfonate) (PSS), polyvinylpyrrolidone (PVP), poly(dimethyldiallyl ammonium 

chloride) (PDDA), chitosan or gelatin. The powder flow properties and tableting indices of 

compacts compressed from these nanocoated cellulose microfibers were similar or better than 

that of directly compactible microcrystalline cellulose (MCC) powders. Cellulose microfibers 

coated with four PSS/PVP bilayers had the best compaction properties while still producing 

tablets that were able to absorb water and disintegrate. This technique thus turned non-

flowing, non-compacting cellulose into powders with positive tabletting properties which can 

be used in direct compression during the tabletting process. 

In the second study, silver sulfadiazine (AgSD) nanoparticles were synthesized using 

poly(amidoamine) (PAMAM) dendrimer complexes, in order to improve the aqueous 

solubility and topical antibiotic effect of AgSD (commonly used in the treatment of burn 

wounds). The AgSD nanoparticles were shown to be highly soluble, and LbL coatings of 

various PAMAM dendrimers were used to stabilize these nanoparticles against crystal 
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growth. Additionally, silver nanoparticles were incorporated in the dendrimer shells which 

augmented the AgSD release. Formulation of the nanoparticles in a cream base provided a 

topical drug delivery platform with enhanced antibacterial properties against burn wound 

infections. 

The third study involved the step-wise LbL self-assembly of nanocoats (< 25 nm thick) of 

chitosan and chondroitin sulfate onto drug nanoparticles. Furosemide, isoxyl, rifampin and 

paclitaxel were chosen to prepare these nanoparticles due to their poor aqueous solubility 

properties. Although the nanocoatings reduced the dissolution of the coated nanoparticles, it 

still dissolved faster than the commercially available micronized powders of the drugs. This 

reduction in dissolution was also shown to be proportional to the thickness of the 

nanocoating. In addition, LbL nanocoating was shown to stabilize the small particles against 

crystal growth and aggregation in suspension, and sustained release nanoparticles were 

produced by increasing the layer thickness. This study proved that LbL coating can improve 

the performance of poorly water soluble drugs. 

Overall, this study has shown that LbL nanocoatings produced by self-assembly of poly-

electrolytes is a relatively simple and inexpensive experimental technique that can be applied 

to a variety of drugs and excipients. The resultant nanocoating that is formed has a variety of 

applications in the field of drug-delivery research, including manipulation of the 

physicochemical properties of the coated particles and modification of the release profile of 

the drug from the coated particles. 
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