
RICE UNIVERSITY 

Engineering the Structural Properties of Self-assembled 
PolymerlN anoparticle Capsules 

by 

Shyam Benegal (Benny) Kadali 

A THESIS SlJBMITTED 
IN PARTIAL FULFILLNIENT OF THE 
REQUIREMENTS FOR THE DEGREE 

Doctor of Philosophy 

APPROVED, THESIS COMMITTEE: 

/~~~ .----tL----- - - -- ------------ -------
Sibani Lisa Biswal, Assistant Professor 
Chemical and Biomolecular Engineering 

c~~~ __ _ 
Lon J. Wilson, Professor 
Chemistry 

HOUSTON, TEXAS 

MAY2011 



ABSTRACT 

Engineering the Structural Properties of Self-assembled 
PolymerlN anoparticle Capsules 

by 

Shyam Benegal (Benny) Kadali 

A materials synthesis technique was recently developed to generate 

polymer/nanoparticles composite microcapsules in which synthetic polyamines such as 

polyallylamine and/or polylysine were crosslinked with multivalent anions to form 

polymer-salt aggregates, that then served as templates for deposition of nanoparticles 

(NPs) of various compositions to form micron-sized hollow spheres or "nanoparticle-

assembled capsules" (NACs). This electrostatically-driven "polymer-salt aggregate" or 

"PSA" assembly route is attractive for encapsulation and scale-up because encapsulation 

and materials formation occur in water, at mild pH values, and at room temperature. 

NACs can potentially find wide-ranging applications in pharmaceutical, food, and 

consumer products. 

It is of crucial importance to address the physical property aspects of NACs in view 

of their use and applicability. While most applications may require that NACs not 

disassemble or deform under shear stress, some may require triggered release under 

specific conditions to release the encapsulated material (e.g., enzymes or drugs). 

Comparatively, little has been done to assess the physical properties of NACs. The 

behavior of NACs under varying pH and ionic strength conditions were determined. The 

capsules were found to be structural intact in the pH range of 4-9 at an ionic strength of 

10 mM. The pH range in which they were intact narrowed with increasing ionic strength; 
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the capsules fragmented into smaller pieces at 500 mM. The NACs could be made stable 

at ionic strengths as high as 1 M by the addition of multivalent anions to the suspending 

fluid. The structurally intact NACs were found to vary in compressive strength from 

atm to > ~25 atm, via osmotic pressure studies. 

The benign assembly conditions of NACs allowed for encapsulation studies of 

various molecules such as fluorescein , Gd[DOTP]5- (MRl contrast agent), doxorubicin 

(an anticancer drug), and uracil (pharmaceutical drug with anticancer properties). X-ray 

irradiation was studied as a potential external trigger for cargo release. A thorough 

experimental analysis on diffusive release of a dye molecule (fluorescein) from NACs 

was carried out. 

Manipulation of the PSA assembly process was carried out in several studies to 

explore the generality of the synthesis method. Positively-charged aluminosilicate NPs 

were studied in place of negatively-charged silica NPs. Surprisingly, these led to solid 

microspheres instead of hollow microspheres. Following the diffusion-deposition model 

for microsphere formation , it is seems that the NPs, with positively charged alumina 

patches on top of a negatively charged silica surface, can fully penetrate into the polymer

salt aggregate to form the solid microspheres. 

The viscoelastic nature of polymer-salt aggregates was exploited to produce non

sphere-shaped NACs through the use of a high-shear flow instrument (Reynolds number 

of ~21 ,000). A mathematical model was developed to understand the formation of 

elongated NACs, which indicated the shear and elongational stresses within the boundary 

layer zones along the flow channel walls were responsible for the observed formation of 

rod-like microparticles. 
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Chapter 1. Introduction 

1.1. Background and research motivation 

Recently, the investigation, manufacturing, and application of colloidal particles have 

increased rapidly. The International Union of Pure and Applied Chemistry (IUPAC) 

defines colloidal particles as having diameters in the 1-1000 nm range. As a sub-category, 

particles with diameters in the 1-100 nm range are called nanoparticles (NPs). Those with 

diameters in the 100 to 1000 nm range are called submicron particles. The advanced 

technology in nanoparticles requires scientists to study colloidal science from many 

angles such as the investigation of chemical and physical properties of nanoparticles. NPs 

offer a wide spectrum of chemical, mechanical, and optical properties. As a specific 

example Si02 NPs, is used in applications as diverse as papermaking, investment casting, 

coatings, chemical-mechanical planarization, and photography, and as additives for 

cements and waxes 1,2. In heterogeneous catalysis, it finds great use a binder for catalyst 

particles as it provides attrition resistance to, and disperses the particles within, the 

formed catalyst pellet. There has been a tremendous interest in recent years to generate 

new materials using colloidal particles, particularly for particles in the size range of 1 to 

1000 nm. The general approach involves the careful manipulation of interparticle and 

surface interactions to yield NP-based assemblies with well-controlled structure and 

morphology. Such NP assembly techniques may be quite applicable for increasing the 

usefulness of colloidal particles. 

In the midst ofthe many ordered structures formed via NPs, there has been a plethora 

of interest in the synthesis of a class of materials called hollow spheres or capsules in the 

micron, sub-micron, and nanometer size ranges. A capsule is basically a container which 



is hollow in nature and comprise of shell wall as outer material. This shell wall helps in 

protecting the active ingredient or cargo molecule. Capsules find extensive applications 

in pharmaceutical, food, chemicals, and consumer industry by serving as tiny containers 

to store, deliver, and/or release substances3- IO • The shell can be designed in such a way 

that the cargo can be released at desired time intervals, by triggering the capsules by 

varying either one or more of the following parameters such as pH, ionic strength, 

external pressure, and interaction with near infrared (IR) laser light. It is of interest to 

make hollow structured material using nanoparticles (NPs), since NPs show different 

mechanical, chemical and optical properties from that of bulk material. Various single 

compositional NPs, multi compositional NPs or functionalized NPs can be used in the 

synthesis of new nanomaterial for particular applications. In this chapter, an overview of 

capsules or hollow spheres, various approaches to make hollow spheres, and responsive 

studies of layer-by-Iayer capsules are depicted. 

1.2. Synthesis approaches to hollow spheres 

The fabrication of hollow spheres to make organic and inorganic hollow spheres can 

be classified into four categories such as sacrificial core or template-directed method, 

emulsion-phase separation technique, nozzle generator technique, and vesicles -

liposomes. Each technique has it own advantages and disadvantages. 

1.2.1. Sacrificial core method or layer-by-Iayer (LbL) assembly technique 

Sacrificial core method is an approach to prepare capsules through charge 

interactions. Polyelectrolyte capsules or LbL capsules were first introduced in by Caruso 

et ai.ll, and it is most widely reported as LbL assembly technique. These LbL capsules 

2 



are synthesized by the step-wise adsorption of polyelectrolytes onto charged colloidal 

templates, followed by decomposition of the templates (solid or liquid core) as shown in 

Fig. 1.1. The shell is formed by depositing oppositely charged polymers/and or NPs. 

Although the removal of a colloidal core is easier, the fast dissolution of colloidal core 

(such as polystyrene) in organic solvents creates an osmotic pressure which may weaken 

the polyelectrolyte shell 12. To avoid destroying the shell, inorganic templates, such as 

calcium carbonate or manganese carbonate have recently been introduced as a template 

for the fabrication of hollow polyelectrolyte capsules4, II, 13-24 like polystyrene (PS) or 

cross-linked melamine formaldehyde. Polyelectrolyte shells are known to be permeable 

to molecules with a molecular weight below 5 kDa and they don't suffer an osmotic 

stress during the dissolution of the inorganic templates25 . The shell of LbL capsules can 

consists either only polyelectroyltes or inorganic (nanoparticles) -organic(polyectrolytes) 

composite material as shown by Caruso et a116 • Polyelectrolyte capsules may find 

applications in varied fields. Many researchers have shown that these capsules could 

potentially be used as microreactors for the synthesis, separation of materials, as sensors, 

and drug delivery vehicles 26-31. The sacrificial core templating method is a promising 

technique to yield stable monodispersed hollow spheres. Though sacrificial core method 

approach is very flexible, it requires lot of processing routes than the self-assembly 

routes. The biggest disadvantage of this method is that the encapsulation of sensitive 

compounds is very complex and utmost care should be taken so as to not damage the 

encapsulated material during the encapsulation I 3, 14,25,32-74. 

3 



PolJ'lll« 
Ad8orpUOO .. 

CDiloilkd 
PlII1Ick 

O CDlcination ... 
Hollow Silica Sphere, 

(3)PDADMAC 

(2),(3) ... /. 

/. 
EJ.posure to 

M"ltilay,,..Cottud 
Porliclu 

SoIvc:nt o 
HolkJw 

lnorgDnie.Hybrld Spheres 

Figure 1.1. Sacrificial core templating method to prepare hollow spheres. I I 

Other techniques such as emulsion-phase separation technique, nozzle generator 

technique, and vesicles -liposomes have it own advantages and disadvantages. One of the 

advantages of emulsion-phase separation or emulsification method is that a large variety 

of hydrophobic substances can be encapsulated in the core. However, the encapsulation 

of water-soluble compounds is difficult via this technique75-79 • In the case of nozzle 

generator technique, the excellent feature of this technique in general is that the capsule 

size can be varied continuously over a wide range from hundreds of microns to tens of 

nanometer. However, attaining encapsulation in well-defined size range, controlled 

thickness of the shell, and production of monodisperse spheres, all at the same time, is a 

challenge80-82 • In the case of vesicles -liposomes, although self-assembly of amphiphilic 

molecules are a safe and facile technique to form hollow spheres, there are some major 

disadvantages. Vesicles are may not stable at high temperatures and extreme pH's; are not 

resist to strong mechanical force. Block copolymer is not easily synthesized; the 

morphology of block copolymer hollow spheres is sensitive to molecular structure, 

solubility, and temperature83-93 . A related approach to preparing capsules through charge 
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interactions is the LbL assembly. Its responsive studies are explained in detail in further 

sections. 

1.3. Responsive LbL capsules 

A related approach to preparing capsules through charge interactions is the LbL 

assembly. Its responsive studies are explained in detail in further sections. 

1.3.1. pH responsive capsules 

LbL capsules have been shown to have interesting behavior in response to different 

pH and ionic strength values. LbL capules made of PSS/PAH started to swell when the 

pH was above 11 and disassembled when the pH was above 12. The capsules are 

permeable in the acidic region whereas they are impermeable in the alkaline region. 

Schuler et ai., has demonstrated the polyelectrolyte capsules decomposable by 

suspending the capsules in higher ionic strength solutions88 • Also, polylectrolyte capsule 

collapse or deflate once they are dried. Antipov et ai., has reported that depending on the 

pH, the permeability of these capsules could be changed72 • Fig. 1.2 shows the results of 

the permeability studies of hollow capsules templated on melamine formaldehyde MF 

and CdC03 cores and consisting of 4 PSS-PAH bilayers73. FITC-Iabeled dextrans (75 

kDa and 2000 kDa) have been used a probe molecules to study their permeability as a 

function of pH. The capsule interior remains dark while the bulk is fluorescent (Fig. 1.2 

(b, d). However, at pH 3.5 the capsule interior becomes fluorescent within few seconds 

after FITC-dextran is added as observed in Fig. 1.2 (a, c). All capsules remained open at 

pH values up to 6 and 90% of the capsules were closed at pH values of 8 and above. 

Weakening of the connectivity of the polyelectrolytes, could be responsible for the 
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enhanced permeability. 
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Figure 1.2. Open (a, C) at pH 3.5 and closed (b, d) at pH 10 states of polyelectrolyte 
shells prepared on melamine formaldehyde (MF) particles (a, b) and CdC03 crystals (c, 
d).94 

1.3.2. Salt responsive capsules 

Caruso et ai., reported that polyelectrolyte capsules made of DNA/spermidine 

decomposed by suspending them in high ionic strength88 . Fig. 1.3 shows the schematic of 

the effect of salt on polylectrolyte capsules. Ibarz et al., reported the structural changes 

within the multilayer of the polyelectrolyte capsules made of PSS/PAH via Forster 

resonance energy transfer (FRET) studies95 . A quick decrease in FRET indicates the 

longer distance between the polyelectrolyte layers as shown in Fig. 1.4. At 0.01 M salt 

concentration this effect was observed. The presence of high amount salt screens the 

charges on the polyelectrolytes and lowers the interaction between the oppositely charged 

polyelectrolytes. 
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Figure 1.3. Scheme of encapsulation and release of macromolecules through the 
switching of the permeability by means of the salt concentration. The black and dark gray 
lines represent the polyelectrolytes of the capsule wall and the bright gray lines are the 
probe polymers.95 
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Figure 1.4. EFRET in dependence of the salt concentration for capsules containing PAH
fluo in the 10th layer and PAH-rho in the 12th layer, The dashed line represents a 
sigmoidal fit of the experimental results. The inset shows the fluorescence spectrum of 
these capsules in pure water. The excitation wavelength was set at 495 nm.95 

1.3.3. Light-responsive capsules 

Tao et ai. were the first one to report optically sensitive polyelectrolyte capsules96• 

The Caruso group was the first to demonstrate the release of encapsulated 
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biomacromolecules upon NIR (near-infrared) irradiation of polyelectrolyte capsules. 

Skirtach et al. in 2005 reported near IR sensitive polyelectrolyte capsules97 • Fig. I.5a 

shows confocal and transmission images of a PSS/PAH capsule, with gold nanoparticles, 

filled with rhodamine-labelled PSS97. When NIR-Iaser light was impinged, (Fig. 1.5b) the 

capsule breaks open, observed from the strongly deformed structure, leading to the 

release of the encapsulated material. They clearly exhibited the strong impact of IR-light 

on the morphology of the capsules. 

Figure 1. 5. Confocal microscope images demonstrating remote release of encapsulated 
rhodamine-labeled PSS polymers from a polyelectrolyte multilayer capsule containing 
gold sulfide core/gold shell nanoparticles in its walls. Fluorescence intensity profiles 
along the line through the capsule show that it is filled with fluorescent polymers before 
(a) and empty after (b) laser illumination. After the release of encapsulated polymers, the 
leftover fluorescent intensity is observed only in the walls of the capsule, (b). Insets show 
black and white transmission microscope images of the same capsule. Incident intensity 
oflaser diode operating at 830 nm was set at 50 m W. 97 

1.3.4. Magnetic field responsive capsules 

Effect of magnetic field on the hybrid capsules formed with Fe304 nanoparticles and 

the lipid bilayer was investigated by Katagiri et al in 2010. Polyelectrolyte capsules were 

made of PAH/PSS/dioctadecyldimethylammonium chloride (DDAC) bilayer and calcein 

was used as a probe molecule98 . Fig. 1.6 shows the fluorescence microscope images of 
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the hybrid capsules loaded with calcein. From Fig. 1.6a it is clearly observed that green 

fluorescence was observed only on the inner side of capsules. After applying alternating 

magnetic field at 360 kHz and 234 Oe (Oersted (Oe) is the unit of magnetizing field) for 

30 min, it can be seen from Fig. 1.6b that fluorescence was observed both inside and 

outside of the capsules. Chen et al. also showed release behavior of capsules under 

applied magnetic field 99 . Also, from Fig. 1.6c the temperature of the capsules suspension 

reached ~ 60°C in 30 minutes. The alternating magnetic field irradiation was carried out 

at 360 kHz and 234 Oe. 
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Figure 1.6. (a, b) Fluorescence microscope images of hybrid capsules formed with 
polyelectrolytes, Fe304 nanoparticles and a dioctadecyldimethylammonium chloride 
(OOAC) bilayer membrane loaded with calcein (a) before and (b) after alternating 
magnetic field irradiation at 360 kHz and 234 Oe for 30 min. Temperature profile (c) of 
the aqueous dispersion of Fe304/polyelectrolytes hollow capsules as a function of 
irradiation time of alternating magnetic field at 360 kHz and 234 Oe. A 5 mL capsular 
dispersion with a concentration of 5.5 x 108 capsules/mL was used for the 
measurement. 98 
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1.3.5. Osmotic pressure responsive capsules 

Gao et al. studied the effect of osmotic pressure on polyelectrolyte capsules as shown 

in Fig. 1.7. The stability of capsules was tested by inducing osmotic pressure through 

PSS_Na I00-106• The critical PSS concentration was defined as the concentration necessary 

to induce the deformation of 50% of the intact capsules. It can be seen from the figure 

that unbroken capsules undergo a shape conversion from spherical into a cup shape at a 

certain critical PSS concentration104 (Fig. 1.7b). 

Figure 1.7. Confocal images of polyelectrolyte capsules conslstmg of 10 layers of 
PSSIPDADMAC as a function of the PSS (Mw 70000) bulk concentration. The PSS 
concentrations represented as wt % are indicated in the insets. A higher magnification of 
the corresponding image in (c) is shown in the inset. 1 04 

The critical PSS concentration was defined as the concentration necessary to induce 

the deformation of 50% of the intact capsules. At a higher PSS concentration, the 

capsules contract further as shown in Fig. 1.7 (c,d). A model has been developed to 

correlate mechanical strength of the capsules (elasticity modulus) with applied osmotic 

pressure. For a capsule radius of 2.2 J..lm, and the capsule wall thickness of 40 nm, they 

can withstand an osmotic pressure of 140 MPa. 
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1.4. Research motivation and thesis layout 

A materials synthesis technique was recently developed to generate polyamine/silica 

composite microcapsules in which synthetic polyamines such as polyallylamine and/or 

polylysine were crosslinked with multivalent anions like citrate to form polymer-salt 

aggregates, that then served as templates for deposition of nanoparticles to form micron

sized hollow spheres or "nanoparticle-assembled capsules" (NACs)lo7-111. As a general 

synthesis methodology, this electrostatically-driven "polymer-salt aggregate" or "PSA" 

assembly route is attractive for encapsulation and scale-up because encapsulation and 

materials formation occur in water, at mild pH values, and at room temperature. 

In 2002, Wong and coworkers reported a new and facile method to make hollow 

spheres. Instead of using pure inorganic or organic template, copolypeptide -poly (L

lysinex-b-L-cysteiney) and citrate-tagged Au NPs (or CdSe quantum dot) are mixed firstly 

and templates are formed rapidly due to the association of -SH groups (from polymer) 

and -COOH groups (from citrate) 112. Silica NPs are added into the polymer/Au 

aggregates suspension and hollow structure are generated immediately 112as shown in the 

Fig. 1.8. 
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Figure 1.8. Hypothetical schematic diagram depicting the hierarchical self-assembly of 
gold and silica NPs into hollow spheres with a two-layer shell structure. The addition of 
gold NPs (gold) to the disulfide cross-linked block copolypeptide produced globules of 
gold particles. The introduction of silica NPs (gray) then drove the formation of hollow 
micron-sized spheres whose walls were composed of a distinct inner layer of gold NPs 
followed by an outer layer of silica NPS.ll2 

Murthy and coworkers replaced copolypeptide with homopolymer-p (L-lysine), and 

generated templates with Au NPs to and generated similar hollow spheres are formed by 

adding silica NPs as shown in Fig. 1.9 110. 
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Figure 1.9. Proposed tlocculation-based-assembly of organic-inorganic hollow spheres 
from PLL, Au NPs, and Si02 NPS. 110 

The NPs self-assembly technique is extremely facile and fast to produce hollow 

spheres with multicomponents. These hollow spheres have size range between 1-10 flm. 

Because of silica shell, they are thermal stable, robust and resistant to normal external 

force, such as shearing, sonication and heating. The-art technique provides great future 

for hollow spheres preparation, encapsulation and controlled release. 

It is clear that nanoparticle self-assembly around nanoparticle-polymer aggregates is 

an extremely simple method to make hollow spheres, in our lab; an easier and 

straightforward method is developed recently. It is found that nanoparticle self-assembly 

can be made around polymer/phosphate, polymer!citrate aggregates resulting in NACs 113 

as shown in Fig. 1.10. This new synthesis decreases the cost of hollow spheres quite a lot. 
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Figure 1.10. Schematic of formation of Sn02 microcapsules ("'NACs") from Sn02 NPs, 
PAH, and phosphate anions.113 

A diffusion deposition model had been hypothesized to explain the mechanism of 

microcapsules formation. The model basically explains that the NPs penetrate the surface 

exterior of the polymer aggregate and that the penetration depth determines the shell 

thickness, with the implication that smaller particles diffuse deeper into the polymer 

aggregate than larger particles. 

Various type of NACs 1\3·120 have been synthesized using polymers such as 

polyallyamine, polylysine, and polyethylene amine and using multivalent anions such as 

phosphate, citrate, EDTA, indocyanine green (lCG), and macromolecule chelate -

Gd[DOTP]5-.107-111, 113-115, 121, 122 Shell material ofNACs could be comprised ofNPs such 

as silica, tin oxide, titania, zinc oxide, iron oxide, and CdSe quantum dots or proteins 

such as human serum albumin,and bovine serum albumin or polymers such as poly 

acrylic acid, and polystyrene sulfonate. NACs showed potential applications in using 

them as MRI contrast agents - showing larger gains in relaxivity, phototherapy, protease 
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imaging, and siRNA therapy123. 

1.4.1. Current challenges in PSA assembly 

Various type of NACs have been synthesized using polymers such as polyallyamine, 

polylysine, and polyethylene amine and using multivalent anions such as phosphate, 

citrate, and EDTA. Shell material of NACs could be comprised of nanoparticles such as 

silica, tin oxide, titania, zinc oxide, iron oxide, and CdSe quantum dots or proteins such 

as human serum albumin, and bovine serum albumin or polymers such as polyacrylic 

acid, and polystyrene sulfonate. 

NACs can potentially find wide-ranging applications in pharmaceutical, food, and 

consumer. It is of crucial importance to address the physical property aspects ofNACs in 

view of their use and applicability. While most applications may require that NACs not 

disassemble or deform under shear stress, some may require triggered release under 

specific conditions to release the encapsulated material (e.g., enzymes or drugs). 

Comparatively, little has been done to assess the physical properties of NACs. The 

behavior of NACs under varying pH and ionic strength conditions are lacking. The 

mechanical stability of NACs is not explored. Based on the applications, conditions, 

NACs needs to be engineered to meet the requirements. The scalability of charge-driven 

PSA assembly and the renewed potential of colloidal silica as a precursor to porous 

catalyst supports are so far not explored. Structural properties of NACs by using 

muIticompositonal NPs such as aluminosilicate NPs are done previously. 

Most of the NACs prepared earlier are spherical in shape. Spherical particles are the 

most helpful carriers for drug delivery, researchers are finding that rod-shaped carriers 

may give a benefit of having longer circulation time in the blood stream (eg: longer 
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circulation times are needed for phototherapy). Researchers have shown that non

spherical particle suspensions influence the rheology behaviour. It will be valuable, at the 

same time challenging, to synthesize various shapes of NACs. In order to perform this, 

the visco-elastic nature of polymer-salt aggregates needs to be investigated thoroughly. 

Also, in the field of drug delivery, there is a vital need for time and space controlled drug 

delivery systems. Therefore, a PSA assembly technique needs to be applied to prepare 

stimuli responsive capsules for controlled drug delivery. Various responsive studies such 

as magnetic, radiation (X-rays), physical pressure, and temperature are yet to be explored. 

The formation of PSA assembly was limited to few salts such as EDTA, citrate, and 

phosphate. Other multi-valency salts such as Gd[DOTPf, were not explored. 

It was previously shown that NACs can encapsulate hydrophilic and negative charged 

molecules. However, there is little information on encapsulation properties of cargo 

molecules that are hydrophobic or positively charged. Studies on transport and structural 

properties of NACs have been lacking so far. By addressing the above issues, NACs can 

be rationally engineered to meet the specific requirement for the applications in 

encapsulation and controlled delivery of drugs, and other compounds. My thesis works 

involves in addressing the above issues. 

1.4.1. Thesis layout 

My initial work was on developing a new procedure to make 100-mg amounts of 

silica/polymer microcapsules, improving on the materials yield by over two orders of 

magnitude while retaining the processing advantages of the original two-step NP 

assembly method. In Chapter 2, experimental results are discussed to explain the 
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mechanism of the PAH-cit aggregate surface charge dependence on microcapsule 

synthesis. These inorganic/organic hybrid composite capsules can be thermally treated to 

eliminate completely the organic fraction of the material without morphological damage. 

The polymer, which holds the nanoparticles together in the shell, leads to pores after its 

removal. This work demonstrates the scalability of charge-driven nanoparticle assembly 

chemistry, its general applicability to colloidal ceramics, and the renewed potential of 

colloidal silica as a precursor to porous catalyst supports. This work was published in 

Topics in Catalysis in 2008. The formation of porous aluminosilicate microspheres via 

nanoparticle assembly will be discussed in this chapter. Somewhat surprisingly; we were 

able to generate aluminosilicate/polymer solid spheres when aluminosilicate NPs were 

used as shell material. I will discuss the formation mechanism of these spheres. 

Comparatively, little has been done to assess the physical properties of NACs under 

varying pH and ionic strength conditions. In Chapter 3, Ionic strength and pH effects on 

nanoparticle/polyamine microcapsules experimental work will be discussed in detail. 

Through this study, we studied the effects of pH (in the range of 2 to 12), ionic strength 

(from 10 mM to 1 M), and nature of the multivalent anions or salt such as (phosphate, 

citrate, seawater). Detailed studies to explain the behavior of microcapsules under various 

conditions are elucidated. In the aqueous phase range where the capsules were intact, we 

studied their mechanical strength through osmotic pressure testing. This work is being 

prepared for submission to Journal of Materials Chemistry. 

It has been shown earlier that NACs allows a simple way of encapsulating water 

soluble compounds such as drugs, dyes and biomolecules (Murthy, PhD thesis 2006). In 

Chapter 4, encapsulation properties of capsules and responsive studies will be discussed. 
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Encapsulation studies of various molecules such as Gd[DOTPt, doxorubicin, and uracil 

are reported. A thorough experimental analysis on diffusive release of a dye molecule 

(fluorescein) from NACs was carried out. Our experimental results helped in validating 

the analytical model developed by Tavera et al. To provide experimental validation of the 

diffusion coefficient of the NAC-core, we studied the diffusion of fluorescein through 

polymer-salt matrix films through the quartz crystal microbalance-with dissipation 

monitoring (QCM-D) technique. Studies such as x-ray-sensitive NACs, effect of 

magnetic field on magnetic NACs, effect of applying physical pressure on NACs will be 

discussed in this chapter. 

Our hollow spheres synthesis is facile and flexible. In this work, we reveal an 

interesting phenomenon of polymer-salt aggregates. On subjecting the polymer-salt 

aggregates to shear and elongation flow and elongate them and generate elongated NACs. 

With these hybrid structures taking on the shape of the polyamine-salt aggregate 

precursors, shape anisotropy was induced through manipulation of fluid flow in a 

"microfluidizer." Our results show that elongated NACs of various lengths (l Ilm to 8 

Ilm) can be generated by varying the process parameters such as velocity of fluid flow 

(250 mls to 500 m/s). Selectivity of elongated vs spherical can be reached as high as 

90%. A fluid mechanics model has been developed to quantify the extensional and shear 

rates at various locations in the microfluidizer (Y - junction & impact zone). This 

manuscript is being prepared for submission to Industrial & Engineering Chemistry. 

Chapter 6 is about Summary and recommendations for future work. 
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1.4.2. Other works 

I successfully finished six collaborations that resulted in the following publications. 

Experimental and modeling analysis of diffusive release from single-shell 
microcapsules (Collaboration with Tavera et.al., Rice University) 

I was involved in performing the experimental work for this project. Encapsulation of 

Na-Flu (model molecule) was performed to understand the encapsulation properties of 

NACs. The presented experiment-modeling approach allows optical microscopy images 

and release measurements to be readily analyzed for estimating diffusion coefficients in 

capsule core and shell walls. Based on the analytical model, I estimated diffusion 

coefficients in the capsule shell and core using QCM-D, which is comparable to 

experimental values for the similar systems reported in the literature. Published in AIChE 

Journal, 2009, 55, 11,2950-2965. 

Polyamine-guided synthesis of anisotropic, multicompartment microparticles 
(Collaboration with Dr. Murthy from CETL, The Procter and Gamble Company) 

The concept of synthesizing anisotropic, multicompartment particles VIa NACs 

methodology was developed by Murthy et al. I was involved in controlled experiments to 

probe the mechanism of anisotropic particles formation. I used characterization 

techniques such as confocal microscopy, SEM, and microtoming to characterize some of 

the samples. Published in Applied Materials and Interfaces, 2009, 1, 590-596. 

Nanoassembled capsules as delivery vehicles for large payloads of high relaxivity 
Gd3+ agents (Collaborated with researchers from the Advanced Imaging Research Center 
at the University of Texas Southwestern Dallas, Department of Chemistry at the 
University of Texas at Dallas, and Portland State University) 

I successfully encapsulated a MRI contrast agent (GdDOTp5-) In NACs. The 
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formation of NACs using GdDOTp5- as salt is not trivial. I developed a novel method of 

making NACs using co-solvent technique. It involves using PAH, GdDOTp5-in ethanol, 

and silica NPs. Plush et al., extended the concept of GdDOTp5- encapsulation in NACs to 

other cationic polymers such as poly-L-lysine, poly-L-arginine. Additionally they also 

explored using solvents such as acetonitrile. Encapsulated GdDOTp5- in NACs showed a 

five fold increase in the relaxitivity signal compared to non-encapsulated GdDOTp5-. 

This has implications for the field of targeted MR imaging. Published in JACS, 2009, 

131,15918-15923. 

Altering protein surface charge with chemical modification modulates protein-gold 
nanoparticle aggregation (Collaborated with researchers from the Department of 
Chemistry, and Bio-engineering at Rice University) 

In this work, I used dynamic light scattering (DLS) as a tool to study the interactions 

between citrate-stabilized AuNPs and proteins such as lysozyme, a-lactalbumin, and 

myoglobin that have different surface charges. The DLS hydrodynamic diameters were in 

agreement with TEM diameters of the nanoparticies-protein aggregates and helped in to 

demonstrate that protein modification provides a dominant tool for modulating whether 

nanoparticie-protein interactions result in material aggregation. Published in J. Nanopart. 

Res., (online) 001: 10.1007/s11051-010-0057-5. 

Nanoparticle Assembled Capsules for Target Drug Delivery, Controlled Release and 
Hyperthermia (Collaborated with Dr. McGary from Baylor College of Medicine) 

The objective was to develop a combined drug release and hyperthermia delivery 

system for simultaneous multitreatment using radiation therapy. Magnetic iron oxide 

nanoparticles (Fe304) of ~ 20 nm were synthesized. Capsules loaded with iron oxide 
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magnetic nanoparticles were synthesized and their responsiveness to magnetic field was 

studied. The heating rates of Fe304 - NACs under an applied magnetic field were studied 

through an induction coil. Fe304 - NACs with a Fe304 concentration of 2.5 mg/mL heats 

up the suspension to a temperature of 60°C in 20 min. Indocyanine green (lCG) was 

successfully encapsulated in magnetic capsules and was controllably released in the 

presence of a magnetic filed. My studies indicate that NACs could be potentially used to 

encapsulate cargo molecules and controllably release them when a magnetic field is 

applied. This manuscript is in preparation. 

Shell thickness control of nanoparticIe/polymer assembled microcapsules 
(Collaboration with Dr. Bagaria, Department of Chemical & Biomolecular Engineering, 
Rice University) 

Through these studies we found that the shell wall of NACs can be thickened by 

contacting the as-synthesized capsules with silicic acid. I optimized and scaled up our 

established NACs synthesis to make ~ 100-mg amounts of silica/polymer microcapsules 

while improving on the materials yield by over two orders of magnitude by retaining the 

processing advantages of the original two-step NP assembly method. I was involved in 

characterizing the samples using techniques such as confocal microscopy, SEM, and 

microtoming. Additionally I assisted in the design of experiments, and interpretation of 

results. Adjustable shell wall thicknesses in hybrid microcapsules provide enhanced 

capability for chemical encapsulation, storage, and release applications. Published in 

Chemistry of Materials, 2010, 23 (2), pp. 301-308. 
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Chapter 2. Assembling colloidal particles into porous hollow 
and solid microspheres * 

2.1. Introduction 

A non-surfactant-based synthesis approach to mesoporous hollow spheres through the 

use of colloidal silica is presented. Based on nanoparticle assembly chemistry developed 

previously for silica/polymer hybrid microcapsules, the room-temperature preparation 

follows a two-step sequence: I) the electrostatic reaction of cationic polymer with an 

anionic salt solution, resulting in a suspension of salt-bridged polymer aggregates; and 2) 

the electrostatic reaction between this suspension and an aqueous suspension of 

nanoparticles (NPs). 

Colloidal silica is a suspension of Si02 particles with diameters in the 1 to 1000 nm 

range. Commercially available since the 1930's, this material is used in applications as 

diverse as papermaking, investment casting, coatings, chemical-mechanical planarization, 

and photography, and as additives for cements and waxes l,2. In heterogeneous catalysis, 

it finds great use a binder for catalyst particles as it provides attrition resistance to, and 

disperses the particles within, the formed catalyst pellet. On the other hand, the colloidal 

form of silica is not used as commonly as a catalyst support. The difficulties lie in 

handling the oxide as a suspension, depositing the active phase on the particle surface, 

and recovering the solid as a porous solid. Sol-gel processing methods have been studied 

previously to address some of these issues3,4. 

There has been a tremendous interest in recent years to generate new materials using 

colloidal particles, particularly for particles in the size range of 1 to 100 nm 

* Part of the work in this chapter got published as Kadali et aI., Assembling Colloidal Silica 
into Porous Hollow Microspheres. Topics in Catalysis 2008, 49, (3-4), 251-258. 
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(nanoparticles, or NPS)5-8. The general approach involves the careful manipulation of 

interparticle and surface interactions to yield NP-based assemblies with well-controlled 

structure and morphology. Such NP assembly techniques may be quite applicable for 

increasing the usefulness of colloidal Si02 as a catalyst support material. 

We recently developed a NP assembly method in which negatively charged NPs, 

cationic polymers, and multivalent anions are combined in such a way to generate 

silica/polymer microcapsule structures9
-
16

• The synthesis is a two-step mixing process, in 

which a polymer solution and a salt solution are combined, followed by the addition of an 

aqueous suspension of Si02 NPs (Fig. 2.1). The salt acts to crosslink the polymer chains 

Polymer (PAH) 

~r0 
+~( 

+ 

Salt (Trisodium citrate) 

~ ;1+ 
~{jJ 

Polymer-salt 
aggregate 

Si02 
NPs 

Silica/polymer 
nanoparticle-assembled 

capsule (NAC) 

Figure 2. 1. Schematic of two-step NP assembly of silica/polymer microcapsules. 

ionically to form metastable polymer-salt aggregates onto which the NPs deposit to form 

a thick shell. Taking only minutes to prepare, the resulting material (NP-assembled 

capsules, or "NACs") already has a capsular structure, in which the shell contains the NPs 

and polymer. The core can contain polymer/salt aggregate (polymer-filled capsules) or 

water (water-filled capsules), depending on initial synthesis conditions 13
• NAC synthesis 
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can be readily modified to encapsulate enzyme molecules, in which the immobilized 

enzymes interact with reactant molecules that diffuse through the semipermeable shell 

wall 13. Such NACs would function as batch-type microreactors in water. Hollow sphere 

catalysts have a weight-effectiveness advantage over solid sphere catalysts for certain 

catalytic processes. For reactions in which the catalytic reaction rate is significantly faster 

than the rate of reactant diffusion (i.e., large Thiele modulus) such that reactions would 

not occur in the catalyst interior, hollow spheres are more desirable. Hollow silica 

particles were recently reported as supports for polymerization catalysis, for example 17. 

As a specific example, 13-nm silica particles, combined with polyallylamine and 

sodium citrate, gave silica/polymer hollow spheres with a mean diameter of 2.1 Ilm and a 

BET surface area of 4 m2/g. After calcination at 600°C, the resulting silica-only 

microcapsules had a BET surface area of 259 m2/g, a modal pore size of 4.0 nm, and a 

pore volume of 0.38 cc/g, values that exceeded those of calcined silica NPs. This 

colloidal silica-based material is an example of the simultaneous control of pore size (at 

the nanometer scale) and particle morphology (at the micrometer scale) that is possible 

through charge-driven NP assembly. In our studies so far, the typical synthesis batch 

sizes have been kept small, on the order of -0.5 mg of solids/batch as yield l8 • The 

preparation ofNACs should be quite scalable, since the assembly process occurs rapidly; 

the synthesis conditions are room temperature and atmospheric pressure; water is the only 

solvent used; and the materials are not subjected to high temperatures or to any organic 

solvents. These are features that layer-by-Iayer assembly and other hollow sphere 

techniques do not necessarily haveI9•21 . Scalability becomes an important issue if NP 

assembly is to be a useful method for preparing well-structured catalyst supports out of 
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colloidal Si02• In this work, we present a synthesis method that improves the yield to 

100-mg amounts of material. We find that the polymer can be removed from the 

silica/polymer hollow spheres through calcination without disrupting the particle 

morphology, leading to porous Si02 hollow spheres. Also, we have tested NP assembly 

chemistry to make by replacing negatively-charged silica NPs with positively-charged 

NPs (Ludox brand, alumina-doped silica NPs). Surprisingly, we were able to generate 

aluminosilicate/polymer solid spheres. We studied the effect of synthesis parameters like 

NP concentration, final solution pH, and polymer-salt aggregate aging time. We will 

discuss the formation mechanism of these spheres and their resultant mesoporous 

properties after calcination at 600°C. These results indicate that the polymer-aggregate 

templating mechanism underlying NP assembly chemistry can be modified to yield 

mesoporous aluminosilicates of controlled porosity and particle size. Scale-up methods to 

produce hundreds of milligrams of aluminosilicate spheres was investigated. 

2.2. Experimental Methods 

2.2.1. Materials 

Poly(allylamine hydrochloride) ("PAH," 70,000 g/mol, ~750 allylamine units per 

molecule, chloride counterion, Sigma-Aldrich), trisodium citrate ("cit", Fisher Scientific), 

and colloidal Si02 (Snowtex-O type, 20.3 wt% Si02, pH 3.4, ionic strength I = 16.9 mM, 

Nissan Chemicals) were the precursors used. The Si02 NP diameter was measured to be 

13±3 nm by dynamic light scattering. The NPs had a zeta potential of -16 mY, calculated 

from electrophoretic mobility measurements using Henry's equation. Aluminosilicate 

NPs (Ludox-CL) was obtained from Grace-Davison and was available as aqueous 
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colloidal suspension (30 wt. %, pH 3.5). The NPs measured 20±3 nm by dynamic light 

scattering. Zeta potential of Ludox-CL NPs in the original sol condition was calculated 

from its electrophoretic mobility (l.8 (~m/sec)/V/cm)) to be 30 mV in the Henry's limit. 

Deionized water (18.2 Mn, Barnstead Nanopure Diamond System) was used for the 

PAH and cit stock solutions, and a HCI solution (1 N, Fisher Science) was diluted with 

deionized water to a pH value of 3.5. The Si02 NP suspension was diluted with this HCI 

solution to three different concentrations of 20.3 wt%, 0.12 wt%, and 0.024 wt%. The 

Ludox-CL NP suspension was diluted with HCI (pH = 3.5) solution to obtain a 

concentration of 0.12 wt%. 

2.2.2. Synthesis 

An aqueous PAH solution (35 ml, I mg/ml) was mixed with an aqueous cit solution 

(87.5 ml) in a 250 ml beaker and stirred with a magnetic stirrer for 10 seconds at low 

speed (' 5' speed on a 1-10 scale). For the two R charge ratios of 1.5 and 10 studied in this 

work, the cit concentrations were 2.12 mM and 14.2 mM, respectively. R is defined as the 

ratio of total number of negative charges from the salt to the total number of positive 

charges from the polyamine. A turbid mixture immediately resulted, indicating the 

formation of polymer-salt aggregates. This suspension was aged for 10 sec or 30 min, 

before a diluted aqueous Si02 NP suspension (87.5 ml; concentration of 20.3 wt%, 0.12 

wt%, or 0.024 wt%) was added. The final Si02 concentration was 8.45 wt%, 0.05 wt%, 

and 0.01 wt%, respectively. The resultant mixture was stirred vigorously (at '7' speed) 

for 10 min and aged for 2 hrs. The precipitate was recovered through centrifugation 

(Beckman-Coulter Allegra X-22 centrifuge at 6000 rpm for 7 min). Most of the 

supernatant (2/3 volume) was removed and replaced with the same volume of deionized 
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water, and the mixture was re-agitated and re-centrifuged. This cleaning procedure was 

repeated twice to remove any unreacted precursors. The washed material is the 

silica/polymer microcapsules or NACs. The recovered material was then calcined at 

600°C for 6 hrs at a ramp rate of 2.6 °C/min and with an air flow rate of 100 cm3/min. 

For the preparation of the calcined Si02 NP comparison sample, colloidal Si02 was dried 

in a heated oven at 70°C overnight, and the residue was calcined in the manner described 

above. For capsule size distribution analysis, approximately 800 particles were measured 

using Image] software. The above procedure was repeated for the Ludox-CL NPs. The 

Ludox-CL NPs are diluted to 0.12 wt % by diluting the NPs suspension with pH = 3.5 

HCl solution to maintain the same pH as the initial pH of the NP suspension. The final 

Ludox-CL NPs concentration was 0.05 wt%. This new recipe is optimized for higher 

materials yield using efficient use of NPs when compared to the recipe by Rana et al. 

(2005). 

Dye conjugation of PAH was performed in the following manner: 4 mg of FITC 

was dissolved in 500 I .. d of dimethylsulfoxide (DMSO, 99.8+%, EM Science). 500 mg of 

PAH was dissolved in 6 ml deionized water, with the solution pH adjusted to 8.4 using 

NaOH. The two solutions were combined and stirred for two days at room temperature in 

the dark. The resulting solution was dialyzed against deionized water for 48 hr (molecular 

cut-off of 2000 Da, POR® 7 dialysis membrane, Spectrum Laboratories). PAH-FITC (10 

mg/mL) stock solutions were prepared in water and refrigerated. The concentration of 

PAH-FITC stock solution was characterized by total organic carbon analysis (TOC). A 

calibration curve is initially obtained for various PAH concentrations correlating to its 

total organic carbon content. The concentration of unknown PAH-FITC stock solution is 

40 



determined by running the TOC analysis and the concentration is obtained from the 

calibration. It is assumed that FITC interference is very minimal in PAH-FITC stock 

solution calculations, since the molar concentration of FITC added for PAH conjugation 

is ~ 0.07% of the PAH monomer molar concentration. From the molar extinction 

coefficient of FITC (EO = 70,000 M- 1 cm- I), the mean molar ratio of labeled monomers of 

PAH was estimated. The average number of dye molecules for 3 PAH chains is 1 dye 

molecules per P AH polymer chain of ~ 600 amine groups. 

2.2.3. Characterization 

Dynamic Light Scattering (DLS): Hydrodynamic diameter and zeta potential 

analysis was carried out with a Brookhaven ZetaP ALS dynamic light scattering 

instrument 22 with a BI-9000AT digital autocorrelator at a laser wavelength of 656 nm. 

All studies were carried out at a 90° scattering angle, and all samples were temperature 

controlled at 25°C during analysis. 

Zeta Potential Analysis: Zeta potentials were calculated from electrophoretic 

mobility measurements through phase analysis light scattering (PALS) using the DLS 

instrument and a dip-in electrode. Henry's equation relates the zeta potential (s) of the 

Si02 NPs to their electrophoretic mobility (/lE, units of (microns/s)/(V 1m)): /lE = 

(SElrl)f(Ka), where E is the dielectric constant of water (78.9), 11 is viscosity of water (0.89 

cP), and f(Ka) is a function of Ka23 . This S-/lE relation is valid in the Henry's limit (when 

0.1 :s Ka :s 100), where K is proportional to ionic strength I 24 and a is the particle radius. 

The s-potential of Si02 NPs was measured from a sample of Snowtex-O (50 Ill) diluted 

with HCI solution (1.5 ml, pH = 3.5). The Ka of this suspension was ~ 0.4. The s-potential 

of Ludox-CL NPs was measured from a sample of Ludox-CL (50 /ll) diluted with HCI 
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solution (l.5 ml, pH = 3.5). The Ka of this suspension was ~ 0.6. For the polymer-salt 

aggregate mixtures, Ka = 400 and 1100 for R ratios of 1.5 and 10, respectively. In this 

case (Ka > 100), the appropriate ~-/-lE relation is Smoluchowski's equation, /-lE = ~£ITj. 

Scanning Electron Microscopy (SEM): SEM was carried out using a FEl Quanta 

400 field emission scanning electron microscope, equipped with secondary electron, 

backscatter, and energy dispersive X-ray (EDX) detectors. Secondary electron images 

were taken at 15 kY with a working distance of 10 mm. A droplet of NACs suspension 

was placed on the aluminum stub and dried in air; the sample was then sputter-coated 

with gold for 1 min. For microtomed samples, the NACs were dried for 12 hr at room 

temperature and suspended in a fluid resin medium (Pelco Eponate 12TM Kit with 

BDMA, Ted Pella, Inc.) and heated at 65°C for 16 hr. The hardened resin block was then 

cut into 700-nm thick wafers (about 0.5xO.5 mm2 in size) using a glass knife on a Leica 

Ultracut microtome. The wafers were placed on the aluminum stub and dried in air; the 

sample was then sputter-coated with gold for 1 min. For EDX analysis, the accelerating 

voltage was set to 15 kY and GENESIS microanalysis version 4.61 software was used. 

Optical Microscopy: Optical microscopy was performed on a Leica DM2500 upright 

microscope equipped with 100x oil immersion objective (numerical aperture = 1.4). 

Bright field and differential interference contrast (DIC) images were taken at 100x 

magnification. 

Thermogravimetric Analysis (TGA): The weight loss-temperature profile for NACs 

was collected on a TA Instruments (SDT 2960 Simultaneous DSC-TGA) 

thermogravimetric analyzer. The temperature ramp rate was 5 °C/min and the air flow 
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rate was 100 cm3/min. The NACs (~100 mg) were dried under vacuum at 800C 

overnight prior to analysis. 

Nitrogen Physisorption Porosimetry: Specific surface area, pore size distribution, 

and pore volume measurements were performed using a Micromeritics ASAP 2010 gas 

adsorption analyzer. Samples (uncalcined NACs, calcined NACs, and calcined Si02 NPs) 

were vacuum dried overnight at 250°C until the vacuum pressure did not increase at a 

rate of 3 x 10-3 mmHg/min or higher. Nitrogen adsorption/desorption isotherms were 

obtained by a 9l-point analysis in the relative pressure (P/Po) range of 0.01 and 0.99. The 

pore size distribution was calculated using the BJH (Barrett-Joyner-Halenda) method25 ; 

the adsorption branch of the isotherm was used instead of the desorption branch, as the 

former provided more realistic results26. Micropore analysis was performed by examining 

the t-plots of the isotherms, in which volume of N2 adsorbed is plotted against thickness 

of the adsorbed N2 layer. The adsorbed layer thickness t was calculated using the Halsey 

1/3 

equation (t=3.54 -5.00 

In(~ J 
) 27. The specific surface area was calculated using the 

BET (Brunauer-Emmett-Teller) equation 28 in the P/Po range of 0.06 to 0.20, and the pore 

volume (PV) was determined at P/Po = 0.99. Porosity, defined as the particle's void 

volume divided by its total volume, is calculated from PV /(PV+ lip), where p is the 

density of the solid fraction of the particle. The instrumentation accuracy was calibrated 

using a Si02 reference standard and its surface area accuracy is approximately ±1.3%. 
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2.3. Results and Discussion 

The larger-scale synthesis route provided typical yields in the range of 100-110 mg, 

which was a> 1 OO-fold increase over the ~0.5-mg batch sizes from the original synthesis 

method I3
. Several interesting aspects of the NP assembly chemistry were uncovered 

during the optimization of the synthesis. 

2.3.1. Effect of dilution of colloidal Si02 precursor 

In the original synthesis method, only 1 % of the Si02 NPs added was incorporated 

into the microcapsules I3. To reduce the excess amount of NPs in the larger-scale 

synthesis method, we studied Si02 NP suspensions with different weight concentrations 

as precursors. The 20.3 wt% suspension led to typical-looking microcapsules (Fig. 2.2a). 

However, under dried condition, significant agglomeration and structural collapse of the 

capsules were observed (Fig. 2.2d). 

Figure 2.2. Silica/polymer microcapsules prepared with Si02 NP precursor 
concentrations of (a,d) 20.3 wt%, (b,e) 0.12 wt%, and (c,f) 0.02 wt%, imaged through (a
c) optical DIe microscopy and (d-f) SEM images. Scale bar: 5 !lm. 
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There seemed to be additional disordered material between the capsules, likely coming 

from excess Si02 NPs that could not be removed completely during the 

centrifugation/washing steps. The 0.12 wt% suspension was found to have the optimum 

concentration, leading to un aggregated and structurally robust NACs (Fig. 2.2b,e); this 

precursor concentration was used for all subsequent NAC preparations. On the other hand, 

the 0.02 wt% suspension led to highly agglomerated NACs under both wet and dry 

conditions (Fig. 2.2c,t). 

How do these observations reconcile with our two-step NP assembly mechanism (Fig. 

2.1)? It is known that the polymer-salt aggregates grow as a function of time as soon as 

they nucleate after the polymer and salt solutions are combined, and that they grow 

through a coalescence process like that for emulsion droplets II. Adding Si02 NPs can be 

thought as interrupting and arresting aggregate coalescence. To explain why the formed 

shells were not a single monolayer of NPs, we had hypothesized a diffusion-deposition 

process, in which Si02 NPs diffused through the outer part (the corona) of the polymer

salt aggregate and then deposited. The penetration depth determined the shell thickness as 

additional NPs deposited within the corona. The Si02 NPs were negatively charged at the 

synthesis pH, and therefore able to bind to the cationic PAH chains electrostatically. 

The proper amount of Si02 NPs allowed the shell to form and thicken at a rate much 

higher than the rate of aggregate coalescence (Fig. 2.2b,e). Then, a low NP concentration 

(5 x less) led to a low shell thickening rate, such that the polymer-salt aggregates (with the 

incompletely formed shell) were able to continue interacting and coalescing (Fig. 2.2c,t). 

A very high NP concentration (l69 x more) quenched coalescence to yield unaggregated 

capsules (Fig. 2.2a). The unreacted NPs could not be removed completely from the 
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supernatant. As the NAC droplet on the SEM stub began to dry, the NP concentration 

(and therefore osmotic pressure) increased. It is known that the capsule shell wall 

behaves as a semipermeable membrane, allowing water and small dye molecules to travel 

across the shell but not larger macromolecules like enzymes 13,29. It is conceivable that 

the shell wall buckled once a critical osmotic pressure was reached during the drying step, 

resulting to the observed partially collapsed morphology (Fig. 2.2d). 

2.3.1. Effect of surface charge of polymer-salt aggregates 

The implicit assumption in the shell formation step is that the polymer-salt aggregates 

need to be positively charged for the negatively charged Si02 NPs to interact 

electrostatically. To probe this assumption, we prepared PAH-cit aggregate suspensions 

at two different R values, such that the surface charge (as characterized by the zeta 

potential) was either positively or negatively charged. We aged the suspensions for 30 

min before combining with dilute colloidal Si02 (0.12 wt%). 

At R = 1.5, the PAH-cit aggregates were positively charged with a i;-potential of +7 

mY. The resulting material had morphological features similar to NACs synthesized 

previously (Fig. 2.3a-b). From our earlier work, confocal microscopy analysis of 

fluorescently labeled NACs showed that the shells were composed of both NPs and 

polymer chains 11, 13. The shell wall thickness (hundreds of nm's) and hollow sphere 

structure of the material could clearly be seen after microtoming (Fig. 2.3c). NACs 

11 15 16 Wh d' d . . h h prepared with PAH chains are generally polymer-filled ' '. en ne , It IS t oug t 

that the polymer-salt aggregate (in the core) dehydrates and the dried residue deposits on 

the inner shell wall. 
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Figure 2.3. Silica/polymer microcapsules prepared at (a-c) R = 1.5 and (d-f) R = 10, 
imaged through (a,d) optical brightfield microscopy and (b,e) SEM. (c,f) SEM images of 
microtomed microcapsules. Scale bar for SEM images: 2 Jlm. 

Surprisingly, negatively charged aggregates also led to NACs (Fig. 2.3d-f). At R = 10, 

the PAH-cit aggregates had a l;-potential of -8 m V, due to increased cit binding on the 

aggregate surface. The l;-potential measurements represent the net surface charge but not 

the more realistic scenario of non-uniform surface distribution of charge, for which the 

diffusion-deposition model for shell formation does not currently account. These results 

suggest that the polymer-salt aggregate zeta potential is less important than the intrinsic 

positive charge of the polymer. Careful analysis of NACs prepared at R = 10 had a mean 

particle size distribution of 2.1 Jlm with a relative standard deviation of 280/0 (Fig. 2.4a). 

To demonstrate microcapsule size control, we synthesized materials in which the PAH-cit 

aggregate suspension was aged for 10 sec instead of 30 min. Since the aggregates are 

known to grow with time, the NACs were indeed smaller at short aging times. The mean 
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particle size was 0.8 ~m and the relative standard deviation was 33%, spanning the 

mesoparticle/microparticle size range (Fig. 2.4b). The capsule size distribution improved 

with aggregate aging time. 
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Figure 2.4. Histograms ofNACs prepared with R = 10 and polymer-salt aggregate aging 
time of (a) 30 min and (b) 10 sec. 

2.3.2. Calcined N ACs 

A TGA study of as-synthesized NACs indicated that 55% of the material was non-

volatile (i.e. , composed of Si02) , and the balance was the PAH and cit compounds (Fig. 

2.5). Mass balance calculations indicated that - 55% of the Si02 NP precursor was 

incorporated into the microcapsules. The loss of volatiles occurred in three stages: 

<100 °C, 185-265 °C, and 265-600 °C. The first stage was likely due to the loss of water. 

The second and third stages could be due to the decomposition of cit anions and PAH 

chains, respectively. 
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aggregate aging time of 30 min). 

10 and 

Since all the organics were volatilized from the NACs by 600 °C, we used a 

calcination temperature of 600 °C. The resultant Si02-only capsules retained the spherical 

morphology; their hollowness could be observed in the partially open microcapsule (Fig. 

2.6a). Qualitative compositional analysis via EDX on calcined NACs indicated the 

elements of C, 0 , Mg, AI , Si, and Au were present (Fig. 2.6b). Al and Mg came from the 

SEM stub, and the Au came from the sputter coating of the sample prior to SEM imaging. 

Carbon was detected in the calcined NACs, indicating incomplete volatilization of the 

organic content. 
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Figure 2.6. (a) SEM image and (b) EDX spectrum ofNACs (R = 10 and aggregate aging 
time of 30 min) calcined at 600°C. Scale bar: 5 Ilm. 

Nitrogen adsorption isotherms for uncalcined NACs, calcined NACs, and calcined 

Si02 NPs were collected (Fig. 2.7a). All the isotherms had a Type 4 shape, indicating that 

the materials were mesoporous, i.e. , the pores were in the 2-50 nm diameter range 30. 

Both calcined material s clearly had a significantly higher N2 adsorption capacity than the 

uncalcined NACs. 
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Figure 2.7. (a) Nitrogen adsorption isotherms for uncalcined NACs, calcined NACs, and 
calcined Si02 NPs. Inset: re-scaled isotherm for uncalcined NACs. (b) Pore size 
distributions calculated for calcined NACs and calcined Si02 NPs. 

As mentioned above, the uncalcined NACs have a permeable shell wall, which allows 

water in the core (Fig. 2.3c,f) to be removed without breaking the capsule structure (Fig. 

2.3b,e). Yet, the measured surface area was low and the pore size could not be 

determined (Table 2.1). These observations are seemingly incompatible, but it is recalled 

that nitrogen adsorption measurements were carried out on samples vacuum-dried at 

250 °C. At this temperature, the uncalcined NACs were dehydrated, the cit anions were 

possibly decomposed, and the PAH chains remained in the shell (lodged between the 

Si02 NPs). 

After calcination, the microcapsules significantly increased in surface area (by >60 x ) 

and pore volume (by >35 x ) , with a mesopore size distribution that centered at 4.0 nm 

(Fig. 2. 7b). For comparison, calcined colloidal Si02 had a ~ 12% lower surface area and a 

~55% lower pore volume. It had a smaller pore size of 2.5 nm and a narrower pore size 

distribution. It seems that the Si02 NPs and PAH chains were arranged within the shell 
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walI in such a way that alIowed for a more porous, higher surface-area material after 

high-temperature removal of the organics. The Si02 microcapsules had a higher porosity 

(46%) than calcined Si02 NPs (27%), which in turn had a much higher porosity than 

uncalcined Si02/polymer microcapsules (2%). We speculate that the polymer chains 

(which "glue" the NPs together into a flexible and permeable shell composite) remain in 

the shelI at a high enough calcination temperature to reduce sintering of the Si02 NPs. 

That the PAH helps to prop up the Si02 NPs as they condense into a continuous oxide 

framework is consistent with the NACs having larger mesopores compared to the denser, 

and less porous, calcined Si02 NPs. Both materials contained no micropores (diameter < 

2 nm), according to t-plot analysis 31. 

Table 2. 1. Summary of nitrogen physisorption calculations. 

BET surface area Pore volume Porosity 
BJH pore 

Sample (m2/g) (cm3/g) (%) 
diameter range 

(nm) 
Uncalcined 

Si02/polymer 4 0.01 2% Not available 
NACs 

Calcined 
259 0.38 46% 1.7 - 32.0 

Si02 NACs 

Calcined 
227 0.17 27% 1.7 - 7.5 

Si02 NPs 

The theoretical surface area (SAtheo) of Si02 NPs can be calculated usmg the 

geometrically derived relation SAtheo = 6000/(Op), where 0 is diameter (13 nm) and p is 

density (2.2 g/cm3 for amorphous Si02). SAtheo was 210 m2/g, which should represent the 

surface area upper limit. Interestingly, both calcined Si02 NACs and calcined Si02 NPs 

had higher measured surface areas. 
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2.3.3. Synthesis of aluminosilicate spheres 

The formation mechanism is a two step technique as depicted above: In the first step 

the polymer and the salt are mixed and they result in formation of aggregates. In the 

second step when the positively charged aluminosilicate (Ludox-CL) NPs are added, they 

form solid aluminosilicate spheres or solid Ludox-CL-NACs. Zeta potential on the 

aggregates for R ratios of 1.5 and 10 are +7 m V and -8 m V respectively (Fig. 2.8), both at 

near neutral pH. The polymer-salt aggregates are aged for 30 minutes and positively 

charged (Ludox-CL) NPs (0.5 wt % in total solution) were added. 
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Figure 2. 8. Electrophoretic mobility of polymer-salt aggregates as a function of R for 
[PAH] = 1.0 mg/mt. 

The structures thus formed are characterized using optical microscopy (Fig 2.9) The 

fluorescence images suggests that the polymer is present everywhere in the 

aluminosilicate spheres, scanning electron microscopy and ultramicrotome as shown in 

Fig 2.10. 
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Figure 2.9. Optical image a) Fluorescence image b) Bright field ofNACs synthesized by 
PAH, citrate and Ludox-CL NPs, R = 10, 30 min aging ofPAH-Cit, scale bar 5 micron. 
PAH is conjugated with FITC as explained in methods. 

2.3.4. Effect of surface charge of polymer-salt aggregates 

We prepared PAH-cit aggregate suspensions at two different R values, such that the 

surface charge (as characterized by the zeta potential) was either positively or negatively 

charged (Fig 2.8). We aged the suspensions for 30 min before combining with dilute 

colloidal Ludox-CL (0.12 wt%).At R = 1.5, the PAH-cit aggregates were positively 

charged with a s-potential of +7 mY. The resulting material had morphological features 

similar to NACs synthesized previously (Fig. 2.1 Oa-b). However, to probe the internal 

structure of the formed structures, ultramicrotome was perfonned. Surprisingly we 

observed that it formed solid aluminosilicate spheres. The solid structure of the material 

could clearly be seen after microtoming (Fig. 2.1 Oc). 
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Figure 2. 10. (a) Optical bright field image b) SEM image, and c) SEM image of 
microtomed aluminosilicate spheres made at R = 1 0; (d) Optical bright field image e) 
SEM image, and t) SEM image of microtomed aluminosilicate spheres made at R = 1.5 
Zeta potential on the aggregates for R ratios of 1.5 and 10 are + 7 m V and - 8 m V 
respectively, both at near neutral pH, scale bar 2micron. 

Surprisingly, negatively charged aggregates also led to solid aluminosilicate spheres 

(Fig. 2.l0d-t). At R = 10, the PAH-cit aggregates had a C;-potential of -8 mY, due to 

increased cit binding on the aggregate surface. The C;-potential measurements represent 

the net surface charge but not the more realistic scenario of non-uniform surface 

distribution of charge, for which the diffusion-deposition model for shell formation does 

not currently account. These results suggest that the polymer-salt aggregate zeta potential 

is less important than the intrinsic positive charge of the polymer. Ultramicrotome 

provides the evidence of the solid nature of the NACs. It is observed that irrespective of 

whether the polymer-salt aggregates are positively charged or negatively charged the 

final NACs formed are solid. We hypothesize that Ludox-CL NPs are able to penetrate 
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till the core of the polymer-salt aggregate. It has been reported by the Ludox-CL NPs 

supplier (Grace Davision) and by Meeren et a1.32, that amount of alumina is 4 wt%. From 

our calculations using magic cluster model reported by Nutt et al.,33 and also, Auffan et 

al. ,34 proposed a relation to quantity the percentage of atoms localized at the surface of a 

nanoparticle as a function of the nanoparticle diameter, it requires ~ 9 wt% to have 

monolayer coverage of alumina on 20 nm silica NP. It could be concluded that alumina 

has 45 % coverage over silica NP. Our calculation reveals that alumina is present like 

patches on silica NP. To understand the formation of solid aluminosilicate spheres, we 

have thoroughly investigated the nature of Ludox-CL NPs. Number of sites per Ludox-

CL NP (Fig.2.ll) is calculated as a function of pH. The calculations are performed based 

on method proposed by Behrens et al 35. Isoelectric point (IEP) for Ludox-CL NPs is ~ 

pH = 8.l. 

80.0 

..J 60.0 (J 
I 

>< 
0 40.0 "C 
::::J 

..J 
r...a.. 
8. z 20.0 

tn 
0.0 Q) 

~ 
tn 2 4 6 'Po 
0 -20.0 

::tt: 

-40.0 

-60.0 
pH 

• # of charges per 
Ludox-CL NP 

• Zeta potential of 
Ludox-CL NP 

10 12 14 

60 

40 -> 
S 

20 ~ 
r:: 
Q) 
4J o o Co 

-20 

-40 

cv 
4J 
Q) 

N 

Figure 2. 11. Number of sites on Ludox-CL NP and Zeta potential as a function of pH. 

For R=1.5 and 10, the pH of PAH +Cit suspension are 6.5 and 7.1 respectively. At 

these pH conditions, Ludox-CL NPs are positively charged and has ~ 30 positive sites 
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(Fig 2.11). After the addition of NPs, pH of the suspension for R= 1.5 and 10 conditions 

are 6.0 and 6.7 respectively. It should be noted that silica core of Ludox-CL NPs at pH 

6.0 and 6.7 are negatively charged (Fig 2.12). 
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Figure 2.12. Number of sites on silca NP (Snowtex-O) and Zeta potential as a function of 
pH. 

The s-potential measurements represent the net surface charge but not the more 

realistic scenario of non-uniform surface distribution of charge. Formation of 

aluminosilicate solid spheres follows earlier proposed diffusion deposition model 13
. 

Ludox-CL NPs deposit on PAH-Cit aggregates, and diffuse to form a thick shell. In this 

case, they are able to go all the way to the core of PAH-Cit, since the interactions 

between PAH-Cit and Ludox-CL are less compared to pure silica NP. Pure silica NP has 

completely negative sites and it starts binding to PAH and hinders the further penetration 

in the PAH-Cit matrix and results in the formation of thick shell as proposed in our 

earlier work. Hence, we hypothesize that for the case of R= 1.5 and 10, when Ludox-CL 
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NPs are added to PAH-Cit suspension they diffuse till the core. Positive sites on Ludox

CL NPs binds with Cit and negative sites bind to PAH resulting in the formation of solid 

structure. Ludox-CL 

2.3.5. Effect of first aging time or floc aging time 

To demonstrate microcapsule size control, we synthesized materials in which the 

PAH-cit aggregate suspension was aged for 10 sec instead of 30 min. Polymer-salt 

aggregates were found to grow in size as they are aged 11, these aggregates grow 

maintaining their spherical shape. A longer aging time led to aggregates that were larger 

and shorter aging time leads to smaller aggregates. A theory has been established that 

PAH-cit aggregates grow by result of coalescence, in which the aggregates merge to form 

larger aggregates. The aluminosilicate spheres were indeed smaller at short aging times 

(I 0 sec) with a mean size 0.72 micron (Fig.2.l3 a,b )and relative standard deviation of 

26%. At 30 mins aging time of aggregates resulted in the formation of 2.0 I micron 

(mean) size spheres (Fig.2.13 c,d) and relative standard deviation of 31 %. The size 

distribution was done on the SEM images. Approximately 800 particles were calculated 

using the Image -Pro software. 
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Figure 2.13. a) Optical bright field image b) SEM image of aluminosilicate spheres made 
at R = 10 and 10 sec aging time. c) Optical bright field image d) SEM image of 
aluminosilicate spheres made at R = 10 and 30 min aging time, scale bar 5 Jlm. 

2.3.6. TGA and effect of calcination on aluminosilicate spheres 

The aluminosilicate spheres and thus formed are subjected to thermo gravimetric 

analysis (TGA). The TGA analysis results reveal 52 % of volatile content (Fig. 2.14a) in 

aluminosilicate spheres, where as Si02 NACs TGA results show that 48 % of volatile 

content. The calcinations of the aluminosilicate spheres indicated little modification in 

the structure, thus indicating the robust structure of the spheres. 
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Figure 2.14. (a)TGA weight-loss and weight-loss-rate profiles of aluminosilicate spheres 
(R = 10 and aggregate aging time of 30 min), (b) calcined aluminosilicate spheres (R = 10 
and aggregate aging time of 30 min), scale bar 2 J.lm, 

The loss of volatiles occurred in three stages: <100°C, 185-265 DC, and 265-600 DC. 

The first stage was likely due to the loss of water. The second and third stages could be 

due to the decomposition of cit anions and PAH chains, respectively. Since all the 

organics were volatilized from the NACs by 600°C, we used a calcination temperature of 

600 cC. The resultant aluminosilcate-only spheres retained the spherical morphology; 

with some surface roughness (Fig 2.14b). 
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2.3.7. Nitrogen adsorption studies 

Nitrogen adsorption isotherms for uncalcined aluminosilicate spheres, calcined 

aluminosilicate spheres, and calcined Ludox-CL NPs were collected (Fig. 2.15). All the 

isotherms had a Type 4 shape, indicating that the materials were mesoporous, i.e., the 

pores were in the 2-50 nm diameter range30
. Table 2.2, summarizes the nitrogen 

physisorption calculations. Similar trends have been observed as seen in the case of 

silica-NACs. 
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Figure 2.15. (a) Nitrogen adsorption isotherms for uncalcined aluminosilicate spheres, 
calcined aluminosilicate spheres, and calcined aluminosilicate NPs. Inset: re-scaled 
isotherm for uncalcined aluminosilicate spheres. (b) Pore size distributions calculated for 
calcined aluminosilicate spheres and calcined aluminosilicate NPs. 

Uncalcined and calcined aluminosilicate spheres have the BET (Brunauer, Emmett, 

and Teller) surface areas of 15.0 and 226.3 m2/g (Fig. 2.15a). Both calcined materials 

clearly had a significantly higher N2 adsorption capacity than the uncalcined 

aluminosilicate spheres. It is observed that the calcined material is more porous than the 

uncalcined material. Calcined aluminosilicate spheres shows significant increase in 
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surface area when compared with the uncalcined aluminosilicate spheres, thus suggesting 

potential applications in acid catalyst and can act as catalyst support material. 

Table 2. 2. Summary of nitrogen physisorption calculations. 

Sample 

Uncalcined 
Aluminosilicate 

spheres 

Calcined 
Aluminosilicate 

spheres at 600°C 

Calcined 
Aluminosilicate 
NPs at 600°C 

2.4. Conclusions 

BET surface area 
(m2/g) 

15 

226 

148 

Pore volume 
(cm3/g) 

0.02 

0.45 

0.20 

Porosity 
(%) 

3% 

47% 

29% 

BJH pore 
diameter range 

(nm) 

Not available 

1.7 - 32.0 

1.7 -7.5 

A new procedure to 100-mg amounts of silica/polymer microcapsules was developed, 

improving on the materials yield by over two orders of magnitude while retaining the 

processing advantages of the original two-step NP assembly method. The PAH-cit 

aggregate surface charge was found to have little importance in microcapsule synthesis. 

The nanoparticle-assembled capsules were prepared with an average diameter of 2.1 11m, 

with the sizes readily adjustable by the polymer-salt aggregate aging time. These 

inorganic/organic hybrid composites can be thermally treated to eliminate completely the 

organic fraction of the material without morphological damage. The polymer, which 

holds the nanoparticles together in the shell, leads to pores after its removal. A 

temperature of 600°C was sufficient to generate silica-only microcapsules. The material 

was mesoporous and had a higher porosity and pore volume than colloidal silica calcined 
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at 600°C. The NP assembly chemistry can be extended to positively charged NPs such as 

aluminosilicate NPs. Solid microspheres are formed when Ludox-CL NPs were used in 

the assembly. This work demonstrates the scalability of charge-driven nanoparticle 

assembly chemistry, its general applicability to colloidal ceramics, and the renewed 

potential of colloidal silica as a precursor to porous catalyst supports. 

63 



2.5. References 

1. Bergna, H. E.; Roberts, W.O., Colloidal Silica: Fundamentals and Applications. CRC 
Press, Boca Raton 2006. 

2. lIer, R. K., The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface 
properties, and Biochemistry. John Wiley and Sons, New York 1979. 

3. Monaco, S. J.; Ko, E. 1., Preparation of Silica and Alumina Single Oxides from 
Commercial Preformed Sols. Chemistry of Materials 1997,9, (11),2404-2417. 

4. Murrell, L. L., Sols and mixtures of sols as precursors of unique oxides. Catalysis 
Today 1997, 35, (3), 225-245. 

5. Davis, S. A.; Breulmann, M.; Rhodes, K. H.; Zhang, 8.; Mann, S., Template-Directed 
Assembly Using Nanoparticle Building Blocks:aE%o A Nanotectonic Approach to 
Organized Materials. Chemistry of Materials 2001, 13, (10), 3218-3226. 

6. Rotello, V. M., Nanoparticles: Building Blocks for Nanotechnology. Springer, New 
York 2004. 

7. Shenhar, R.; Rotello, V. M., Nanoparticles: Scaffolds and Building Blocks. Accounts 
of Chemical Research 2003,36, (7), 549-56l. 

8. Shipway, A. N.; Katz, E.; Willner, 1., Nanoparticle arrays on surfaces for electronic, 
optical, and sensor applications. Chemphyschem 2000, 1, (1), 18-52. 

9. Bagaria, H. G.; Kadali, S. B.; Wong, M. S., Shell Thickness Control of 
Nanoparticle/Polymer Assembled Microcapsules. Chemistry of Materials 2011, 23, (2), 
301-308. 

10. Murthy, V. S.; Kadali, S. B.; Wong, M. S., Polyamine-Guided Synthesis of 
Anisotropic, Multicompartment Microparticles. Acs Applied Materials & Interfaces 2009, 
1, (3), 590-596. 

11. Murthy, V. S.; Rana, R. K.; Wong, M. S., Nanoparticle-assembled capsule synthesis: 
Formation of colloidal polyamine-salt intermediates. Journal of Physical Chemistry B 
2006,110, (51), 25619-25627. 

64 



12. Plush, S. E.; Woods, M.; Zhou, Y. F.; Kadali, S. B.; Wong, M. S.; Sherry, A. D., 
Nanoassembled Capsules as Delivery Vehicles for Large Payloads of High Relaxivity 
Gd3+ Agents. Journal of the American Chemical Society 2009, 131, (43), 15918-15923. 

13. Rana, R. K.; Murthy, V. S.; Yu, l.; Wong, M. S., Nanoparticle self-assembly of 
hierarchically ordered microcapsule structures. Advanced Materials 2005, 17, (9), 1145-+. 

14. Yaseen, M. A.; Yu, 1.; lung, B. S.; Wong, M. S.; Anvari, B., Biodistribution of 
Encapsulated Indocyanine Green in Healthy Mice. Molecular Pharmaceutics 2009, 6, (5), 
1321-1332. 

15. Yu, 1.; Murthy, V. S.; Rana, R. K.; Wong, M. S., Synthesis ofnanoparticle-assembled 
tin oxide/polymer microcapsules. Chemical Communications 2006, (10), 1097-1099. 

16. Yu, l.; Yaseen, M. A.; Anvari, B.; Wong, M. S., Synthesis of near-infra red-absorbing 
nanoparticle-assembled capsules. Chemistry of Materials 2007, 19, (6), 1277-1284. 

17. Chen, J. F.; Song, 1. R.; Wen, L. X.; Zou, H. K.; Shao, L., Preparation and 
characterization of agglomerated porous hollow silica supports for olefin polymerization 
catalyst. Journal of Non-Crystalline Solids 2007, 353, (11-12),1030-1036. 

18. Wong, M. S., Unpublished results. 

19. Caruso, F., Hollow Capsule Processing through Colloidal Templating and Self
Assembly. Chemistry - A European Journal 2000, 6, (3), 413-419. 

20. Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch, A. R.; Weitz, 
D. A., Colloidosomes: Selectively Permeable Capsules Composed of Colloidal Particles. 
Science 2002, 298, (5595), 1006-1009. 

2l. Wilcox, D. L.; Berg, M.; Bernat, T.; Kellerman, D.; Cochran, J. K.; Editors, Hollow 
and Solid Spheres and Microspheres Science and Technology Associated with their 
Fabrication and Application. Materials Research Society Proceedings, Pittsburgh 1995, 
372. 

22. McNeil-Watson, F.; Tscharnuter, W.; Miller, l., A new instrument for the 
measurement of very small electrophoretic mobilities using phase analysis light scattering 
(PALS). Colloids and Surfaces A: Physicochemical and Engineering Aspects 1998, 140, 
(1-3),53-57. 

65 



23. Hiemenz, P.; Rajagopalan, R., Principles of colloid and surface chemistry 1997, 
Marcel Dekker, Inc., New York 

24. Hunter, R. J., Foundations of Colloid Science. Oxford University Press, New York 
2001. 

25. Barrett, E. P.; Joyner, L. G.; Halenda, P. P., The Determination of Pore Volume and 
Area Distributions in Porous Substances. I. Computations from Nitrogen Isotherms. 
Journal of the American Chemical Society 1951, 73, (1), 373-380. 

26. Kruk, M.; Jaroniec, M.; Sakamoto, Y.; Terasaki, 0.; Ryoo, R.; Ko, C. H., 
Determination of Pore Size and Pore Wall Structure of MCM-41 by Using Nitrogen 
Adsorption, Transmission Electron Microscopy, and X-ray Diffraction. The Journal of 
Physical Chemistry B 1999, 104, (2), 292-301. 

27. Halsey, G., Physical adsorption on non-uniform surfaces. Journal of Chemical 
Physics 1948, 16, (10), 931-937. 

28. Brunauer, S.; Emmett, P. H.; Teller, E., Adsorption of Gases in Multimolecular 
Layers. Journal of the American Chemical Society 1938, 60, (2), 309-319. 

29. Murthy, V. S.; Wong, M. S., Enzyme Encapsulation Using Nanoparticle-Assembled 
Capsules. In Biomolecular Catalysis, American Chemical Society: 2008; Vol. 986, pp 
214-232. 

30. Webb, P. A.; Orr, C., Analytical Methods in Fine Particle Technology. Micromeritics 
Instrument Corp., Norcross 1997. 

31. Gregg, S. J.; Sing, K. S. W., Adsorption, Surface Area, and Porosity. Second Edition, 
Academic Press, London 1982. 

32. Van der Meeren, P.; Saveyn, H.; Bogale Kassa, S.; Doyen, W.; Leysen, R., Colloid
membrane interaction effects on flux decline during cross-flow ultrafiltration of colloidal 
silica on semi-ceramic membranes. Physical Chemistry Chemical Physics 2004, 6, (7), 
1408-1412. 

66 



33. Nutt, M. 0.; Heck, K. N.; Alvarez, P.; Wong, M. S., Improved Pd-on-Au bimetallic 
nanoparticle catalysts for aqueous-phase trichloroethene hydrodechlorination. Applied 
Catalysis B: Environmental 2006, 69, (1-2),115-125. 

34. Auffan, M.; Rose, 1.; Bottero, 1.-Y.; Lowry, G. V.; Jolivet, J.-P.; Wiesner, M. R., 
Towards a definition of inorganic nanoparticles from an environmental, health and safety 
perspective. Nat Nano 2009, 4, (10), 634-641. 

35. Behrens, S. H.; Grier, D. G., The charge of glass and silica surfaces. Journal of 
Chemical Physics 2001, 115, (14), 6716-6721. 

67 



Chapter 3. Ionic strength and pH effects on nanoparticle
polyamine microcapsules 

3.1. Introduction 

A materials synthesis technique was recently developed to generate polyamine/silica 

composite microcapsules in which synthetic polyamines such as polyallylamine and/or 

polylysine were crosslinked with multivalent anions like citrate to form polymer-salt 

aggregates, that then served as templates for deposition of nanoparticles to form micron-

sized hollow spheres or "nanoparticle-assembled capsules" (NACS)!-4. As a general 

synthesis methodology, this electrostatically-driven "polymer-salt aggregate" or "PSA" 

assembly route is attractive for encapsulation and scale-up because encapsulation and 

materials formation occur in water, at mild pH values, and at room temperature. 

Various type of NACs have been synthesized using polymers such as polyallyamine, 

polylysine, and polyethylene amine and using multivalent anions such as phosphate, 

citrate, EDTA, indocyanine green (lCG), and the macromolecule chelate Gd[DOTPt.!-

10. Usually NACs are spherical in shape, they could be either polymer-filled or water 

filled (hollow) based on the type of polymer, multivalent anions, and shell materials used. 

Most of the NACs have a thick shell wall and it could be controlled by size of the NPs 

added. indicate that the types of structures of "NACs. All have some sort of shell, but not 

all are strictly hollow. Shell material of NACs could be comprised of nanoparticles such 

as silica9, tin oxide!, titania!, zinc oxide!, iron oxide!!, and CdSe quantum dots 1 or 

proteins such as human serum albumin 12, and bovine serum 12 albumin or polymers such 

as polyacrylic acid 1, and polystyrene sulfonate1. Recently Zhao et al., formed 

nanocomplexes of ~ 140 nm by adding siRNA and CD30 aptamer to the preformed 
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nanocore comprising of polyethyleneimine (PEl) and citrate 13. NACs showed potential 

applications in using them as MRI contrast agents8 - showing larger gains in relaxivity, 

phototherapy I I, 14. Nanocomplexes for protease imaging, and siRNA therapy13.siRNA 

A related approach to preparing capsules through charge interactions is the layer-by-

layer (LbL) assembly technique pioneered by Caruso and co-workers I 5-22. These LbL 

capsule are synthesized by the step-wise adsorption of polyelectrolytes onto charged 

colloidal templates, followed by decomposition of the templates. The core can be 

dissolved, for example, using organic solvents if the cores are polystyrene?3 Inorganic 

particles, such as calcium carbonate or manganese carbonate, can be used as the 

sacrificial template for the fabrication of hollow organic capsules like polystyrene or 

cross-linked melamine formaldehyde.20, 24, 25 The inorganic templates are removed by 

explosing them to ethylenediaminetetraacetic acid (EDTA)20.how are these templates 

removed? Polyelectrolyte shells are known to be permeable to molecules with a 

molecular weight below 5 kDa and they don't suffer an osmotic stress during the 

dissolution of the inorganic templates26. The shell of LbL capsules can be incorporated 

with inorganic NPS?7 LbL-assembled capsules have been shown to be promising as 

. 28 29 I· 30 . 31 32 . f . I d d mlcroreactors ' , cata YSIS , separatIons ' ,separatIOn 0 materIa s, sensors, an rug 

delivery materials. 15, 28, 29, 33-35 

The driving force behind the LbL assembly at every step of the assembly is the 

electrostatic attraction between the charged surface and the incoming polyelectrolyte that 

is to be added to form a new layer. The properties and structure of LbL capsules are 

sensitive to a variety of physical and chemical conditions of the surrounding conditions23, 
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36, 37. Specifically, LbL capsules have been shown to have interesting behavior in 

response to different pH and ionic strength values23, 38-41. LbL capules made of PSS/PAH 

started to swell when the pH was above 11 and disassembled when the pH was above 

12.23 The capsules are permeable in the acidic region whereas they are impermeable in 

the alkaline region42 • Schuler et aI., has demonstrated the polyelectrolyte capsules 

decomposable by suspending the capsules in higher ionic strength solutions42 • 

Polylectrolyte capsule collapse or deflate once they are dried.22, 27, 43 Antipov et al., has 

reported that depending on the pH, the permeability of these capsules could be 

changed.44,45 This unique feature has helped in loading and releasing the cargo molecule 

from the capsules based on the operating pH conditions37• 

Comparatively, little has been done to assess the physical properties of NACs under 

varying pH and ionic strength conditions. To contribute to a better understanding of 

NACs, and use them for encapsulation and release applications, it is essential to study 

their physical properties. Here, we studied the effects of pH (in the range of 2 to 12), 

ionic strength (from 10 mM to 1 M), and nature of the salt (specifically phosphate, 

citrate, and seawater) of the suspending fluid. We analyzed the capsule size and shape 

through Coulter counter and laser confocal microscopy. In the aqueous phase range 

where the capsules were intact, we studied their mechanical strength through osmotic 

pressure testing. 
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3.2. Experimental Methods 

3.2.1. Materials 

Poly(allylamine hydrochloride) ("PAH," 56,000 g/mol, -600 allylamine units per 

molecule, chloride counterion, Sigma-Aldrich), Polystyrene sulfonate ("PSS" - 200,000 

g/mol, sodium counterion, Sigma-Aldrich), trisodium citrate ("Cit", Fisher Scientific), 

disodium phosphate ("Phos", Fisher Scientific), disodium sulfate ("Sulf', Fisher 

Scientific), sodium chloride ("NaCl", Fisher Scientific), and a Si02 NP suspension 

(Snowtex-O type, 20.3 wt% Si02, pH 3.5, ionic strength I = 16.9 mM, Nissan Chemicals) 

were the precursors used. Premixed phosphate buffered saline (PBS) salt mixture was 

purchased from Sigma-Aldrich. Deionized water (18.2 Mn, Barnstead Nanopure 

Diamond System) was used for the PAH and Cit stock solutions, and a HCI solution (1 N, 

Fisher Science) was diluted with deionized water to a pH value of 3.5. A NaOH solution 

(1 N, Fisher Science) was diluted with deionized water to various pH values accordingly. 

The Si02 NP suspension (NP diameter of 13±3 nm, according to dynamic light 

scattering; zeta potential of -16 m V, at pH 3.5 and I = 10 mM, calculated from 

electrophoretic mobility measurements using Henry's equation) was diluted with HCI 

solution to 1.2 wt% (final pH = 3.5). Seawater was obtained from the Gulf of Mexico 

(Galveston, TX, USA). 

Dye-conjugated PAH prepared in the following manner: 2 mg of RITC was dissolved 

in 500 III of dimethylsulfoxide (DMSO, 99.8+%, EM Science). 500 mg of PAH was 

dissolved in 6 mL deionized water, with the solution pH adjusted to 9.5 using NaOH. The 

two solutions were combined and stirred for two days at room temperature in the dark. 

The resulting solution was dialyzed against deionized water for 48 hr (molecular cut-off 
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of 2000 Da, POR® 7 dialysis membrane, Spectrum Laboratories). PAH-RITC stock 

solutions (9.2 mg/mL) were prepared in water and refrigerated. The concentration of 

PAH-RITC stock solution was characterized by total organic carbon analysis (TOC). 

TOC is an indirect measure of organic molecules present in samples measured as carbon. 

The analyzer measures the C02 formed when organic carbon is oxidized. The sample is 

injected over a platinum catalyst at 680°C. Any carbon present is converted to carbon 

dioxide, the C02 detector is a non-dispersive infrared detector (NDIR). A calibration plot 

was plotted between various PAH concentrations vs total organic carbon content. PAH

RITC carbon content was obtained by running the TOC analysis, and its concentration 

was extracted from the calibration curve. RITC interference is very minimal in PAH

RITC stock solution calculations. Molar concentration of RITC added for PAH 

conjugation was - 0.07% of the PAH monomer molar concentration. 

A calibration curve is initially obtained for various PAH concentrations 

correlating to its total organic carbon content. The concentration of unknown PAH-RITC 

stock solution is determined by running the TOC analysis and the concentration is 

obtained from the calibration. It is assumed that RITC interference is very minimal in 

PAH-RITC stock solution calculatiosns, since the molar concentration of RITC added for 

PAH conjugation is - 0.07% of the PAH monomer molar concentration. From the molar 

extinction coefficient of RITC (£0 = 10.7 x 104 L mor l cm- I), the mean molar ratio of 

labeled monomers of P AH was estimated to be 1 :3413. The average number of dye 

molecules for 5 PAH chains is 1 dye molecules per PAH polymer chain of - 600 amine 

groups. 
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3.2.2. P AH volumetric titrations 

A volumetric titration has been performed to quantify the % degree of protonation of 

PAH at various pH levels. 100 ml of PAH (5 mg/mL or 53.2 mM monomer 

concentration) is titrated by adding 53.2 mM of NaOH, pH is noted after addition of 

NaOH to PAH solution. A plot is obtained between pH and amount ofNaOH added. pKa 

of PAH was observed at a pH value of 8.546 obtained from the plot (Fig. A. 7) . Our 

results matched exactly similar to the results obtained by Petrov et a147 . 

3.2.3. Synthesis of NACs 

An aqueous PAH solution with 5 % PAH-RITC doping (14 mL, 5 mg/mL) was 

mixed with an aqueous Cit solution (35 mL) in a 250 mL beaker and stirred with a 

magnetic stirrer for 10 seconds at low speed ('5' speed on a 1-10 scale). For the R charge 

ratio of 2 studied in this work, the Cit concentration was 14.2 mM, respectively. R is 

defined as the ratio of total number of negative charges from the salt to the total number 

of positive charges from the polyamine. A turbid mixture immediately resulted, 

indicating the formation of polymer-salt aggregates. This suspension was aged for 30 

min, before a diluted aqueous Si02 NP suspension (35 mL; concentration of 1.2 wt %) 

was added. The resultant mixture was stirred vigorously (at '7' speed) for 10 min and 

aged for 2 hrs. The resulting material is the silica/polymer microcapsules or NACs. 

3.2.4. pH and Ionic strength stability studies 

The stability of NACs in solutions of pH 2 through 12 and ionic strengths of 10 mM 

to 1 M were tested. The solutions were prepared by a combination of NaCl, HCl and 

NaOH to achieve the desired pH and ionic strength. Several 2 mL NACs solution 
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aliquots were centrifuged, their supernatant removed and dispersed in 10 mL of the 

respective pH-ionic strength solution, such that the concentration of solids in water was 

approximately 7 mg/mL. The capsules were left overnight in the treated solutions before 

imaging them by confocal microscopy. 

3.2.5. Osmotic pressure studies 

The stability of NACs was tested by inducing osmotic pressure through PSS-Na. 

Several 2 mL NACs solution aliquots were centrifuged, their supernatant removed and 

dispersed in 10 mL of the respective concentrations of PSS-Na. The capsules were left 

overnight in the treated solutions before imaging them by confocal microscopy. Osmotic 

pressure studies were carried out on NACs suspended in OI-water, NACs previously 

subjected to pH 6.0 and ionic strength of 10 mM and 150 mM using NaCI. Statistical 

analysis was performed on confocal microscopy images taken to determine the number of 

deformed and undeformed capsules. The total number of capsules counted for each PSS 

concentration was at least 100. The deformation ratio was defined as the number of 

deformed capsules divided by the total number of capsules. The critical PSS 

concentration was defined as the concentration necessary to induce the deformation of 

50% of the intact capsules48 • 

3.2.6. Ionic strength study using mutivalent anions 

NACs stability in various multivalent anions such as sodium diphosphate, sodium 

disulfate, and trisodium citrate were tested. Ionic strengths of 10 mM to 1 M were 

prepared using above salts separately and NACs were tested by suspending in the 

corresponding ionic strength solutions for overnight. To test the effect of citrate anions on 
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NACs stability, a mixture of NaCI (lM) and trisodium citrate (lOmM or 25mM) were 

prepared and NACs were suspended for overnight and tested. Rescue of NACs using 

trisodium citrate is carried out by preparing 10mM, 25mM trisodium citrate solution 

using 1M NaCl. NACs stability were studied in PBS and seawater. 

3.2.7. Characterization 

Confocal microscopy: Confocal images were captured with FluoView 1000 inverted 

microscope (IX81) equipped with a 100X Plan-Apochromat, (Numerical Aperture 1.4). 

The laser excitation wavelength of 543 nm was chosen for RITC ("-ex = 560 nm, "-em = 580 

nm). Samples were mounted on conventional glass slides and sealed under a cover slip to 

prevent drying. All samples were prepared approximately 0.5 hr prior to imaging. 

Osmometer: The osmotic pressure of the PSS solutions was measured by means of 

with a Vapor Pressure Osmometer, No. 5520, Wescor. PSS concentrations of 0, 2.0, 3.3, 

6.6, 10, 20, and 30 wt% corresponded to osmotic pressure readings of 0, 2.3, 3.8, 7.5, 

11.2,23.7, and 39.8 bar. 

Coulter counter measurements. Beckman Multisizer™ 3 Coulter counter having an 

orifice diameter of 1 00 Jlm was used to determine the NACs diameter and number count 

(total number of capsules ). The lower limit for measuring sizes for this orifice was 2 Jlm. 

The instrument calibration was verified by measuring 3 Jlm standard latex beads. The 

diameter of capsules was measured by diluting ~ 100 JlL of NACs in 20 mL of aqueous 

Isotone solution (composition: 7.93 giL NaCI, 0.38 giL Na2EDTA, 0.40 gIL KCI, 0.19 

giL H2NaP04, 1.95 giL HNa2P04, 0.30 giL NaF; Beckman Coulter). 

Dynamic Light Scattering (DLS): Hydrodynamic diameter and zeta potential 

analysis was carried out with a Brookhaven ZetaP ALS dynamic light scattering 
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instrument49 [Ref of Brookhaven] with a BI-9000AT digital autocorrelator at a laser 

wavelength of 656 nm. All studies were carried out at a 90° scattering angle, and all 

samples were temperature controlled at 25°C during analysis. 

Zeta Potential Analysis: Zeta potentials were calculated from electrophoretic 

mobility measurements through phase analysis light scattering (PALS) using the DLS 

instrument and a dip-in electrode. Zeta potential (s) of Si02 NPs was measured from a 

sample of Snowtex-O (50 ilL) diluted with HCI solution or NaOH (1.5 mL, appropriate 

pH and ionic strength). 

3.3. Results and discussions 

3.3.1. pH effect 

The structure of NACs is held together by the electrostatic interactions of PAH, 

citrate and silica NPs. It can therefore be expected that the NACs structure will be 

sensitive to the solution pH. To test the pH sensitivity, silica NACs were dispersed in 

solutions of varying pH by keeping the ionic strength as constant. NACs in mother liquor 

are at pH 6.7 (I - 17 mM) and are mostly polymer filled with few regions of polymer-free 

cores. Suspended in DIW at pH 5.5 (I - 0.02 mM), the capsules had the same spherical 

shell structure and the same particle size distribution according to Coulter counter 

measurements, (Fig. 3.1). Most of the capsules were remained polymer-filled, i.e., the 

polymer resided throughout the interior. 

At I = 10 mM, the capsules were stable in the pH range of 4-9, namely the capsules 

retained the same spherical structure but the core structures differed at different pH 

values. NACs in the mother liquor and in DIW were completely polymer-filled with few 
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· f I fi 710 reglOns 0 pO ymer- ree cores' . At I = 10 mM, the NACs became mostly polymer-

filled at pH 6 and 8. At pH 4 and 9, the core were polymer-filled with a "bubble" of water 

or regions of polymer-free cores. The percentage of polymer-filled capsules is 85 %, 98 

%, 95 %, and 75 % corresponding to final pH suspension of 4, 6, 8, and 9 respectively. 

Capsules suspended at pH > 9 become weak and unstable as shown for pH = 10 case, 

capsules eventually disassemble at pH = 12.0. Likewise for capsules suspended in final 

pH < 4.0 capsules are disassembled. Also, it is observed that capsules are mostly 

polymer-filled in the pH range of 4-9. 
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To understand the shell stability of NACs in vanous pH conditions, it is of 

importance to look at the pKa values of PAH (pKa = 8.5) and isolectric point (IEP) of 

silica50 ~2.2. A volumetric titration has been performed to quantify the % extent of 

protonation of PAH at various pH levels. pKa of PAH was observed at a pH value of 8.5. 

The details are mentioned in the methods section. Trisodium citrate has three pKa values 

(pKal = 3.13 , pKa2 = 4.76, and pKa3 = 6.4). 
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Figure 3.2. (a) Total number of positive charges per PAH chain vs. pH, (b) Total number 
of negative charges per silica NP vs. pH, (c) Average charge per citrate anion vs.pH. 

As shown in Fig 3.2, the total number of charges of PAH, silica NP and 

average charge per citrate anion at various pH conditions are plotted. Citrate relative 

species distribution as a function of pH was performed by using acid-base equilibrium 

calculations. The citrate anions were mostly in the form of trivalent Cit3- species (average 

charge per citrate anion is -3) when the pH> 8.0. The number of negative sites on a silica 

NP as function of pH are calculated from the surface charge density calculations which 

are in tum derived from zeta potential values51
• Ionic strength was maintained at 10 mM 

using KCI. From Fig 3.2, it is observed that as pH goes from 2 to 12, the number of 

negative sites on silica NP increase upto a pH of 8.0 and then it reaches saturation. 

Considering at pH = 6.0, PAH is 88 % protonated (# of charges/PAH is 530) and citrate 

has the species distribution of approximately 27 % in the form of Cit3-, 65 % in the form 
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of HCit2- , and 3 % in the form H2Cif. At pH 6.0, silica NPs are negatively charged and a 

surface charge density51 of - 1.28 /lC/cm2 or ~ 42 negative sites. Since our NACs are 

charge driven assembly, we believe that predominantly the electrostatic interactions 

among PAH and silica NPs holds the NACs structure as shown in Fig 3.1 (I = 10 mM, 

pH = 6). The PAH and Cit interactions are responsible in determining whether the 

capsules are polymer filled or water filled. Thus most of the capsules are polymer filled at 

pH 6.0. As we look at capsules at pH 4.0, PAH is protonated by ~ 99% (# of 

charges/PAH is 590), citrate has the species distribution of approximately 12.5 % in the 

form of HCit2- ,and 75 % in the form H2Cif and 12.5 % in the form H3Cit. silica NPs are 

negatively charged and has a surface charge density of -0.9 /lC/cm2 or ~ 30 negative sites 

and thus by the electrostatic interactions of P AH, citrate and silica NPs capsules remained 

intact. At pH 2.0, PAH is completely protonated, citrate is in the form of H3Cit, and silica 

NPs looses its charge, hence results in capsule disassembly. 

At basic pH conditions, at pH 8.0, capsules remained intact and polymer filled 

since PAH is 55 % protonated (# of charges/PAH is 330) and citrate has the species 

distribution of approximately 98 % in the form of Cie-, and 2 % in the form of HCit2-. At 

pH 8.0, silica NPs are negatively charged and has a surface charge density of -1.78 

/lC/cm2 or ~ 60 negative sites. At pH 9.0, capsules remained intact and the core were 

polymer-filled with a "bubble" of water as shown in Fig 3.1. At pH 9.0, PAH is 36 % 

protonated (# of charges/PAH is 218) and citrate has the species distribution of 

approximately 100 % in the form of Cit3- (average charge per citrate anion is -3) and 

silica NPs are negatively charged and has a surface charge density of -1.9 /lC/cm2 or ~ 63 

negative sites. 
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3.3.2. Ionic strength effect 

Salt concentration is an important physico-chemical parameter which will regulate the 

strength of electrostatics. The ionic cross-link density and conformations of PAH, Cit and 

NPs can be varied, therefore should effect the stability of NACs. As explained in 

previous section, a similar study was performed by varying the ionic strength from 10 

mM to 1 Musing NaCI. For I = 10 mM, the capsules stability was explained earlier. At I 

= 150 mM, the capsules were stable in the pH range of 6-8 and most of the capsules were 

water filled. The percentages of water-filled capsules are 97 %, and 91 %, corresponding 

to final pH suspension of 6, and 8 respectively. From the Fig. 3.1 we see that the stability 

spectrum narrows down in the pH range of 2-12 from a pH range of 4-9 for 10 mM case 

to a pH range of 6-8 for NACs suspended in 150 mM. NACs were completely 

diassembled for NACs suspended in a final pH < 6.0. At pH > 8.0, NACs were very 

fragile and start to buckle and most of the capsules are distorted. At pH > 9.0 most of the 

capsules are half broken. 

To understand the shell stability ofNACs in various ionic strength conditions, it is of 

importance to understand the strength of electrostatic interactions among PAH, Citrate 

and Silica NPs. Characteristic length or Oebye length (K-1) describes the strength of 

electrostatic interactions. It is known that electric force falls exponentially with K- 1• A 

solution with high ion concentrations has a high ionic strength and thus a short K-1• 

Conversely, a low ionic strength solution has a long K-1 and the electric forces acts over 

longer distances. In our studies, 1: 1 electrolyte NaCI is used to increase the ionic strength 

where K-1(nm)= ~ )52. In our experiments for I of 10 mM, 150 mM, 500 mM and 1 
I(M) 
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M, K-1 is 3.04 , 0.79, 0.43 and 0.304 nm respectively. The presence of more salt i.e, Na+, 

and cr, could possibly bind to PAH, Cit, and silica and their respective charges are 

screened, which leads to a reduction in the number of ionic cross-links. The surface 

charge density on Silica NPs at pH 3.5 varied from -0.75 I!C/cm2 or ~ 24 negative sites 

to -0.37 I!C/cm2 or ~ 12 negative sites as I changes from 10 mM to 500 mM. As 

explained in earlier section that the structure ofNACs is held together by the electrostatic 

interaction of PAH, Citrate and silica NPs. As the charge interaction decreases the 

capsule structure is weakly held by PAH, Citrate and Silica NPs. 

At higher ionic strengths (I = 500 mM, and 1M) and at pH> 6.0, most of the capsules 

are half broken. At 1M, most of the NACs have broken (mostly into two halves). At pH < 

6.0 NACs were completely disassembled. It was observed that NACs at high ionic 

strength becomes water filled. In specific, comparing NACs at pH 6.0 for 10 mM and 150 

mM, % of polymer filled capsules goes down from 98 % to 3 %. It has been observed in 

our earlier work that at I = 10 mM NACs core comprises of polymer -citrate core, at I = 

150 mM, the polymer-citrate core is disassembled. Since, the number of electrostatic 

interactions between P AH and silica NPs are much greater than the interactions between 

PAH and citrate. Suspending NACs at I of 150 mM (pH = 6) causes the dis-assembly of 

the PAH-citrate core and not cause the dis-assembly of the shell and retains the structure 

of NACs. The loss in fluorescence in the core region of NACs in 150 mM suspension 

indicated that NACs are water-filled capsules. This core can be broken by increasing 

ionic strength as discussed in our earlier work pH becomes a very good tool to enhance 

the loading of active ingredient in NACs by making them water or polymer filled. 
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3.3.3. pH and ionic strength effects on mechanical strength 

The following section explores the osmotic pressure studies on NACs suspended in 

01 water, at pH 6.0 in 10 mM and 150 mM ionic strength cases. In this work we adopted 

the method followed by Khapli et al.,53 that use osmotic pressure effects generated by 

using polyelectrolyte to exert forces on the microcapsules21 , 38-40, 48, 54-79. The occurrence 

of osmotic pressure arises from the affinity of a pure solvent to migrate through a semi

permeable membrane and into a solution containing a solute to which the membrane is 

impermeable. In case of polyelectrolytes such as PSS-Na, typically contains dissociable 

groups, to have the charge neutrality over distances of a screening length of usually <10 

nm there is a counter-ion cloud creating an osmotic pressure (n), which depends on the 

degree of dissociation. NACs are suspended in various wt % of PSS-Na solution. PSS-Na 

is present outside the capsule and is higher in concentration than the NACs interior. 

NACs shell acts like a semi -permeable membrane, which is permeable to the smaller 

molecules (Na) but not to the larger molecules (PSS), and water can diffuse across the 

membrane. PSS could not permeate through the NACs shells, results in retaining an 

excess of Na+ counterions surrounding the microcapsules. In response, exchange of 

water, and Na across the polyelectrolyte shells occurred as a means to equalize the 

chemical potential of water and Na between NACs interior and the surroundings. This 

results in establishing Donnan equilibrium80, 81. Thus, an excess of PSS outside the 

capsule creates an osmotic pressure. By observing the effect of osmotic pressure on intact 

NACs, we can elucidate the effect of pH and ionic strength on mechanical strength. 

NACs are suspended in various wt % of PSS-Na solution, an unstable situation occurs 

since on one side (outside NACs) of the semi-permeable membrane contains a PSS~a+ 
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solution consisting of a permeable cation such as Na + with an impermeable anion (PSS-), 

whereas the other side (NACs-core) doesn't contain PSS- and Na+, To maintain electrical 

neutrality Na+ moves from outside of NACs to NACs-core and in the due course of 

migration of N a +, PSS- tries to migrate to the core but due the size constraint it cannot 

enter the core. This results in creating 1t environment from outside. 

We studied NACs suspended in 3 different aqueous media: OJ water, pH 6.0 in 10 

mM NaCl, and pH 6.0 in 150 mM NaCI. NACs suspensions were prepared in PSS 

solutions ranging from 3.33 to 20 wt % over 12 hours (Fig. 3.3). It has been observed that 

there is no structural difference in terms of deformation or buckling of the capsule for 

NACs that were previously pre-suspended in OJ water as shown in. 3. 2(a-e) and pH 6.0 

in 10 mM. Silica NACs are robust as shown in Fig. 3.2 (f-j), and stable to applied 

osmotic pressure of at least 25 atm. We hypothesize that the presence of the core/mesh 

interior and stable composite shell (polymer/silica) gives the stability to the capsule. 
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Figure 3.3. Confocal microscopy images of NACs subjected to various osmotic pressure 
levels with PSS-Na, in NACs initially suspended in DIW (a-e), (f-j) NACs initial 
condition, pH 6.0 in 10 mM NaCl, and (k-o) and NACs initial conditions, pH 6.0 in 150 
mMNaCI. 

It was observed that by treating the NACs with 150 mM NaCI breaks the polymer-

citrate matrix core inside the capsules and changes the shell properties ofNACs as shown 

in Fig. 3.3 (k). NACs treated with 150 mM NaCI are suspended in an increasing the 

outside polyelectrolyte (PSS) concentration. One realizes that at low PSS concentration 

(Fig. 3.3(1)) most of the capsules are nicely spherical; at 6.6 wt % (Fig. 3.3(m)) NACs 

begin to deform and this is more evident in 10 wt % sample (Fig. 3.3(n)). However, at 

high (20 wt % PSS, Fig. 3.3(0)) concentration they are all deformed. 

By quantitatively measuring the fraction of deformed capsules as a function of PSS 

concentration a critical osmotic pressure 1tc can be derived where most capsules are non-

spherical as shown in Fig. 3.4 (1tc corresponds to PSS 9 wt %). Euler instability 
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Elasticity modulus or elasticity of capsule walls can be derived from Jl = ~(R)2 48 as 
4 h 

given by Gao et ai. , ,where R is the capsule radius and h is the uniform shell thickness. 

By determining the modulus of elasticity, it provides the information about the capsules 

tendency to be deformed elastically. 

The shell thickness was determined by collecting intensity line profiles across the 

confocal image of capsules dispersed in 150 mM NaCI and pH 6.0. The shell thickness 

was thus measured for 100 capsules of various sizes. Shell thickness is determined by 

drawing a correlation between shell thickness and capsule diameter from the confocal 

images as shown in Fig. 3.4b, the protocol has been described in our earlier work7. 

Hence, by knowing Rand h, we can derive the elastic modulus Jl from the data in Fig. 

3.4a. In the specific case for an average diameter of ~ 5.2 micron, we obtain Jl ~ 9 atm. 

The shell wall is sufficiently homogeneous to enable application of this simple model. 
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Figure 3.4. Percentage of deformed capsules as a function of the PSS wt %concentration, 
(b) Correlation between capsule diameter and shell thickness based on intensity line 
profiles ofNACs 
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At a more fundamental level, this study helped us gain a better understanding between 

the electrostatic assembly of nanoparticle-assembled capsules. Mechanical stability of the 

capsules is absolutely important for a diversity of practical applications. 

3.3.4. Effect of multivalent anions 

Various multivalent anions such as Phos, Sulf, Cit are explored to determine the 

stability ofNACs. It was found that NACs are surprisingly stable in multivalent anions at 

high ionic strengths. In Fig. 3.5a, we observe that almost ~ 98 % of NACs suspended in 

1 M of ionic strength made by monovalent NaCI are broken. However they remain intact 

and stable when suspended in ionic strength of 1 M made of Phos, Sulf, and Cit 

separately. About ~ 95 % and 90 % of unbroken NACs are retained in Phos, Cit and Sulf 

respectively as shown in Fig. 3.5(b-e). A more detailed analysis is shown in appendix A 

(Fig. 3.A3). A thorough analysis was performed by coulter counter to determine the 

change in size NACs size and # count. Interestingly we have found that NACs remain 

intact and the size and NACs number count doesn't change (supporting information- Fig. 

A.4 and A.5). NACs were mostly polymer-filled with few regions of polymer-free core in 

presence of Phos or Sulf or Cit. We hypothesize that NACs disassemble in the case of 

monovalent NaCI because Na + screens the charges on silica NPs and cr screens amine 

group of PAH there by the interactions are weakened between PAH/CitiSilica NPs and 

finally loose its structure and eventually disassembles. Whereas in the case of multivalent 

ions such as Phos, Sulf, and Cit they screen the charge on silica NPs and PAH but they 

also have the tendency of forming bridges between amine groups of PAH and there by 

enhance the stability. To the best of our knowledge, this is the only charge-assembly 

based polymer microcapsule that is reported to be stable at such a high ionic strength. 
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This methodology could possibly be extended to capsules made by other 

polymer/nanoparticle composites. 
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Figure 3.5. Confocal microscopy images of NACs suspended in 1 M ionic strength 
solution in (a) NaCl, (b) Phos,(c) Sulf, (d) Cit, and e) indicates the graph of % of 
unbroken NACs vs ionic strength of various multivalent anions. Scale bar is 5 micron. 

3.3.5. Rescue of NACs by addition of multivalent anions 

It has been shown that multivalent anions enhance the stability of capsules. A 

controlled experiment has been carried out to determine the appropriate amount of Cit 

required in retaining the capsule structure. NACs were suspended in 1M NaCI in addition 

to various amounts of Cit. It was observed that atleast 25 mM of Cit is required to retain 

the spherical structure of NACs as shown in Fig. 3.6. We have found an interesting 

feature of our NACs is that N ACs can be rescued by adding multivalent anions to 

enhance the stability in high ionic strength. 
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Mother liquor 
pH = 6.7 

NaCI=1.0 

+ 10 mM CiP-

NaCI = 1.0 
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Figure 3.6. Confocal microscopy images of NACs suspended in (a) as made -mother 
liquor, (b) 1.0 M NaCI + 0 mM Cit, (c) 1.0 M NaCI + 10 mM Cit, (d) 1.0 M NaCI + 25 
mM Cit. Scale bar is 5 micron. 

3.3.6. NACs stability in PBS and in sea water (Gulf of Mexico, Gavleston, TX, 
USA) 

NACs were suspended in PBS (ionic strength ~ 0.15M, pH 7.4) for overnight. Fig. 

3.7a indicated that 95 % of the capsules are water filledand remained intact. It is known 

that sea water typically has a 3.5 wt% of total dissolved solids (give reference- marine 

biology book) and has an ionic strength ~ 0.6M. The presence of Sulf in sea water ~ 26 

mM (~ 7.5 wt % of total solids) should be able to rescue NACs from breaking apart. Our 

results from confocal microscopy showed that 90 % of NACs (Fig. 3.7b) remain 

unbroken after they are left for overnight in sea water (collected from Gulf of Mexico, 
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Galveston, TX, USA, measured ionic strength ~ 0.5M). Most of the NACs were water 

filled (90%). To test NACs stability over a period of time, NACs in Galveston sea water 

were left for a week and the results indicate that they remain stable as shown in appendix 

A (Fig. 3.A6). NACs could potentially be used in applications where the operating 

condition demands high ionic strength (eg. sea water). 

Figure 3.7. Confocal microscopy images ofNACs suspended in (a) PBS, (b) Sea water
Gulf of Mexico (Galveston,Texas, USA). Scale bar is 5 micron. 

3.4. Conclusions 

In this work, stability conditions of nanoparticle-assembled microcapsules (NACs) 

were explored. At low ionic strength, the capsules were stable in the pH range of 4-9. As 

ionic strength increased, the pH range for stability narrowed. It was found that NACs get 

weakened at 0.15 M and at 0.5 M all the capsules were structurally unstable, fragmenting 

into smaller pieces. Mechanical strength of the capsules was carried out in suspension, 

using polystyrenesulfonate sodium salt to vary the applied osmotic pressure. The 

buckling of NACs can be understood as an osmotic pressure difference created between 

the bulk and the capsule interior. The spherical capsules were found to vary in 
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compressive strength ranging from 1 atm to atleast -25 atm. Interestingly, it was found 

that NACs could be made stable at ionic strengths as high as 1M by the addition of 

multivalent anions (like Citrate and Phosphate) at millimolar levels. NACs are stable in 

high ionic strength (I - 0.5 M) sea water (from Gulf of Mexico, Galveston, Texas, USA) 

due to naturally present sulfate anions. Understanding the sensitivity of NACs towards 

various conditions would help in better understanding and perhaps tailoring their 

properties for drug delivery and controlled release. Also, NACs could potentially be used 

in applications where the operating condition demands high ionic strength. 
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Chapter 4. Encapsulation and responsive studies of capsules 

4.1. Introduction 

In the midst of the many ordered structures formed via nanoparticles (NPs), there has 

been a plethora of interest in the synthesis of a class of materials called hollow spheres or 

capsules in the micron, sub-micron, and nanometer size ranges I-II. A capsule is basically 

a container which is hollow in nature and comprises of a shell wall as outer material. This 

shell wall helps in protecting the active ingredient or cargo molecule. Capsules find 

extensive applications in pharmaceutical, food, chemicals, and consumer industry by 

serving as tiny containers to store, deliver, and/or release substances 12-25. An 

encapsulation system containing components, such as enzymes, proteins, and detoxicants, 

was initially proposed by Chang as an "artificial cell,,26. The idea of the artificial cell has 

now been developed into varied biological encapsulated formulations, such as, 

microencapsulated invertase27, glucose oxidase28, cytochrome C29, fungal proteases30, 

asparaginase and catalase31 . The overall benefit of encapsulating and releasing a cargo 

molecule from a capsule include shielding the sustained release of the encapsulated 

substances32, 33. The use of capsules is very useful because of their small particle size, and 

large surface area. Capsules become very vital for therapeutics where they are 

administered to the body via injection or an oral route34. 

In our work, we studied the possible encapsulation of molecules such as fluorescein, 

Gd[DOTPt, anticancer drug - doxorubicin, uracil (used for drug delivery and as a 

pharmaceutical) in our NACs 18-25, 35-38. The result of our studies helps in better 

understanding about the encapsulation properties of NACs and its potential applications. 
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NACs responsive studies are explained in detail in further sections. The shell can be 

designed in such a way that the cargo can be released at desired time intervals, by 

triggering the capsules by varying either one or more of the following parameters such as 

pH, ionic strength, external pressure, and interaction with near infrared (IR) laser light. 

Our results indicate that NACs, have interesting behavior in response to various pH and 

ionic strength conditions. X-ray (via radiation therapy) sensitivity studies are carried out 

on NACs. Radiation therapy is based on high-energy photons, protons, and electrons; 

however, the majority of radiotherapy treatments are based on high-energy X-rays. 

Therefore, X-ray sensitivity is an important design parameter, either for release or 

protection. NACs could be engineered in such a way that becomes sensitive to X-rays 

with various levels of irradiation. Magnetic-NACs were synthesized and were tested for 

their sensitivity with the applied alternating magnetic field. Our results indicate that 

magnetic-NACs could heat up to ~ 60°C in 20 mins. 

4.2. Experimental Methods 

4.2.1. Materials 

Polyallylamine hydrochloride (PAH, 56,000 g/mol, ~600 allylamine units per 

molecule), fluorescein sodium salt, premixed phosphate buffered saline (PBS) salt 

mixture, human serum albumin (HSA), and glycine were purchased from Sigma-Aldrich. 

The premixed PBS salt was dissolved in deionized (DI) water to prepare the PBS buffer 

solution (pH=7.4, ionic strength I = 165 mM). Glycine and NaOH buffers were prepared 

for a wide range of pH values (8.5 through 10.3) by mixing 0.2 M glycine and 0.2 M 

NaOH solutions made with DI water. Trisodium citrate dihydrate salt (citrate), NaOH 

pellets and I N HCI solution were obtained from Fisher Scientific. An aqueous colloidal 
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suspension of silica NPs (Snowtex-O, 20.5 wt% silica, pH 3.5, ionic strength I = 16.9 

mM» was kindly provided by Nissan Chemicals. These NPs have a diameter of 13±3 nm 

based on dynamic light scattering and a zeta potential value of -16 mV (Henry's 

equation) by electrophorectic measurements. Deionized water from a Barnstead 

Nanopure Diamond System (18.2 M.Q) was used to prepare all the solutions. Doxorubicin 

hydrochloride and Uracil were purchased from sigma-aldrich. 

4.2.2. Synthesis of NACs 

An aqueous PAH solution (14 ml, 5 mg/mL) was mixed with an aqueous Cit solution 

(35 ml) in a 250 ml beaker and stirred with a magnetic stirrer for 10 seconds at low speed 

('5' speed on a 1-10 scale). For the R charge ratio of 2 studied in this work, the Cit 

concentration was 14.2 mM, respectively. R is defined as the ratio of total number of 

negative charges from the salt to the total number of positive charges from the 

polyamine. A turbid mixture immediately resulted, indicating the formation of polymer

salt aggregates. This suspension was aged for 30 min, before a diluted aqueous Si02 NP 

suspension (35 ml; concentration of 1.2 wt %) was added. The resultant mixture was 

stirred vigorously (at '7' speed) for 10 min and aged for 2 hrs. The resulting material is 

the silica/polymer microcapsules or NACs. The resulting NACs were aliquoted into 1.5 

ml centrifuge vials. 

4.2.3. Synthesis of dye-encapsulated NACs 

NACs were synthesized by first mixing 14 ml of 5 mg/mL of P AH solution with 35 

ml of 14.2 mM citrate solution in a 250 ml beaker under gentle magnetic stirring (speed 

'4' of 0 through 10) for 10 seconds. The resulting suspension turned turbid instantly 
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indicating the formation of polymer-salt aggregates. After aging these aggregates for 20 

minutes, 35 ml of a 1 mg/mL fluorescein sodium salt ("Na-Flu") dye solution was added 

under gentle magnetic stirring for 1 0 seconds. This mixture was aged for another 1 0 

minutes and 35 ml of 1.2 wt% silica NP suspension (prepared by diluting with DI water 

and adjusting the pH to 3.5 with 1 N HCI solution) was added. The resulting mixture was 

stirred vigorously (speed '7') for 10 min and aged for 2 hrs to form Na-Flu-encapsulated 

NACs. A schematic of this mixing synthesis process is shown in Fig. 4.1. 

4.2.4. Dye release study 

Prior to performing the dye release experiments, NACs were cleaned to remove the 

excess Na-Flu. The cleaning was performed by dispersing the NACs (by sonication for 

30 sees. and stirring), and separating them by centrifugation (Beckman-Coulter Allegra 

X-22 centrifuge at 6000 rpm for 7 min). All the supernatant was carefully removed and 

capsules re-dispersed in 30 ml of PBS buffer solution. Another round of centrifugation 

was performed to ensure complete removal of any superficial Na-Flu. The supernatant 

was carefully decanted and NACs were re-dispersed in 30 ml of PBS to begin the dye 

release studies. The NACs solution was quickly pipetted into 1.5 ml aliquots and placed 

on a rocking platform to ensure that the capsules do not settle. 

4.2.5. Gd- NAC Synthesis 

Previous NACs have involved the addition of cationic polymer such as PAH and PLL 

and multivalent anions such as citrate, EDTA, and phosphate. Given the multi-valency of 

Gd[DOTPt, we explored the possibility of using Gd[DOTPt as a multivalent anion in 

the aggregate formation. Aggregates were prepared by mixing a solution of Gd[DOTP]5-
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with a cationic polymer after which the solution became turbid. Initial attempts to form 

aggregates between Gd[DOTP]5- and PAR or PLL in water were unsuccessful. However, 

it was found that by switching to mixed aqueous/organic solvent systems that aggregation 

could be achieved and stable NACs could be synthesized at room temperature. The 

following protocol is followed in the encapsulation of Gd[DOTPt. Generally, 20 J-li of 

PAH water solution (5 mg/mL) was gently mixed with 240 J-li of Gd[DOTPt-ethanol 

mixture is added (240 J-li solution is prepared by mixing 120 J-li Gd[DOTPt (3 mM or 7 

mM) and 120 J-li of ethanol). The "R" ratio used in our studies were R = 4 and R= 10. 

After aging 20 min, the polymer-salt suspension was strongly mixed with 240 J-li of 2 

wt % silica NPs (ST -0) for 20 seconds and aged for 2 hours. The samples are centrifuged 

and washed twice with water prior to imaging. The samples are characterized by optical 

microscopy, SEM, DLS, and relaxometry studies were carried out by Dr. Sherry's group 

in UT-Dallas using an inversion recovery pulse sequence on an Oxford MARAN Ultra 

resonance relaxometer operating at 23 MHz. 

4.2.6. Encapsulation of Uracil 

NACs were synthesized by first mixing 0.29 ml of 5 mg/mL of PAH solution with 

0.735 ml of 14.2 mM citrate solution in a 2 ml centrifuge vials under gentle vortex 

mixing (speed '5' of 0 through 10) for 10 seconds. The resulting suspension turned turbid 

instantly indicating the formation of polymer-salt aggregates. After aging these 

aggregates for 20 minutes, X ml (X= 0.025 to 0.735 ml) of a 0.735 mg/mL Uracil 

solution was added under vortex mixing (speed '5' of 0 through 10) for 10 seconds. This 

mixture was aged for another 10 minutes and 0.735 ml of 1.2 wt% silica NP suspension 

(prepared by diluting with DI water and adjusting the pH to 3.5 with 1 N HCI solution) 
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was added. The resulting mixture was stirred vigorously (speed '7') for 10 sec and aged 

for 2 hrs to form Uracil-encapsulated NACs. A schematic of this mixing synthesis 

process is similar to the one shown for Na-Flu dye encapsulation. 

4.2.7. Encapsulation of Doxorubicin 

NACs were synthesized by first mixing 50 ilL of 2 mg/mL of P AH solution with 300 

ilL of 0.01 M phosphate solution in a 2 ml centrifuge vials under gentle vortex mixing 

(speed '5' of 0 through 10) for 10 seconds. The resulting suspension turned turbid 

instantly indicating the formation of polymer-salt aggregates. After aging these 

aggregates for 10 minutes, X ml (X= 10 to 250 ilL) of2 mg/mL Doxorubicin (DOX) was 

added under vortex mixing (speed '5' of 0 through 10) for 10 seconds. This mixture was 

aged for another 20 minutes and 300 ilL of bovine serum albumin of 1 mg/mL. The 

resulting mixture was stirred vigorously (speed '7') for 10 sec and aged for 2 hrs to form 

DOX-encapsulated NACs. A schematic of this mixing synthesis process is similar to the 

one shown for Na-Flu dye encapsulation. 

4.2.8. Synthesis of Fe304 NPs 

Magnetite particles were prepared by co-precipitation of Fe304 from a mixture of 

FeCh and FeCh (1:2 molar ratio) upon addition ofNH40H as reported earlier by Sahoo 

et at39. In a typical reaction, 0.86 g FeCh and 2.35 g FeCh were mixed in 40 ml water 

and heated to 80°C under argon in a three-necked flask. While vigorously stirring the 

reaction mixture, 5 ml of NH40H was introduced by syringe, and the heating continued 

for 30 min. After that, 1 g of citric acid in 2 ml water was introduced, the temperature 

was increased to 95°C, and stirring continued for an additional 90 min. The formed NPs 
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were characterized by DLS and SEM, the mean particle size is - 20 nm. The 

concentration of Fe304 was measured by lCP-MS measurements (- 5.6 mg/mL). 

4.2.9. Synthesis of Fe304 - NACs 

An aqueous PAR solution (1 ml, 2 mg/mL) was mixed with an aqueous phopshate 

solution (6 ml, O.OIM) in a 15 ml vial and stirred with a vortex mixing for 10 seconds at 

low speed ('5' speed on a 1-10 scale). A turbid mixture immediately resulted, indicating 

the formation of polymer-salt aggregates. This suspension was aged for 30 min, before a 

diluted aqueous Fe304 NP suspension (6 ml) was added. The resultant mixture was stirred 

vigorously (at '7' speed) for 20 sec and aged for 2 hrs. The resulting material is the Fe304 

microcapsules or Fe304-NACs. The resulting Fe304-NACs were ali quoted into 1.5 ml 

centrifuge vials and washed 2 times with water before performing further analysis. 

4.2.10. Encapsulation of indocyanine green (lCG) in Fe304-NACs 

An aqueous PAR solution (I ml, 2 mg/mL) was mixed with an aqueous phopshate 

solution (6 ml, O.OIM) in a 50 ml vial and stirred with a vortex mixing for 10 seconds at 

low speed ('5' speed on a 1-10 scale). A turbid mixture immediately resulted, indicating 

the formation of polymer-salt aggregates. This suspension was aged for 30 min, before a 

diluted aqueous Fe304 NP suspension (6 ml) was added. The resultant mixture was stirred 

vigorously (at '7' speed) for 20 min and aged for 5 min. lCG (6 ml, Img/mL) was added 

to the suspension and aged for 2 hours. The resulting lCG-Fe304-NACs were aliquoted 

into 1.5 ml centrifuge vials and washed 2 times with water before performing further 

analysis. 
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4.2.11. Characterization 

Dynamic Light Scattering (DLS): Hydrodynamic diameter and zeta potential 

analysis was carried out with a Brookhaven ZetaP ALS dynamic light scattering 

instrument with a BI-9000AT digital autocorrelator at a laser wavelength of 656 nm. All 

studies were carried out at a 90° scattering angle, and all samples were temperature 

controlled at 25°C during analysis. 

Zeta Potential Analysis: Zeta potentials were calculated from electrophoretic 

mobility measurements through phase analysis light scattering (PALS) using the DLS 

instrument and a dip-in electrode. Henry's equation relates the zeta potential (l;) of the 

Si02 NPs to their electrophoretic mobility (~E, units of (microns/s)/(V/m»: ~E = 

(~dTJ)f(Ka), where E is the dielectric constant of water (78.9), TJ is viscosity of water (0.89 

cP), and f(Ka) is a function of Ka40 • This ~-~E relation is valid in the Henry's limit (when 

0.1 :5 Ka :5 100), where K is proportional to ionic strength I 41 and a is the particle radius. 

The l;-potential of Si02 NPs was measured from a sample of Snowtex-O (50 ~I) diluted 

with HCI solution (1.5 ml, pH = 3.5). 

Scanning Electron Microscopy (SEM): SEM was carried out using a FEI Quanta 

400 field emission scanning electron microscope, equipped with secondary electron, 

backscatter, and energy dispersive X-ray (EDX) detectors. Secondary electron images 

were taken at 15 kV with a working distance of 10 mm. A droplet of NACs suspension 

was placed on the aluminum stub and dried in air; the sample was then sputter-coated 

with gold for 1 min. 

Optical Microscopy: Optical microscopy was performed on a Leica DM2500 upright 

microscope equipped with 100x oil immersion objective (numerical aperture = 1.4). 

106 



Bright field and differential interference contrast (DIC) images were taken at 100x 

magnification. 

Thermogravimetric Analysis (TGA): The weight loss-temperature profile for NACs 

was collected on a TA Instruments (SDT 2960 Simultaneous DSC-TGA) 

thermogravimetric analyzer. The temperature ramp rate was 5 °C/min and the air flow 

Siemens Primus linear accelerator: X-ray irradiation experiments were carried out 

on Siemens Primus linear accelerator (Siemens medical solutions USA, Inc, Malvern, 

PA). 1.5 ml centrifuge vials were placed in lucite cube with 25 holes - diameter of 1.5 cm 

and spacing of 2.5 cm. Vials were filled with NACs suspension to top. NACs suspensions 

were irradiated at various dose levels. 

Magnetic heating: An alternating magnetic field (AMF) of 20 Aim at 267 kHz was 

used to study the effect of alternating magnetic field on NACs. Nova Star 2 kW RF 

Power Supply, Ameritherm, Inc,Scottsville, NY, USA), heating station (Induction 

Atmospheres). 

4.3. Results and discussions 

4.3.1. Experimental analysis of dye-containing capsule structurel 

Encapsulation of Na-Flu (model molecule) was performed to understand the 

encapsulation properties of NACs. A detailed experimental and modeling analysis was 

performed. The characterization of the release kinetics from delivery (in this case: 

capsules) structures is of primary importance for therapeutic applications, and 

1 Part of this work got published as: Tavera, E. M.; Kadali, S. B.; Bagaria, H. G.; Liu, A. W.; Wong, M. S., 
Experimental and Modeling Analysis of Diffusive Release from Single-Shell Microcapsules. Aiche Journal 
2009,55,(11),2950-2965. 
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mathematical modeling provides insights into the transport properties of these spherical 

materials, as a necessary complement to the experimental data. 

In this section, we present the experimental data to support the analytical solution 

developed by Tavera et al.,33 the model that describes unsteady-state transport from 

multilayered spheres. Tavera et aI., method is based on the finite Fourier-transform 

expansion of Eigen functions of self-adjoint, second-order Sturm-Liouville operators with 

discontinuous coefficients. This differs from other approaches based on Laplace 

transforms or semi-analytical methods. To validate Tavera et aI's, analytical model with 

experimental dye-release results, NACs were used as a composite material comprised of 

a single layer (a polymer/nanoparticle shell with macroscopically uniform properties) 

surrounding a polymer/water interior. The presented experiment-modeling approach 

allows optical microscopy images and release measurements to be readily analyzed for 

estimating diffusion coefficients in capsule core and shell walls. Fig. 4.1 shows the 

schematic ofNa-Flu encapsulation. 

Cationic polymer 

+ 
Multivalent 

anion 4
1+ Na-Flu dye 

--+ 

+ Silica NPs 

Polymer-salt 
aggregate 

Polymer-salt-dye 
aggregate 

Dye encapsulated 
capsule 

Figure 4.1. Schematic showing the synthesis of fluorescein-encapsulated NACs, with the 
shell made ofNPs and polymer. 

Optical DIC and fluorescence microscopy images of the Na-Flu encapsulated NACs 

were collected to know its structural properties (Fig. 4.2, 4.3 and 4.4). The brightfield 
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image in Fig. 4.2(a) shows that the capsules had a thick shell wall and, occasionally, an 

off-center core, and the fluorescence image in Fig. 4.2(b) suggests that the dye molecules 

were located throughout the capsule structure, with the negatively-charged dye associated 

with the positively-charged PAH polymer. With confocal microscopy providing cross-

sectional imaging capability not available in fluorescence microscopy, the dye molecules 

were found located within the shell and polymer-salt regions of the capsules (" 1" and 

"2," respectively, in Fig. 4.2(c)) and not in these off-centered, polymer-free cores ("3", 

Fig. 4.2(c)). We make the assumption that the non-dye-containing region does not affect 

the release of dye from the rest of the capsule. 

Figure 4.2. (a) Differential interference contrast optical image and (b) corresponding 
fluorescence image of Na-Flu encapsulated NACs. (c) Confocal microscopy Image 
showing the three regions in Na-Flu encapsulated NACs. Scale bars: 10 /-Lm. 

Estimation of the shell thickness and the parameter ' Xl ' can be performed usmg 

optical images of the capsules, but the fluorescence contrast between regions 1 and 2 is 

too slight to resolve (Fig. 4.2(b) and 4.2(c)). However, we addressed this problem by 

suspending the capsules in glycine-NaOH buffers of varying pH values and collecting 

their fluorescence images (Fig. 4.3). We anticipated that some higher pH value would 
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cause the polymer-salt aggregate inside the capsule (region 2) to dis-assemble completely 

(due to neutralization of the PAH), thereby revealing the location of the inner shell wall. 

We found a pH of ~9.6 to be most appropriate for dis-assembling region 2 and not region 

1 (the shell). 

Figure 4.3. Fluorescence images ofNACs dispersed in PBS and in glycine buffers of pH 
9, 9.6 and 10.3, for shell thickness estimation purposes. Scale bars: 10 Jlm. 

The shell thickness was determined by collecting intensity line profiles across the 

fluorescence image of capsules dispersed in pH 9.6 and measuring the average distance 

between the intensity midpoints on both sides of the left-hand and right-hand peaks (Fig. 

4.4(a)). The shell thickness was thus measured for 75 capsules of various sizes, resulting 

in the interesting observation that larger NACs had thicker shells (Fig. 4.4(b )). The 
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thickness-capsule diameter correlation was a linear one, yielding a slope from which the 

value of Xl was calculated. 
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Figure 4.4. (a) Schematic of shell thickness analysis. (b) Correlation between particle 
size and shell thickness based on intensity line profiles ofNACs at pH 9.6 (shown in Fig. 
4). 

Finally, the mean particle size and distribution of the capsules were estimated. 

Measuring the capsule size from optical images (Fig. 4.2) would yield incorrect, skewed 

values because capsules below ~0.5 Jlm cannot be resolved with optical microscopy. On 

the other hand, SEM images (Fig. 4.5(a)) can clearly resolve capsules from 1 O' s of nm to 

microns covering the entire range of capsule sizes. The mean capsule diameter and 

distribution was determined by Coulter counter that was supported with SEM images 

(Fig. 4.5). The capsule diameter distribution determined from SEM images gave a mean 

size of3.12 ± 0.42 Jlm (relative standard deviation, RSD = 0.42/3.12 = 13.5%) based on a 

lognormal distribution fit of the data (Fig. 4.5(b)) . 
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Figure 4.5. (a) Scanning electron microscope (SEM) image of NACs and (b) Capsule 
diameter distribution data from SEM images and Coulter counter measurements fitted to 
log-normal distribution. 

There was, however, a concern about capsules contracting when dried for SEM 

imaging, as was observed for other NAC materials32
, 35. To address this issue, we 

measured the diameter distribution of "wet" capsules using a Coulter counter. The 

Coulter counter allows for size distribution measurements of capsules in their wet state 

and with high statistical count (~33,000 capsules). Although capsules below 2 ~m could 

not be sized, a lognormal distribution reasonably fit the collected data (Fig. 4.5(b )). The 

mean size was 3.8 ± 0.54 ~m (RSD = 14.2%), suggesting that the capsule diameter 

shrunk by ~ 18% after drying. The similarity in size distribution shape and the closeness 

in relative standard deviations for the wet and dry capsules gave confidence that the mean 

capsule diameter of 3.8 ± 0.54 ~m accurately describes the size distribution of the dye-

containing NACs. 
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4.3.2. Experimental dye release data 

At various intervals the aliquots were centrifuged and UV -vis was performed on the 

supernatant to quantify the dye released. The amount ofNa-Flu remaining in the capsules 

was also determined by breaking NACs with IN NaOH solution and performing UV -vis 

for mass balance verification. The mass balance of dye was found to be within 93% for 

all samples. The total amount of dye (capsule and supernatant) was found to be 1.5 f.1g in 

each aliquot. It should be noted that we assume dye release does not stop during the 

centrifugation. Fig.4.6 clearly indicates that at increasing time intervals, absorbance of 

UV signal increase from 7.5 min to 185 min. Table 4.1 indicates the amount of Na-Flu 

released at various time intervals. The highest percentage of encapsulation was ~ 0.3 %, 

when 0.34 mg ofNa-Flu was initial added in the synthesis of dye encapsulated NACs. 
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Figure 4.6. UV - visible absorbance profiles ofNa-Flu in the supernatant. 
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Table 4. 1. Amount ofNa-Flu released from 1.5 ml ofNACs solution. The reported 
values are within an error of ± 6%. 

Time (min) Amount ofNa-Flu released 
(Ilg)/ml 

7.5 0.34 

13 0.36 

20 0.38 

35 0.40 

65 0.42 

100 0.44 

185 0.44 

Table 4. 2. Percentage encapsulation ofNa-Flu in NACs. Various initial amounts ofNa
Flu were added in synthesis of dye-encapsulated NACs. The reported values are within 
an error of ± 6%. 

Amount of Amount encapsulated % encapsulation 

Na-Flu (mg) based on NACs (mg) 

34.93 0.026 0.07 
3.34 0.0044 0.13 
0.34 0.0013 0.31 
0.17 0.0003 0.16 

Our experimental release data was verified by analytic model equations developed for 

from single-shell nanoparticle/polymer capsules by Tavera et al (Eq. 21 and Eq 24)33 as 

shown in Fig. 4.7. The analytical solution for dye release successfully captured the 

asymptotic plateau effect of diffusive release. The modeling approach presented here can 

be extended to multi-layered capsular materials and to chemical reaction-transport 

scenarios. Our studies helped in determining the new structural information about the 

nanoparticle-assembled capsules, such as the presence of a polymer-free region within 

the polymer/salt network in the capsule interior, and the linear dependence of shell 
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thickness on capsule diameter. Based on the analytical model, we estimated diffusion 

coefficients in the capsule shell and core, which is comparable to experimental values for 

the similar systems reported in the literature42 • 
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Figure 4.7. Experimental release profile, obtained as an average from three independent 
release studies, displayed with error bars. 

We measured the diffusion coefficient of sodium fluorescein in the polymer-salt 

matrix alone, using QCM-D technique (detailed procedure is given in Appendix B). This 

involves a planar, rather than a spherical geometry. Polymer-salt films were developed 

for - 25 hours, prior to the flow ofNa-Flu. Based on the dissipation values the film could 

be considered a rigid, non-viscoelastic film and the Sauerbrey model could be used for 

mass and thickness calculations43 . The calculated thickness of the deposited PAR/cit film 

was -150 nm after 25 hours, as estimated by both the Sauerbrey model. To perform the 

quantitative analysis, a molecular transport in one dimension was assumed and using 
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Fick's second law, the mass diffused with respect to time was modeled. The diffusion 

coefficient was found to be - 10-19 m2/sec. This is in good agreement with what has 

already been reported for diffusion of rhodamine in polyelectrolyte films42. 

4.3.3. Synthesis of gadolinium encapsulated nanoparticle assembled capsules 

(Gd-NACsi 

Gadolinium, is a lanthanide element in the middle of the periodic table, it has 

procured a lot of significance in the last couple of years in medical diagnostics. As 

compared to platinum in cancer therapeutics and technetium in cardiac scanning, the 

distinct magnetic properties of the gadolinium (III) ion brought a drastic development in 

medicine in magnetic resonance imaging (MRI)44-48. Gd is an FDA approved contrast 

agent for MRI. It provides greater contrast between normal tissue and abnormal tissue in 

the body. Gadolinium looks clear like water and is non-radioactive. After it is injected 

into a vein, gadolinium accumulates in the abnormal tissue that may be affecting the body 

or head. Gadolinium causes these abnormal areas to become very bright (enhanced) on 

the MRI. This makes it very easy to see. Gadolinium is then rapidly cleared from the 

body by the kidneys. Gd3+ is paramagnetic and is unique for its high magnetic movement. 

MRI is formerly referred to as magnetic resonance tomography (MR T) or m 

chemistry, nuclear magnetic resonance (NMR), is a non-invasive technique used to 

render images of the inside of an object. It is primarily used in medical imaging to 

demonstrate pathological like brain tumor from normal tissue or other physiological 

alterations of living tissues without harming the tissues. One advantage of an MRI scan is 

2 Part of this work got published as: Plush, S. E.; Woods, M.; Zhou, Y. F.; Kadali, S. B.; Wong, M. S.; 
Sherry, A. D., Nanoassembled Capsules as Delivery Vehicles for Large Payloads of High Relaxivity Gd3+ 
Agents. Journal of the American Chemical Society 2009,131, (43),15918-15923. 
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that it is harmless to the patient. It uses strong magnetic fields and non-ionizing radiation 

in the radio frequency ranges that are evaluated using computer technology to view three-

dimensional images of the body. Various types of MRl contrast agents have been 

developed such as iron particle-based agent and manganese (II) chelate. But gadolinium 

(III) continues to be the potential starting material. The reasons for this include the 

direction of MRl development and the nature of Gd chelates. The challenge is too 

enhance relaxation enhancement for the Gd(III) ligands such as GdDOTp5
-, GdDOTA 4-

These salts are stable, highly negatively charged polyanions. 

Our goal was to make Gd-NACs and enhance the relaxitivity signal considerably. 

Formation of Gd- NACs through nanoparticle assembly is shown in schematic (FigA.8). 

The ideas was to make use of these polyanions as salts and form aggregates with 

positively charged polymers such as PLL, PAH and finally make Gd-NACs with silica as 

shell material. 
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Figure 4.8. Schematic of nanoparticle assembly using Gd (III) salts. 
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The conformation of PAH (PKa ~ 8.5) in aqueous solution depends on the degree of 

protonation of the amino group of the side chain. At neutral pH, the polymer would be in 

an extended, random coil conformation due to complete protonation. The addition of the 

negatively charged GdDOTp5
- - ethanol mixture to PAH clearly led to the formation of 

PAH-Gd floes, characterized by DLS, the mean diameter shown is approximately 500 

nm. Si02 NP addition to the P AH-Gd aged suspension resulted instantaneously in the 

formation of microcapsules called as Gd-NACs. 

In solution Gd-NACs looks like as shown in Fig 4.9a in solution under optical 

bright field. Gd-NACs are not clearly visible since the particles are in sub-micron size 

and optical microscopy cannot resolve particles well in the submicron regime. When the 

spheres were dried and under SEM they look as shown in Fig 4.9b. The Gd-NACs hollow 

spheres are pressed on one side. The structure of a sphere being pressed on a side is 

attributed to the very thin shell wall and/or when the water that is present in the Gd

NACs dries collapses the structure on a side. 

Figure 4.9. a) Optical bright field image b) SEM image Gd-NACs. Scale bar is 500 nm. 
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The interaction of GdDOTPs- with a cationic polymer in the polymer-salt 

aggregate would be anticipated to limit the freedom of motion of the chelate so, 

providing that water molecules have continued access to the second-hydration sphere, the 

increased rigidity afforded by the aggregate should result in a longer relaxivities. In 

addition to controlling the rigidity of the system, and thus the motion of the contrast agent 

(CA) when designing NP systems for MRI one must ensure that water molecules 

associated with the CA (GdDOTps-) have access to bulk water as this is critical to the 

function of an MRI CA. Addition of Si02- NPs are known to be permeable to small 

molecules such as water and ions, hence should allow access of water to an encapsulated 

MRICA. 

The water relaxation enhancement studies were carried out in Dr Sherry's research 

group in UT-Dallas. As a control, polymer-Gd salts aggregate, Gd-NACs samples were 

prepared. Water relaxation studies are carried on these samples. The results show that 

there is considerable (5 times more) increase in the relaxation time for the polymer-Gd 

salt aggregates and Gd-NACs as compared to bare GdDOTps- as shown in Fig. 4.10. 
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Figure 4.10. Temperature-dependent relaxivity of Na5[GdDOTP] (.),polymer-Gd salts 
aggregate (0) and Gd-NACs (.), data collected by Dr. Zhou. 

The polymer-Gd salt aggregated particles with no Si02 coating (open circles) and the 

one with Si02 coating (solid circles) show an enhanced relaxivity compared to 

GdDOTp5- alone. This could be due to interactions of GdDOTp5--water-ploymer by 

catalytic exchange of adjacent protons on the amine. The shape of the temperature 

dependent data for the aggregate is similar to that of GdDOTp5- - both are consistent with 

water and/or proton exchange. However the shape of the encapsulated system is a bit 

more flat. This indicates that water exchange is a bit slower with Gd-NACs system 

compared to polymer-Gd salt aggregates. Since the outer layers of Si02 nanoparticles 

would effect on interaction between the bound GdDOTp5- inside the particles and the 

exterior water. These results indicate that the encapsulated Gd salt has higher relaxation 
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time and thus have potential applications in enhancing the image contrast during MR!. 

Plush et aI., has extended the concept of GdDOTp5- encapsulation in NACs to other 

cationic polymers such as poly-L-Iysine, poly-L-arginine and also by using solvents such 

as acetonitrile. Plush et aI., performed inductively coupled plasma mass spectrometry 

(ICP-MS) studies on Gd-NACs made in the similar fashion as explained in synthesis of 

Gd-NACs25 • The solutions of the NACs were filtered through 10kD MWCO membranes, 

and analysis of the filtrate for Gd3+ by ICP-MS showed that level of Gd3+ in the filtrate 

was below the detection limits of ICP, indicating that essentially all the GdDOTp5- was 

trapped within the NAC core. 

4.3.4. Encapsulation of Uracil and Doxorubicin 

We have studied the encapsulation of uracil and doxorubicin in NACs. Uracil can be 

used for drug delivery and as a pharmaceutical. Doxorubicin is a drug used as cancer 

chemotherapy. Table 4.3 and 4.4 indicates % encapsulation of uracil and doxorubicin 

respectively with respect to various volumes of drug added in NACs synthesis. The 

highest percentage encapsulation for uracil was - 0.07 % and for doxorubicin it is - 0.06 

%. 

Table 4. 3. Percentage encapsulation of uracil in NACs. Various initial amounts of uracil 
were added in synthesis of encapsulated NACs. 

Volume of Uracil added % encapsulation 
in - NACs synthesis (Jll) 

25 0.00 

50 0.06 

184 0.06 

367.5 0.07 

735 0.07 
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Table 4. 4. Percentage encapsulation of doxorubicin in NACs. Various initial amounts of 
doxorubicin were added in synthesis of encapsulated NACs. 

Volume of DO X added 
in albumin - NACs 

synthesis (Ill) % encapsulation 
10 0.00 

25 0.05 

50 0.06 

100 0.06 

250 0.06 

Uracil and doxorubicin have very less encapsulation in NACs since, uracil is 

hydrophobic and scarcely soluble in water, and has no negative sites to bind to polymer 

PAH. Doxorubicin is soluble in water, has hydrophobic groups but its positive charge 

results in repelling from PAH and hence results in low encapsulation. Na-Flu also has 

low encapsulation in NACs. Na-Flu is water soluble, hydrophilic and has negative sites. 

Since it is highly water soluble, the encapsulated Na-Flu leaks from NACs and finally 

results in low encapsulation. It was shown in our studies that NACs are able to 

encapsulate cargo molecules which are water soluble and have predominantly hydrophilic 

and hydrophobic groups. The extended of loading depends on the features of cargo 

molecules. Typically in our NACs synthesis, the cargo molecules is added to polymer-

salt aggregates and aged for few minutes before adding the shell material. Yu et aI., 

showed that NACs can encapsulate NlR dye lCG to as high as 26 % by weight. It is 

hypothesized that lCG has high loading in NACs since the hydrophobic part ofICG plays 

an important role in interacting with hydrophobic back bone polymer PAH. Also, the net 

negative charge of lCG interacts electrostatically with positive sites of P AH. Our studies 

showed that the ideal cargo molecule should be water soluble, have a net negative charge, 
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and hydrophobic backbone to have a high loading in NACs. Highly negatively charged 

molecules such as Gd[DOTPtcould be used as multivalent anions to form aggregates 

with positively charged polymer, this results in high loading of the cargo molecules. Caro 

molecules which have features similar to ICG and Gd[DOTPt might have high loading 

in NACs. 

4.3.5. Concept of X-ray-sensitive capsules 

Microcapsule delivery devices have the potential to treat cancer where the protected 

contents can be released at the tumor site. Designing a targeted release system for cancer 

treatment requires knowledge of the various treatment methods to ensure that the delivery 

and release system avoids unexpected damage. Since treatment methods include radiation 

therapy, chemotherapy, hyperthermia, ultrasound, and photodynamic therapy. 

Microcapsule delivery systems need to be protected from a wide variety of potentially 

damaging sources. In contrast, microcapsule delivery systems could be designed to 

interact with an external stimulus to release the protected contents. In this case, the design 

would be sensitive to one specific treatment but protected from others. Radiation therapy 

is widely used for caner treatment. Typically, this is used as an independent method or 

combined with other treatment methods. 

X-rays generate chemical species when irradiated with water, leading to e- free 

radical, W, H· radical, OH· radical, H2, H202, and other species. Its has been shown 

earlier that radicals can interact with groups such a s amino, thiol and result in either 

cleaving them from its attached polymer chain. We tested the response our NACs to the 

radicals generated by X-rays. The shell wall could be engineered in such a way that it can 

efficiently open upon contact with the X-ray generated radicals. 
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Demonstration of the surface deformation of Silica-NACs through X-ray irradiation 
(High Dosage -- 600 Gy) 

Effect of X -ray dosage on the structural properties of the empty NACs using the X-

ray facilities was performed. To determine if there was any effect on shell structure upon 

X-ray irradiation, we prepared silica NAC sample for irradiation, and found that 

structural modification of the shell was possible (Fig. 4.11). Capsules consisted of poly 

allyamine (PAH), citrate, silica nanoparticles (NPs). They were subjected to X-ray 

irradiation with various dosages ranging from 0 Gy- 600 Gy. The scanning electron 

microscope (SEM) images of the capsules show that the capsules are pretty robust to high 

dosages (~ 240 Gy). On subjecting to ~ 420 Gy and ~600 Gy irradiation, the capsule 

starts to deform and rupture. At high enough dosages these capsules shell starts breaking 

which is seen around 600 Gy. 

Figure 4.11. a) SEM images of irradiated NACs with various dosages (shown in inset) 
Scale bar 5 /lm. 
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Demonstration of the surface deformation of Albumin-NACs through X-ray 
irradiation (Low Dosage....., 60 Gy) 

The concept is to make X-ray sensitive capsule, which show response at low dosage 

levels. The Silica-NACs are not a good candidate for low-dosage irradiation levels. We 

plan to decrease the irradiation dosage level and engineer the capsule accordingly. We 

explored the possibility of using biocompatible species (Albumin) to form the capsule 

shell wall. Albumin-NACs with poly allylamine(PAH), phosphate and HSA (huma-

serum albumin) composition was made. The Albumin-NACs had shown a prominent 

effect upon X-ray irradiation as shown in Fig. 4.12. At dosages ~ 60 Gy, the wrinkling of 

the capsules was observed. This material is promising for making X-ray sensitive 

capsule. 

Figure 4.12. a) SEM images of irradiated Albumin NACs with various dosages (shown 
in inset) Scale bar 2 /lm. 

We hypothesis that upon water hydrolysis, OH radicals gets generated has a 

prominent effect on the shell material. In the case of Silica-NACs, the shell material 

consists of PAH and silica NPs. The OH radicals cannot break the entanglement of PAH 

. and silica NPs at low dosages. Whereas in the case of Albumin -NACs, the OH radicals 
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are able to chemically react with protein molecule (albumin) and break the shell material 

at even low dosages. 

4.3.6. Polyamine - Iron oxide composite microcapsules and responsive studies 

Magnetic nanoparticles (MNPs) have been attracting a great amount of attention 

because of their numerous applications including contrast agents in magnetic resonance 

imaging (MRI)49-5t, magnetic targeted drug carriers, and hyperthermia treatments for 

cancer. However, complications, including aggregation of MNPs, have limited their use 

in drug delivery applications52-56• To overcome these limitations, several methods have 

been developed to coat magnetic particles. One method includes coating them with 

polymers to produce polymerlMNPs for increasing the MNP dispersion and stability. 

This method also increases the efficiency of loading and releasing drugs to specific 

locations for the treatment of various diseases including prostate cancer. 

The major objective of this study to was to develop polymer microcapsules loaded 

with iron oxide magnetic nanoparticles. Transmission electron microscopy indicated the 

size of our NPs were about 20 nm. NACs would provide a means for magnet targeting 

capabilities. Synthesis of magnetic capsules and its responsive studies are explained in 

further section. Fig 4.13a the Fe304-NACs in DI-water and (b) shows the Fe304-NACs in 

suspension and its sensitivity towards a magnet. 
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Figure 4.13. (a) Fe304-NACs in DI-water and (b) shows the Fe304-NACs in suspension 
and its sensitivity towards a magnet. Scale bar is 10 /-lm 

A TGA study of as-synthesized NACs indicated that 85% of the material was non-

volatile (i.e. , composed of Fe30 4), and the balance was the PAH and cit compounds 

(FigA.14). The loss of volatiles occurred in three stages: <100°C, 185-265 °C, and 265-

600°C. The first stage was likely due to the loss of water. The second and third stages 

could be due to the decomposition of cit anions and PAH chains, respectively. Since all 

the organics were volatilized from the NACs by 600°C, we used a calcination 

temperature of 600 °C. 
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Figure 4.14. TGA weight-loss and weight-loss-rate profiles of Fe304-NACs . 

Responsive to magnetic field 

To test the sensitivity of magnetic field on Fe304-NACs, capsules were placed on a 

glass slide and covered with cover lid and magnetic field strength of 0.01 T is applied in 

X direction and Y directions. Fig. 4.1Sa shows Fe304-NACs in Brownian motion. Once 

magnetic field is applied in X direction, Fe304-NACs align in a straight line in the 

direction of applied magnetic field (Fig. 4.1Sb). The orientation was changed 

perpendicular to X axis i.e field is in the Y direction. Fe304-NACs reorient in Y direction 

(Fig 4.lSc). Fe304-NACs return to Brownian motion when the magnetic field is removed 

(Fig 4.1Sd). 
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Figure 4.15. (a) Fe304-NACs in Brownian motion no magnetic field applied,(b) applied 
magnetic field in X direction (c). in Y direction, and (d) after removing magnetic field. 
Magnetic field strength of 0.0 1 T is applied. Scale bar is 10 /-lm. 

Magnetic heating studies 

Magnetic heating on Fe304 - NACs was carried out on Nova Star 2 kW, Ameritherm. 

Fig 4.16a shows the instrument used for heating experiments. Fe304 - NACs were placed 

at the centre of the coil (Fig. 4.16b) and temperature measurements are taken using a coil 

temperature detector (Fig 4.16c). 
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Figure 4.16. (a) Nova Star 2 kW RF Power Supply, Ameritherm, b) Fe304 - NACs in 1.5 
ml centrifuge vial placed at the centre of the coil, c) temperature detector. Magnetic 
heating experiments were carried at current: 208.3 A, frequency: 267 kHZ, Magnetic 
field strength - H = 20 KA/m, Magnetic flux density - B = 0.025 T. 

Magnetic heating rates, were carried out with various concentration of F e304 - NACs 

in suspension. Fig. 4.17 shows the heating rates of Fe304 - NACs with applied magnetic 

field through induction coil. Fe304 - NACs with Fe304 concentration of 2.5 mg/mL heats 

up the suspension to a temperature of 60°C in 20 min. Only Fe304 NPs heats upto 63°C 

in 20 min. The heating rate of Fe304 - NACs is similar to that of Fe304 NPs for the same 

concentration. However, if Fe}04 - NACs concentration goes down to 1.0 mg/mL then 

the temperature rise goes only up to 40°C and 30 °c for 0.3 mg/mL. It has been shown 

previously by researchers that if the particle diameter ofFe}04NP is ~ 15 nm49
, 56, then it 

generates maximum heating rate upon applying magnetic field. The heat is generated 

mostly by Brownian and Neel's relaxation. 
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Figure 4.17. Temperature vs time of Fe30 4 - NACs In suspension at various 
concentrations of Fe30 4, magnetic field applied for 20 mins. 

Fe30 4 - NACs retain spherical nature even after applying magnetic field. Fig 4.18 

shows SEM image of Fe30 4 - NACs in DIW and Fig shows SEM image of Fe30 4 -

NACs after applying magnetic field for 20 mins. The surface becomes rougher compared 

to Fe30 4 - NACs in DIW. This could be because of few NPs falling apart from the 

capsule surface as the result of high local heating rate. 
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Figure 4.18. (a) SEM image of Fe304-NACs in Dl-water, (b) SEM image Fe304-NACs 
after subjecting to magnetic field for 20 mins. Scale bar is 2 Jlm 

Encapsulation of ICG in Fe304-NACs 

ICG was successfully encapsulated in Fe304-NACs. Fig 4.19a shows the bright field 

and confocal microscopy images of ICG- Fe304-NACs in DIW. Right half image is 

confocal image and the other half is the bright field image of the same spot. Confocal 

images revealed that most of the ICG (green color) is present inside the capsules. Fig 

4.19b shows the confocal and bright field images of ICG- Fe304-NACs after subjecting 

them to magnetic field for 20 min. Fig 4.19b clearly indicates that ICG has leaked out of 

capsules and most of them is present out side NACs. Our results indicated that Fe304-

NACs could potential be used to encapsulate cargo molecules and can be released upon 

triggering with applied magnetic field. 
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Figure 4.19. Bright field images and confocal images of a) ICG-Fe30 4NACs in DI- water, 
no magnetic field was applied b) ICG-Fe30 4NACs, after magetic field applied for 2 mins. 
Right half image is confocal image and the other half is the bright field image of the same 
spot. 

4.3.7. Responsive to pH and salt 

The structure of NACs is held together by the electrostatic interactions of PAH, 

citrate and silica NPs. It can therefore be expected that the NACs structure will be 

sensitive to the solution pH. To test the pH sensitivity, silica NACs were dispersed in 

solutions of varying pH by keeping the ionic strength as constant. Fig. 4.20 (a, b, c) 

shows the capsules stability at pH 2, 6 and 12 respectively at 10 mM ionic strength. At 

very acidic (PH 2) and basic pH (12), the capsules disassemble. Salt concentration is an 

important physico-chemical parameter which will regulate the strength of electrostatics. 

The ionic cross-link density and conformations of PAH, Cit and NPs can be varied, 

therefore should effect the stability of NACs. To study the effect of salt, NACs were 

suspended in 0 mM (DIW), 150 mM, and 1M ionic strength solutions. Fig 4.20 (d, e, f) 

shows the capsules stability at various ionic strengths. At high ionic strength (1 M), the 

capsules collapses and fragments into pieces. Detailed explanations on these studies are 

given in chapter3. 

133 



Figure 4.20. Confocal microscopy images of NACs suspended in various final pH 
conditions (a) pH =2.0, b) pH = 6.0, c) pH = 12.0, and various ionic strength solutions, d) 
OI-water, e) 150 mM NaCl, and f) 0.5 M NaCl. Scale bar is 5 Jlm. 

4.3.8. Responsive to physical pressure and temperature 

NACs were subjected to physical pressure by placing silica- NACs on a glass slide 

and applying the physical pressure by fingers . Confocal images show that capsules 

buckle (Fig. 4.21 a) upon applying physical pressure. More detailed analysis to determine 

the mechanical properties of the capsules are discussed in chapter3. To study the effect of 
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Figure 4.21. Confocal microscopy images of NACs (a) after applying physical 
pressure=2.0, b) pH = 6.0, c) subjecting to a temperature of 80 °C. Scale bar is 1 ° Jlm. 

temperature, silica-NACs were subjected to 80°C and the confocal images reveal that it 

doesn ' t effect the capsule structure (Fig. 4.21 b). Also, capsules retain their structure even 

after subjecting to a calcination temperature of 600 °C. 

4.4. Conclusions 

In conclusion, we studied the possible encapsulation of molecules such as fluorescein, 

Gd[DOTP]5-, anticancer drug - doxorubicin hydrochloride doxorubicin, uracil in our 

NACs. Our experimental data on fluorescein verified the analytical model developed for 

dye release from single-shell nanoparticle/polymer capsules by Tavera et al. Based on the 

analytical model, we estimated diffusion coefficients in the capsule shell and core, which 

is comparable to experimental values for the similar systems reported in the literature. 

The result of our studies helps in better understanding about the encapsulation properties 

ofNACs and its potential usage for applications. The shell can be designed in such a way 

that the cargo can be released at desired time intervals, by triggering the capsules by 
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varying either one or more of the following parameters such as pH, ionic strength, 

external pressure, and interaction with X-rays. Our results indicate that NACs, have 

interesting behavior in response to different pH and ionic strength values. X-ray (via 

radiation therapy) sensitivity studies are carried out on NACs. Radiation therapy is based 

on high-energy photons, protons, and electrons; however, the majority of radiotherapy 

treatments are based on high-energy X-rays. Therefore, X-ray sensitivity is an important 

design parameter, either for release or protection. NACs could be engineered in such a 

way that becomes sensitive to X-rays with various levels of irradiation. Magnetic-NACs 

were tested for their sensitivity with the applied alternating magnetic field. Our results 

indicate that magnetic-NACs could heat up to - 60°C in 20 mins. 
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Chapter 5. Formation of elongated nanoparticle/polyamine
assembled microcapsules using microfluidizer 

5.1. Introduction 

We have developed a materials synthesis technique in which synthetic polyamines such 

as polyallylamine and/or poly lysine are crosslinked with multivalent anions (citrate) to 

form polymer-salt aggregates, that then serve as templates for the deposition of 

nanoparticles to form micron-sized hollow spheres or "nanoparticle-assembled capsules 

(NACS)"I-IO or also called as "polymer-salt aggregate assembly" (PSA). This 

electrostatically-driven route is attractive for encapsulation and scale-up because 

encapsulation and materials formation occur in water, at mild pH values, and at room 

temperature. NACs showed potential applications in using them as MRI contrast agents -

showing larger gains in relaxivity3, phototherapy6, protease imaging, and siRNA 

therapyll. NACs can potentially find wide-ranging applications in pharmaceutical, food, 

and consumer industries by serving as miniature containers to store, deliver, and release 

substances. One of the most encouraging aspects of NACs is the flexibility in design of 

materials to tailor them for specific applications. Although synthesis of NACs is well 

understood, less attention has been paid to their particle shape. Non-spherical NACs 

could possibly offer unique properties by comparison to spherical NACs. 

Typically most of the colloidal particles are spherical in nature. During synthesis, 

surface tension forces overcome all other forces resulting in the formation of spherical 

particles. On the other hand, non-spherical particles gives an immense prospective for a 

wide variety of applications such as in cosmetics, biotechnology, advanced structural 
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materials, and pharmaceuticalsI2-15• Spherical particles are the most helpful carriers for 

drug delivery, researchers are finding that rod-shaped carriers may give a benefit of 

having longer circulation time in the blood streaml6, 17 (eg: longer circulation times are 

needed for phototherapy). Researchers have shown that anisotropic particles could be 

used as rheology modifiers l8, 19. Cylindrical particle suspensions influence the rheology 

behaviour as reported by Wolf et ai. 19, under low shear the cylindrical shape influences 

in increasing the viscosity of the suspension. In high shear zone, the cylindrical particles 

orient in the direction of shear direction, hence the relative viscocity is lower in the shear 

direction compared to spherical particles2o• The distinctive feature of non-spherical 

particles is that they can pack more closely than spherical ones21 • Also they behave 

differently from spherical ones under similar conditions such as electric, and magnetic 

fields22-24• Composite materials with light -weight and exhibiting unique mechanical 

properties have been formed by non-spherical particles such as fibers and platelets25• 

Such exciting properties can guide to new applications and generate plethora of 

opportunities for areas that have conventionally used spherical particles. 

Various methods for producing non-spherical particles have been developed based on 

specific application. Techniques such as lithography, microfluidics and photo 

polymerization are explored to synthesize anisotropic particles26-36 . Rolland et aI., 

exploited conventional soft lithographic molding methods to generate PEG, PLA, and 

poly(pyrrole) particles of various shapes37• Xu et aI., and Dendukuri et aI., used 

combination of microfluidics and polymerization techniques to form solid particles of 

several non-spherical geometries26, 28, 38. Alternatively, non-spherical particles could be 

produced by taking spherical particle as a template and being manipulated to form 
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different morphology. Manoharan et aI., demonstrated the assembly of poly styrene (PS) 

particles using emulsion droplet as a template29. Ho et aI., created ellipsoidal PS particles 

by stretching PS particles embedded in a polymer film39. Champion et aI., has 

demonstrated the formation over twenty different structures by modifying the stretching 

protocol on PS particles27, 29. The various methods discussed above have distinctive 

d ta d 1· . . 18 39-53 Fl· . fl ·d· th d h d a van ges an ImItatIOns' . or examp e, In mIcro Ul IC me 0 s, s apes an are 

limited by microchannel geometry. Design and fabrication of non-spherical particles is 

more complex with the self-assembly method54. Projection photolithography techniques 

shape sizes are driven by the mask used. It is very expensive to construct equipment that 

is capable of writing features at the diffraction limit. 

In this paper, we discuss transforming spherical NACs to non-spherical NACs using 

microfluidizer (M-llOS model)55. Polymer-salt aggregates are very unstable and elastic 

in nature. This spherical soft polymer-salt aggregate gets elongated upon applying shear, 

and retracts back to its spherical structure. The aqueous suspension consisting of 

polymer-salt aggregates behave as visco-elastic material. Visco-elastic is the property of 

materials that exhibit both viscous and elastic characteristics when undergoing 

deformation. Our rheology experiments on polymer-salt aggregates suspension revealed 

the visco-elastic behavior and act as mild shear thinning fluid. We take advantage of the 

visco-elastic behavior of polymer-salt aggregates. These aggregates under 

elongation/shear undergo elongation that is afterwards transformed to non-spherical 

NACs through further simple, processing steps. Process parameters were also explored to 

control the size and generate more non-spherical structures. 
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5.2. Experimental methods 

5.2.1. Materials 

Poly{allylamine hydrochloride) ("PAH," 56,000 g/mol, Sigma-Aldrich), Poly styrene 

sodium sulfonate ("PSS-Na"- 200,000 g/mol, Sigma-Aldrich), trisodium citrate ("cit", 

Fisher Scientific), and colloidal Si02 (Snowtex-O type, 20.3 wt% Si02, pH 3.4, ionic 

strength I = 16.9 mM, Nissan Chemicals) were the precursors used. The Si02 NP 

diameter was measured to be 13±3 nm by dynamic light scattering. The NPs had a zeta 

potential of -16 mY, calculated from electrophoretic mobility measurements using 

Henry's equation. Deionized water (18.2 Mn, Barnstead Nanopure Diamond System) 

was used for the PAH and cit stock solutions, and a HCI solution (I N, Fisher Science) 

was diluted with deionized water to a pH value of 3.5. The Si02 NP suspension was 

diluted with this HCI solution to 1.2 wt%. 

5.2.2. Synthesis of elongated NACs 

An aqueous PAH solution (14 mL, 5 mg/mL or 2 mg/mL) was mixed with an 

aqueous cit solution (35 mL) in a 50 mL beaker for few seconds. For the R charge ratio of 

2 studied in this work, the cit concentration was 14.2 mM for [PAH] = 5 mg/mL or 5.68 

mM for [P AH] = 2 mg/mL. R is defined as the ratio of total number of negative charges 

from the salt to the total number of positive charges from the polyamine. A turbid 

mixture immediately resulted, indicating the formation of polymer-salt aggregates. This 

suspension was immediately poured in into the micro fluidizer chamber. Polymer-salt 

aggregate is then subject to various number of strokes. In the second step NPs are 

146 



injected using a syringe into the mixing chamber and then subjected to various numbers 

of strokes accordingly. The system is maintained in isothermal conditions. The solution is 

collected and kept for 2 hours before processing it further. Most of the supernatant (2/3 

volume) was removed and replaced with the same volume of deionized water, and the 

mixture was re-agitated and re-centrifuged. This cleaning procedure was repeated twice 

to remove any unreacted precursors. The washed material NACs are collected and 

characterized by optical and SEM microscopy. 

5.2.3. Characterization 

Optical Microscopy: Optical microscopy was performed on a Leica DM2500 upright 

microscope equipped with 100x oil immersion objective (numerical aperture = 1.4). 

Bright field and differential interference contrast (DIC) images were taken at 100x 

magnification. 

Scanning Electron Microscopy (SEM): Scanning electron microscopy was carried 

out using FEI Quanta 400 field emission scanning electron microscope. Secondary 

electron images ofNACs were taken at 20 kV electron beam with a working distance of 

10 mm. The NACs suspension containing dye were washed twice with water, loaded on 

an aluminum stub and dried. The sample was sputter-coated with gold for 1 min (-25 nm 

of Au film) prior to imaging. 

Transmission Electron Microscopy (TEM): Capsules were dried on a carbon-coated 

copper grid and imaged with a JEOL 1230 High Contrast TEM operated at 80 kV. 
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5.3. Results and discussions 

5.3.1. Formation of polymer-composite elongated structures· 

It was known from our previous studies that in the first step of NACs synthesis i.e 

polymer-salt aggregates, they behave like visco-elastic and unstable structures. Upon 

addition of NPs to these unstable structures, it locks the polymer-salt aggregates and 

forms a robust polymer filled or water filled structures. In this work, we focus on 

subjecting the polymer-salt aggregates to shear and elongation flow and elongate them 

and then lock the elongated polymer-salt aggregates by addition ofNPs. 

The microfluidizer chamber and a schematic of Y- junction are shown in Fig. 5.1. 

Our proposed hypothesis was being tested by subjecting the polymer salt aggregate to 

shear/extensional flow by passing the pre formed polymer-salt aggregate to the reaction 

chamber and subjected to high shear created when the stroke pressure is 20K PSI for 20 

strokes (step A) - 6 passes. The NPs are then added to the micro fluidizer and subjected to 

20 strokes (step B) - 6 passes. The resulting suspension was collected and imaged under 

SEM. It is clearly evident from the Fig. 5.2( d) that the 90% of the structures formed are 

non-spherical. In contrast, spherical structures where formed in the beaker synthesis in 

Fig. 5.2(a) where polymer-salt aggregates don't undergo any elongation. Simply by 

applying shear/extensional the NACs morphology can easily be transformed from 

spherical to elongated structures. In the following sections, the processing parameters are 

discussed in detail. 
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Figure 5.1. (a) Schematic of the microfluidizer chamber (redrawn from 
microfludicscorp.com), (b) schematic showing the formation of elongated polymer-salt 
aggregates in Y -junction. and (c) high shear zone 

5.3.2. Effect of pressure. 

Pressure could be changed accordingly in the microfluidizer to apply variable stresses 

(both shear and elongation or extensional) on polymer-salt aggregates. The microfluidizer 

chamber's width and depth dimensions are typically in the range of 50-300 Jlm. The 

minimum dimension used in our experiment is of 75 Jlm. The input stream is split into 

two equal channels and then recombines at the end of the chamber as shown in Fig. 5.1a. 
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In our studies, 0, 5000, 10000, and 20000 PSI pressures were applied by the 

intensifier pump used to generate a fluid velocity (Uavg) of approximately 0, 258.33, 

357.82 and 495.62 mls respectively to produce elongated NACs. 

Figure 5.2. SEM images of elongated NACs formed by subjecting polymer-salt 
aggregates to various to (a) OK, (b) 5K, (c) 1 OK, (d) 20K PSI pressure. Approximately 
300 particles were counted on the SEM images using ImagePro software to determine the 
particle size of spherical NACs shown in (a) (mean particle size is 1.5 micron with a 
relative standard deviation of 28 %) Initial particle size of polymer- salt aggregate is 1.5 
micron. Scale micron. Scale bar is 5 micron 

As shown in Fig. 5.2 (b to d) the formation of elongated NACs (NACs-E) at 5K, 10K, 

and 20K PSI pressure respectively. Selectivity of non-spherical NACs increases when 

polymer-salt aggregates are subjected to increasing shear and elongation stresses. The 
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selectivity of NACs-E at 5K, 10K and 20K PSI applied pressures is 14 %, 75 %, and 90 

% respectively. A thorough analysis was carried out to explain the trends of the length 

and width elongation of NACs for the various applied pressures. Approximately 300 

particles from SEM images were analyzed to calculate average dimension of elongated 

NACs. The average lengths for 5K, 10K and 20K PSI samples are 3.69, 2.08 and 1.80 

micron respectively. The average width for various pressures is 0.75 micron. A log-

normal fitting was performed on the experimental data to determine the trends in the 

distribution. It can be clearly distinguished that in Fig. 5.3 (a, b). The L/W (length to 

width) ratio for 5K, 10K, and 20K PSI samples are 4.92, 2.78, and 2.40. 
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Figure 5.3. (a) Relative distribution plots for length (a) and width (b) for 5K, 10K, 20K 
PSI pressure along with log-normal fits respectively. 

5.3.3. Mathematical model 

A mathematical model has been developed to understand the formation of elongated 

structures. Analysis has been carried to understand if the deformation of polymer-salt 

aggregates is mainly because of the extensional (elongation) rate or shear rate. All the 
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treatment was done considering Newtonian fluid behavior. Reyonlds number (Re) ~ 

21 ,000 before the split zone (region 1) and after the fl uid stream splits (region 2) in half 

(assuming ~p ~ 5000 PSI, diameter before split zone diameters as 300 micron , after fluid 

stream splits in half as 150 micron diameter). Reynolds number indicates that the fluid 

stream is highly turbulent. Boundary layer thickness (8) was estimated to be in the range 

of 2 to 15 micron in the duct of region 1 and 2. The boundary layer ~ 5 % of region 1. 

The boundary layer is small respect to the dimensions of the duct. The schematic of y-

junction of the microfluidizer is as shown in Fig. 5.4. Assuming an angle of -A1t between 

the two ducts, a model has been developed to estimate the velocity profiles at the wedge 

intersection in X and Y directions are shown in the schematic. Ux and, Uy represent 

velocities in x and y axis respectively. Vo is upstream velocity. 

Figure 5.4. Variables used in the transformation technique. The analysis of the boundary 
layer and the flow is done in section shown as a red dashed line rectangle. 
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Assuming the boundary layer is small respect to the dimensions of the duct. The 

equation of motion can be written for x-direction as: 

(E.l) 

In equation E.l, the x-direction is the direction parallel to the physical boundary 

solid-fluid, and y is the axis normal to the solid-fluid interface. Assuming mechanical 

energy conservation, the x-momentum balance is simplified to the form 

(E.2) 

Where p is density .. J.L is viscosity, V= J.L/p is the kinematic viscosity, Vo is the fluid 

stream velocity. Equation (E.2) was written in dimensionless form via transformation 

technique, and using the free parameter methods6• It is converted in the differential 

equation form known as Falkner and Skan equations7• This equation is used to predict the 

flow past edge with an angle A.1t. 

Using transformation technique, we can convert this differential equation into a well 

known Falkner and Skan equations7 and flow past a wedge with an angle A.1t. 

(E.3) 

The boundary conditions are: 

f = / = 0 for 1] ~ 0 indicates velocities at the surface for x and yare zero (EA) 

/ = 1 for 1] ~ 00 Indicated constant velocity beyond the boundary layer (E.5) 

(m-l) 

Where m = - A , ReL = L U L , 1] = J.- {(m+lJ Re~/2 (~)-2-, L is the characteristic 
,1,+1 v LV~ L 

length. Equation E.3 can be solved numerically and the velocity components and the 

153 



extensional strain may be calculated using transformation variables. The final obtained 

equations are 

u = a If/ = B xml' 
x By (E.6) 

-u =81//= /(m+I)vB x(m;I)(f+(m-l)77f') 
y ax V 2 m+l 

(E.7) 

The extensional strains are calculated with the derivatives of each velocity: 

aux = B mxm-1/' + B xm I" d17 
ax dx 

Writing all the equations in dimensionless form: 

Ux (x)m I' 
BLm = L (E.I0) 

_~Rel/2 = /m+l (~)(m;l)(f +(m-l)17f,) 
LmB L V~ L m+l 

~ aux = m (.:.)m-l I' + (.:.)m I" L d17 
Lm B ax L L dx 

(m-l) 

_~Rel/2 8Uy = (~)-2-(f' + (m -1)( 17 f" + f,)) L d17 
L m B L ay L m + 1 dy 

(E.8) 

(E.9) 

(E.ll) 

(E.12) 

(E.13) 

Where 1// is stream function, B is proportionality constant; see appendix equation 

A.27.The extensional rates are calculated with equations (E.8) and (E.9).The shear stress 

close to the inlet of the ducts can be estimated using Blasius approach (See appendix for 

calculations). Assuming an angle of 135° between the two ducts (estimated from Fig. 
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5.4), the dimensionless velocity profile is shown in Fig. 5.5. It can be seen in the diagram 

the component of the velocity in y direction is negligible for a length of x=4. The steeper 

extensional strain rate is located close to the inlet zone (0,1). This can be verified in the 

Fig. 5.6. 
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Figure 5.5. Dimensionless velocity profiles, this section corresponds to the zone of 
dashed red line box in the Fig. 5.4 near point S (O,O) ' Ify/8 = 1.0 indicates the end region of 
boundary layer. (x18 ,y/8) = (0,0) corresponds to S (O,O). 
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Figure 5.6. The extensional strain in the zone of the dashed red rectangle in Fig. 5.4. Plot 
indicates the zone for higher deformation of particles is the point where the fluid stream 
splits in the comer (S(O,O)) having the highest value of extensional strain. The calculations 
are done for 5K PSI and a duct of 300 micron region is considered. 

The estimated elongation rates in the microfluidizer are in the range of (0.02-2) x 107 

S-I and the shear rate (dy/dt) in the impact zone based on the geometry can range from 

(0.05-0.8) x 107 S-I ( for 50 micron and 300 micron dimensions, dy/dt are 0.05 x 107 S-l 

and 0.8 x 107 S-I respectively). All calculations are done for 5k PSI applied pressure -

velocity of 258 m/s. Our results match very well with the shear rate reported by 

Panagiotou et aI58
-
6o

• However, they report only about shear stress contribution but not 

the extensional rate. We would like to bring out that in Y - chamber of microfluidizer 

extensional rate has an equal contribution like shear rate. It can be observed from the 
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estimated stresses that at the Y - junction, elongation stress plays a dominant role 

compared to shear stress. Also, at the high impact zone, elongation rate and shear rate 

both playa dominant role in the elongation of the polymer-salt aggregate. From Fig. 5.3, 

it is observed that as pressure increases from 5K to 20K PSI, LlW goes from 4.92 to 2.40. 

Width of the elongated particle remains constant but L increases. We hypothesize that the 

polymer-salt aggregates elongates as they undergo elongation and shear stresses. As 

pressure increases from 5K to 20K PSI, the polymer-salt aggregates elongates and 

eventually fragments into 2 or more pieces, thus decreasing the LIW ratio. It has been 

shown previously that droplets can break upon applying shear and/or elongation rate61 • 

Effect of pressure on PS aggregates is shown in schematic Fig. 5.7. When ~P is 0, then 

polymer-salt aggregates are in spherical shape. As ~P increase to 5K PSI, the PS 

aggregates elongate as they undergo elongation and shear stresses. 

The deformation ofPS aggregates at various co-ordinates such as A (0.5, 0.5), B (1.0, 

0.5), and C (1.5, 0.5). y/8 = 0.5 indicates that it is well below the boundary layer 

thickness region. A (0, 1), B (0.5, 1), and C (1, 1) according to Fig. 5.4 are shown in Fig. 

5.7. As pressure increases to 10K PSI, we hypothesize that PS aggregates can fragment 

into smaller pieces at position A. These smaller PS aggregates behave like independent 

aggregates and undergo further stresses as they move to Band C positions. Appendix C 

has the detailed information on mathematical modeling. 
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A B C , M=O psi 

, ~P=5K psi 

, ~P=lOK psi 

~P=20K psi 

) 
(0.5,0.5) (1.0,0.5) (1.5,0.5) 

Deformation of drops at position (x/8,y/8) 

Figure 5.7. Schematic showing the deformation of polymer-salt aggregates at position 
(x/8,y/8) with respect to various pressures. Position (x/8,y/8) are related to A, Band C as 
shown in Fig. 5.4. 

We hypothesize that polymer-salt aggregates undergo deformation only when they lie 

below the boundary layer region. Fig.5.8 shows the probable behavior of polymer-salt 

aggregates at various (x/8,y/8). At (x/8,y/8 ) = (0.5,0.5), the polymer-salt aggregates 

undergo elongation. At the boundary layer periphery i.e at (0.5, 1.0), the polymer-salt 

aggregates undergoes slight change in their shape. Outside the boundary layer, polymer-

salt aggregates don't undergo any elongation. Further detailed analysis is given in further 

sections. 
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(0.5,1.5) 

(0.5,1.0) 

(0.5,0.5) 

(x/8,y/8) 

Figure 5.S. Schematic showing the deformation of polymer-salt aggregates at position 
(x/'6,y/'6) keeping x/'6 at 0.5. 

5.3.4. Impact of high shear zone on polymer-salt aggregates elongation 

To determine the effect of high shear zone, Pohlhausen approximate solution62 was 

considered to study the impact of high shear zone. Based on the geometry, a 50 micron 

dimension in height was assumed. Considering laminar and transitional flow (Re ~ 105 
-

3 x 106
) 63, we calculated that the transitional flow ranges upto 400 micron in X direction. 

The boundary layer thickness was ~ 8 micron which is 16 % of the height of the high 

shear zone. Our calculations using Pohlhausen approximate solution depicts the 

deformation of polymer-salt aggregate at various regions in high shear zone. Three 

regions (A, B, and C) have been chosen to show the deformation of polymer salt 

aggregate. Region A is the below the boundary layer (y/ '6 <1.0), region B at the 

boundary layer (y/ '6 = 1.0), and region C (y/ '6 > 1.0). Pohlhausen approximate solution 

calculations for the high shear zone are explained in the next section. 

Pohlhausen approximate solution. Considering a laminar flow with the pressure 

gradient as a parameter, Pohlhausen assumes a forth order polynomial for the 
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dimensionless velocity distribution as a function of r/ = y / 8(x) with the pressure 

gradient (A) as a parameter. Where A=- dp _8_, dp/dx is the pressure drop. The 
dx Vo 

11-
8 

velocity profile can be expressed as 

(E.14) 

To track the position of the particle, the velocity (u) obtained from E.10 was integrated 

over dimensionless time (r). If the polymer-salt aggregate is in region A (below 

boundary layer, Fig 5.9), it undergoes deformation and transforms to elongated polymer-

salt aggregate. Considering, polymer-salt aggregate in the region B (at the boundary 

layer), it almost remains spherical with only small distortion. Polymer-salt aggregate in 

the region C (above boundary layer) has no impact, since the polymer-salt aggregates 

undergoes stress in all the directions (no velocity gradient), keeping the particle intact. 

Elongation is observed in region A since the fluid motion is laminar and has gradient in 

velocity flow. This study clearly indicated the impact of high shear zone significantly. 

The impact zone as shown in Fig 5.4 is the place where high turbulent mixing of 

materials takes place. 
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Figure 5.9. Schematic showing the deformation of polymer-salt aggregates at various 
positions (xl 8 , y/ 8) in high shear-zone. 

5.3.5. Effect of polymer-salt aggregate size. 

A similar analysis as performed on 1.5 micron size particles were carried out on 1.0 

micron polymer-salt aggregate size particle to see the effect of initial particle size of 

polymer - salt aggregates. As shown in Fig. 5.l0 (c, d) shows the formation of elongated 

NACs at 10K, and 20K PSI pressure. Selectivity of non-spherical NACs increases when 

polymer-salt aggregates are subjected to increasing to increasing shear and elongation 

stresses. Surprisingly, elongated NACs didn 't appear when 5K PSI pressure applied. 
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Elongated NACs are formed when applied pressure was 10K and 20K PSI respectively. 

The selectivity of NACs-E at 5K, 10K and 20K PSI applied pressures is 0 %, 18 %, and 

85 % respectively. A thorough analysis was carried out to explain the trends of the length 

and width elongation of NACs for the various applied pressures. Approximately 300 

particles obtained from SEM images were analyzed to calculate average dimension of 

elongated NACs. 

Figure 5.10. SEM images of elongated NACs formed by subjecting polymer-salt 
aggregates to various to (a) OK, (b) 5K, (c) 10K, (d) 20K PSI pressure. Approximately 
300 particles were counted on the SEM images using ImagePro software to determine the 
particle size of spherical NACs shown in (a) (mean particle size is 1.0 micron with a 
relative standard deviation of 33)Initial particle size of polymer- salt aggregate is 1.0 
micron. Scale bar is 5 micron 
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The average lengths for 10K and 20K PSI samples are 1.66, and 1.13 microns 

respectively. The average width for 10K and 20K PSI samples are is 0.45 micron. A log-

normal fitting was performed on the experimental data to determine the trends in the 

distribution. It can be clearly distinguished that in Fig. 5.11 (a, b). The L/W (length to 

width) ratio for 10K and 20K PSI samples are 3.68, and 2.51. The decrease in L/W with 

respect to pressure is similar to the trend observed in the earlier case. We hypothesize 

polymer-salt aggregate break as we increase the pressure as explained in our previous 

sections. 
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Figure 5.11. (a) Relative distribution plots for length (a) and width (b) for 5K, 10K, 20K 
PSI pressure along with log-normal fits respectively. 

Fig. 5.12 shows the % of elongated NACs at various applied pressures for two 

different starting materials of PS aggregates. Also, for smaller particle of PS aggregates 

(1 micron) they undergo elongation at higher elongation/shear rates. A controlled 

experiment was carried to test the elastic behavior of PS aggregates. PS aggregates were 

passed through microfluidizer for 20 strokes and collected in a beaker and then 1.2 wt % 
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of silica NPs are added to them. Surprisingly, optical images revealed that it formed 

spherical NACs (supporting Fig. C.4). The formation of spherical NACs reveals the 

elastic behavior of PS aggregates. PS aggregates undergo elongation in microfluidizer, 

they retract back to its spherical shape after it is collected in the beaker, resulting in the 

formation of spherical NACs. 
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--- - 1.0 micron 
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Q) 0.4 
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Figure 5.12. Selectivity vs. Pressure for SK, 10K, 20K PSI pressure along for initial 
polymer-salt aggregate size of 1.S and 1 microns. 

5.3.5. Formation of polymer composite micro-wires. 

Recipe is the exact same as the previous case of Silica - NACs, only Snowtex is 

replaced with polystyrene sulfonate ([PSS] initial = 1 mg/mL). Spherical PSS-NACs were 
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formed when NACs were synthesized in a beaker. In Fig. 5.13 a, it is observed that NACs 

made of PSS buckle as they are dried on a SEM stub. It is hypothesized that NACs made 

of PSS are not robust like silica-NACs. They are very soft and easy to buckle upon 

drying. Polymer-salt aggregates were subjected to undergo shear and elongations rate and 

subsequently PSS was added and are passed in the microfluidizer for 20 strokes. 

Figure 5.13. (a) SEM images ofNACs formed by PSS as shell material, (b) Micro-wires 
formed by subjecting polymer-salt aggregates to elongation/shear and followed by 
addition of PSS and subjecting to elongation/shear. 

This resulted in the formation for polymer- salt composite micro wires. PSS is a very 

soft material and can easily undergo elongation even after cross linking with PAR (Fig. 

5.13b). Unlike silica NPs which would cross link with PAR and stops the further 

elongation ofNACs. 

5.4. Conclusions 

In this work, we focus on subjecting the polymer-salt aggregates to shear and 

elongation flow and elongate them and generate elongated NACs. With these hybrid 
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structures taking on the shape of the polyamine-salt aggregate precursors, it is 

hypothesized that shape anisotropy can be induced through manipulation of fluid flow in 

a "microfluidizer." Our results show that elongated NACs of various lengths (1 /lm to 8 

/lm) can be generated by varying the process parameters such as velocity of fluid flow 

(250 m/s to 500 m/s). Selectivity of elongated vs spherical can be reached as high as 

90%. The elongation of polymer-salt aggregates and resulting in the formation of 

elongated NACs happens by two phenomena i.e by elongation rate and shear rate 

generated due the dimensions of microfluidic interaction chamber or Y -junction 

geometry, and high shear zone .A fluid mechanics model has been developed to quantify 

the extensional and shear rates at various locations in the microfluidizer chamber. Non

spherical NACs could possibly offer unique properties by comparison to spherical NACs. 

Notation 

'1/= Stream function 

D= Drag force 

Do=Duct diameter 

L= Characteristic length 

L 1= Length of the duct 

Ux,Uy = Velocities in x and y axis respectively. 

Vo = Upstrean velocity. 

B = Proportionality constant, see E.27 

x,y = components, parallel and normal to the interface solid-fluid 

W=21t Do 

() = Thickness of the boundary layer 

dy/dt= shear rate 
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J..l= viscosity 

p= density 

V= J..lIp, Kinematic viscosity 
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Chapter 6. Summary and recommendations for future work 

We recently developed a materials synthesis technique in which synthetic polyamines 

such as polyallylamine and/or polylysine were crosslinked with multivalent anions like 

citrate to form polymer-salt aggregates, that then served as templates for deposition of 

nanopartic1es to form micron-sized hollow spheres or "nanopartic1e-~ssembled £apsules" 

(NACs) also refereed as polymer-salt assembly (PSA). This electrostatically-driven route 

is carried out in water, at mild pH and room temperature, making it attractive for 

encapsulation and scale-up in comparison to other techniques like layer-by-Iayer 

assembly and related sacrificial templating routes (which are labor-intensive and 

expensive to scale up). Another encouraging aspect ofNACs is the flexibility in design of 

materials to tailor them for specific applications. NACs can potentially find wide-ranging 

applications in pharmaceutical, food, and consumer industries by serving as miniature 

containers to store, deliver, and release substances. Although synthesis of NACs is well 

understood, less attention has been paid to their structural properties and stability. 

Comparatively, little has been done to assess the physical properties of NACs under 

varying pH and ionic strength conditions. This dissertation involved in studying the 

effects of pH, ionic strength, and nature of the multivalent anions. The concept of 

enhanced stability of NACs using multivalent anioins has been demonstrated. This 

concept could be extended to other charge mediated assembly to make microcapsules. 

Mechanical strength of NACs was studied through osmotic pressure testing. Elongated 

NACs have been synthesized by applying shear and elongation stresses on polymer-salt 

aggregates. Encapsulation studies have been carried on NACs. A new approach to 

determine the diffusion coefficient of molecules in polymer-films has been proposed. 
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6.1. Recommendations 

Results presented in this dissertation are encouraging and lead to the establishment of 

several recommendations for future work: 

6.1.1. Mechanical properties of single NAC using molecular force probe 
technique 

The elasticity and mechanical stability of the NACs are of crucial importance for a 

variety of practical applications and use. While most applications may require that NACs 

not disassemble or deform under shear stress, some may require triggered release under 

specific conditions to release the encapsulated material (e.g., drug delivery). At present, 

however, the mechanical properties of the capsules are known by studying the bulk 

properties of NACs by probing with polyelectrolytes. Understanding the mechanical 

properties would help us to engineer the material according to the applications such as 

encapsulation of cargo molecules for drug delivery or potential usage as a catalyst 

support material. Therefore, the goal of this would be to determine the mechanical 

properties, in particular the Young's modulus of NACs of various formulations. At a 

more fundamental level, this study will also help us gain a better understanding between 

the electrostatic assembly of various polymerlNP compositions and the corresponding 

mechanical properties. 

It would be interesting to know whether our NACs undergo a purely elastic response 

of the shell wall towards deformations i.e the capsules should fully collapse once the 

pressure is higher than the buckling threshold or plastic deformation in which the plastic 

deformations of the material limits the growth of the buckled zone. Experimental 

demonstration is shown in Figure 6.1. Depending on the application, NACs may be used 
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either in a wet or dry state. From our experience we know that NACs would be soft 

(squishy) when wet, and brittle (crunchy) when dried. It would therefore be interesting to 

know the range of Young's modulus between these conditions. Further in the wet 

conditions, pH and ionic strength (which affect the structure of NACs) would strongly 

influence the mechanical properties of NACs. The results from these studies, where we 

plan to systematically vary each of these parameters, will enable us to compare NACs 

with capsules made by layer-by-Iayer (LbL) assembly approach, which have a reported 

Young's modulus between 500 to750 MPa. 

Two methods have recently been reported to characterize the mechanical properties 

of microcapsules. The first involves the controlled application of osmotic pressure by 

introducing polyelectrolytes like polystyrenesulfonate to exert forces on the 

microcapsules. While extremely simple, this method has two major drawbacks: (i) the 

magnitude of force that can be applied is limited by the solubility of the polyelectrolyte 

and (ii) the adsorption of the polyelectrolyte on the capsule may introduce artifacts. The 

other method of obtaining mechanical properties involves measuring the deformation of 

microcapsules under applied load using an Asylum MFP-3D Atomic Force Microscope 

system. This technique has several advantages including accuracy, the possibility of 

studying a wider range of materials, richer experimental information (force-deformation 

-11 -6 
curves), superior control over the applied forces, a greater range of forces (10 and 10 

N) and the possibility to change forces in situ. 
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Figure 6. 1. Schematic showing the proposed experiment using Asylum MFP-3D atomic 
force microscopy. 

MF3-D asylum AFM has a nanoindentation accessory, works only in dry conditions. 

It also has a fluid cell, and cantilever-based measurements are possible in fluid. This 

might give better Load (force) versus deformation curves, which are then back co-related 

to mechanical properties. The result of measurements from MF3-0 represents the 

deflection (~) versus the position of the piezotranslator at a single approach (loading). 

The load F was determined from the cantilever deflection, F= k* ~ , where k is the spring 

constant. The deformation is calculated as the difference between the position of the 

piezotranslator and cantilever deflection. Fitting the Load-deformation profiles for the 

NACs to equations reported by Lelevich et aI., taking the Young's modulus E as a fitting 
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parameter, where F is the total reaction force (load) would provide information to 

determine its mechanical strength. Detailed information on Load-deformation force 

equation was given by Lulevich et al. A change in the formulation of either the core or 

the shell material, or even the absence of the core is expected to significantly affect the 

mechanical properties of NACs. Hence, in this project we are interested in studying how 

the strength of capsules is affected by exploring these degrees of freedom. 

6.1.2. Concept of reverse charge assembly 

It has been successfully shown in our earlier work that NACs assembly has been 

limited to cationic polymer, multivalent anions, and negatively charged or positively 

charged NPs. We are not aware if our NACs assembly could be made in a reverse 

assembly methodology, comprising of anionic polymer, multivalent cations, and negative 

or positively charged NPs. By proving the concept of reverse assembly, we can 

generalize our NP assembly chemistry. Also, our earlier work has shown that NACs 

cannot encapsulate positively charged compounds with greater loading. By the approach 

of reverse assembly, we hypothesize that we can achieve high loadings of positively 

charged compounds. 

Preliminary results 

The concept of making NACs using the reverse charge assembly has been 

demonstrated in our preliminary work as shown in Figure 6.2. The details of the synthesis 

are explained in experimental methods. 
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Experimental Methods 

Materials: Poly(acrylic acid) solution ("PAA," 100,000 g/mol, -1400 acrylic units per 

molecule, 35 wt. % in water, Sigma-Aldrich), Ethylenediamine (EDA) was procured 

from J.T. Baker and a Si02 NP suspension (Snowtex-O type, 20.3 wt% Si02, pH 3.5, 

ionic strength I = 16.9 mM, Nissan Chemicals) and pH was adjusted using 150 mM HCI 

to a pH value of 5.5. Deionized water (18.2 Mn, Barnstead Nanopure Diamond System) 

was used for the PAA and EDA stock solutions, and a HCI solution (l N, Fisher Science) 

was diluted with deionized water to a pH value of 5.5. The Si02 NP suspension (NP 

diameter of 13±3 nm, according to dynamic light scattering; zeta potential of -25 mY, at 

pH 5.5 and I = 10 mM, calculated from electrophoretic mobility measurements using 

Henry's equation). 

Synthesis of NACs 

An aqueous PAA solution (215 ilL, 5 mg/mL) was mixed with an aqueous EDA 

solution (535 ilL) in a 1.5 mL centrifuge vial and vortex mixed for 10 seconds at low 

speed ('5' speed on a 1-10 scale). For the R charge ratio of 0.125 studied in this work, the 

EDA concentration was 0.11 M, respectively. R is defined as the ratio of total number of 

negative charges from P AA to the total number of positive charges from the EDA. A 

turbid mixture immediately resulted, indicating the formation of PAA-EDA aggregates. 

This suspension was aged for 10 sec, before an aqueous Si02 NP suspension (535 ilL; 

concentration of -20.3 wt %) was added. The resultant mixture was stirred vigorously (at 

'7' speed) for 10 sec and aged for 2 hrs. The resulting material is the silica/polymer 

microcapsules as shown in Figure 6.2. 
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Figure 6. 2. Optical DIC image of PAA-EDA-Silica capsules 

However, it is important to build this concept of reverse charge assembly and 

extend it to other anionic polymers and nanoparticles. Encapsulation studies of cationic 

compounds and their release property studies would be worth investigating. 

6.1.3. Thermo-sensitive NACs 

It would be very interesting to make thermo-sensitive NACs. Thermo-sensitive 

polymers such as poly (N-Isopropylacrylamide) (PNIPAAM) could be utilized to 

conjugate with cationic polymer PAH. An attempt should be made to synthesize NACs 

using conjugated PAH-PNIP AAM. It would be interesting to study encapsulation and 
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release properties with respect to temperature. This work would potentially have a great 

impact in the field of drug delivery. 

6.1.4. NACs to encapsulate MRI contrast agents 

In our earlier work in collaboration with Dr. Sherry, we have successfully shown 

that NACs could be potentially used to encapsulate MRI contrast agents and shown the 

enhancement in the relaxivity studies by 3-4 fold compared to bare contrast agent. Its 

worth studying the encapsulation of other MRI contrast agents and tuning the NACs 

properties (such as size, permeability) to further enhance relaxivity. Also, it would be 

ideal to make the NACs with non-toxic components. 
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Appendix A. Ionic strength and pH effects on nanoparticles
polyamine microcapsules 

Figure A.1. Bright field microscopy images of NACs as made (mother liquor), in DI
water, suspended in various pH conditions from (L to R, pH range of 2-12) and various 
ionic strength solutions, 10 mM NaCl, 150 mM NaCl, 0.5 M NaCI , 1.0 M NaCI 
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Figure A.3. Confocal microscopy images of NACs suspended in various ionic strength 
solutions (a-c) NaCl, (d-t) Phos,(g-i) Sulf , U-1) Cit. 
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Table 1 

Mean diameter 
HJm), Ionic Std.Dev .(~ 

strength m) 

5.32 (DIW) 3.37 

5.36 (10 mM) 3.39 

5.03 (150 mM) 3.18 

5.20 (500 mM) 3.30 

5.27 (1000 mM) 3.37 

2.92(Standard 
POlystyrene- 3~) 0.10 

Figure A.4. Capsule diameter distributions of NACs obtained from Coulter counter 
measurements and the solid lines indicate distribution fit to lognormal distributions. 
Table!: indicates the mean diameter and standard deviation for NACs suspended in DIW, 
10 mM, 150 mM, 500 mM, 1000 mM ionic strength solutions using cit and pH 
maintained at 8.0. 
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Figure A.S. Total # ofNACs count NACs obtained from Coulter counter measurements. 
NACs suspended in DIW, 10 mM, 150 mM, 500 mM, 1000 mM ionic strength solutions 
using cit and pH maintained at 8.0. 
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Figure A.6. Confocal microscopy images of NACs suspended in phos (ionic strength 
1.5M, molar concentration of phos is O.5M) and cit (ionic strength 6M, molar 
concentration of cit is 1 M) for 1 day and 4 weeks, pH maintained at 8.0, and in sea water 
(Gulf of Mexico, Galveston, Tx, USA) for 1 day and 1 week. 
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Appendix B. Quartz crystal microbalance-(QCM-D) for 
determining diffusion coefficient of various molecules in 
polymer-salt film systemsl 

Introduction 

Polymer-films have been extensively used for various applications biomedical, tissue 

engineering, semiconductor manufacturing and fuel cell membranesl-2l • It is crucial to 

determine the diffuse of various molecules such as drugs/nanoparticles/ through these 

films and to know the time scales l , 17,22,23. In this work, we propose a new approach in 

determining the diffusion coefficient in polymer-films through QCM_D24 • The purpose of 

this experiment was to monitor the diffusion of a model molecule, Sodium-fluorescein 

(Na-Flu), into a polymer-salt matrix through the use of a quartz crystal microbalance with 

dissipation monitoring (QCM-D). It enables the measurement of mass and viscoelastic 

property changes over time of a material deposited on a quartz crystal resonator, which is 

a flat disk made of quartz crystal with electrodes on the surface of the crystal. Polymer-

salt films were developed for ~ 25 hours, prior to the flow of Na-Flu. Based on the 

dissipation values the film could be considered a rigid, non-viscoelastic film and the 

Sauerbrey model could be used for mass and thickness calculations. The calculated 

thickness of the deposited PAHIcit film was ~150 nm after 25 hours, as estimated by both 

the Sauerbrey modet24• To perform the quantitative analysis, a molecular transport in one 

dimension was assumed and using Fick's second law, the mass diffused with respect to 

time was modeled. The diffusion coefficient was found to be ~ 10-19 m2/sec. This is in 

1 This work was done in collaboration with Amy W. Liu, Enrique M. Tavera, and Michael S. Wong 
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good agreement with what has already been reported for diffusion of rhodamine in 

polyelectrolyte films2s. 

Experimental Methods 

Materials 

Polyallylamine hydrochloride (PAH, 56,000 g/mol, -600 allylamine units per 

molecule), fluorescein sodium salt, was purchased from Sigma-Aldrich. Trisodium citrate 

dihydrate salt ( citrate), NaOH pellets and 1 N HCI solution were obtained from Fisher 

Scientific. HAuCl4 solution (0.25 M; AuCh 99.99%, Sigma-Aldrich). An aqueous 

colloidal suspension of silica NPs (Snowtex-O, 20.5 wt% silica, pH 3.5, ionic strength I = 

16.9 mM) was kindly provided by Nissan Chemicals. These NPs have a diameter of 13±2 

nm based on dynamic light scattering and a zeta potential value of -16 mV (Henry's 

equation) by electrophorectic measurements. 

QCM-D experimental setup 

Solutions of 0.1 gIL aqueous PAH and 0.285 mM Na3Cit were vortexed together for 

10 seconds in a 2:5 volume ratio at room temperature and aged for 10 minutes. The R

ratio of this suspension was 2. This suspension was then flowed onto the Q-sense E4 

chamber with a mounted Au-coated quartz crystal sensor at 50.1 ilL/min for about 25 

hours. Milli-Q water was then flowed through the chamber to rinse off any excess 

polymer-salt aggregates from the surface of the sensor for about 30 mins. Followed by 

passing an aqueous solution of 0.1 gIL Na-Flu through the chamber at 50.1 ilL/min for 8 

hours. The schematic of QCM-D setup is shown in Fig. B.1 and diffusion of Na-Flu on 

PAH-Cit film is shown in Fig. B.2. 
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Synthesize gold nanoparticles 

To synthesize gold nanoparticles of 4- and 20-nm diameters, procedures previously 

developed by Nutt et a1.26
, 27 were used. For 20 nm gold nanoparticles, 200 ilL of a 

HAuCl4 solution (0.25 M; AuCh 99.99%, Sigma-Aldrich) was first diluted in 200 g of 

Nanopure water (> 18 Mn-cm, Barnstead Nanopure Diamond). The solution was heated 

and stirred to boiling, after which 12 mL of a trisodium citrate solution (0.0345 M) was 

added. After about 10 minutes of gentle boiling of the nearly colorless solution, the 

solution was removed from the heat source. The product liquid was a dark wine red color 

from the gold nanoparticles.This procedure was modified for 4-nm Au NPs in that the 

initial gold salt solution was heated only to 60°C, a solution of tannic acid and trisodium 

citrate replaced the trisodium citrate solution in the 20-nm Au NP procedure, and boiling 

time was increased to 30 minutes. 
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Figure B.l. Schematic of QCM-D experimental set up, PTFE (Poly(tetrafluoroethylene). 
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Figure B.2. Schematic ofNa- Fluorescein diffusing in PAH-Cit film. 

QCM-D working principle 

A QCM-D (Q-sense E4) was used in this study. Gold-coated quartz crystal sensors 

used (purchased from Q-sense). According to company specifications, quartz crystal 

sensors were coated with a gold layer of 100 nm thickness. The resonance frequency of 

the crystal sensor was 4.95 MHz ± 50 kHz and was excited during experimentation at the 

fundamental frequency, as well as the 3rd, 5th, 7th, 9th, lIth, and 13th overtones (15 , 25 , 

35 , 45, 55, and 65 MHz, respectively). To take frequency and dissipation measurements, 

an AC voltage was applied intermittently to the sensor, inducing oscillation. The change 

in frequency at each overtone was measured, and immediately after stopping excitation of 

the crystal sensor, the energy dissipation value, which describes the dampening of the 

crystal oscillation, was also measured. Measurements were taken every 0.5 seconds and 

the data was condensed to data points at every 5 seconds. All crystals were cleaned in a 

5:1:1 solution of milli-Q water, 35% H20 2 and 25% NH3 at 75°C for 10 min before the 

experiment, then washed in milli-Q water and dried. QCM-D could analyze the kinetic 

adsorption behavior of Na-Flu on the polymer-salt film. The energy dissipation value, D, 

is defined as 0 = Edissipated/(2nEstored), where Edissipated is the energy dissipated from the 
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total system oscillation energy, Estored, due to the viscoelastic and frictional properties of 

the film adsorbed on the sensor 28. 

Because the dissipation values never exceeded lxlO-6 per 10 Hz of frequency change, 

the film could be considered a rigid, non-viscoelastic film and the Sauerbrey model could 

be used for mass and thickness calculations24 • For the Sauerbrey model, frequency data 

from the i h overtone was used for calculation of the deposited film mass and thickness. 

The density of the film was estimated to be 1100 kg/m3• The Sauerbrey equation relates 

change in frequency of the oscillating sensor to the change in adsorbed mass on the 

sensor by the L1m = -C-L1f/v, where L1m is the change in mass, or mass of the deposited 

film; C( = 17.7 ng cm2 Hz - 1 at In = 1 = 5 MHz) is a constant, L1f is the change in frequency 

of the oscillating system, and v is the overtone number29 • To approximate the film 

thickness, a density must be specified for the film. Previous literature reported 

polyelectrolyte films as having densities at around 1.1 g/cm3, so this value was used to 

estimate the P AH/citrate film thicknesses30-32• The actual density of the film could differ 

from this theoretical value, however, due to swelling or other possible effects. Frequency 

and Energy dissipation vs Time are plotted (Fig. B.3). 

Data analysis 

Both the Voigt viscoelastic model and Sauerbrey models were used to estimate mass and 

thickness changes of the film. Both one- and two-layer Voigt viscoelastic models were 

used. The results of all models were compared. 
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Figure B.3. Experimental data obtained from QCM-D. Frequency and Energy dissipation 
vs Time are plotted. 

Parameters Used 

For the Voigt model , data from ih, 9th
, and 11 th overtones were used. The density of 

layer 1 was entered as 1100 kg/m3
. The density of layer 2 for the two-layer model was 

1200 kg/m3.The Voigt model requires entering in minimum and maximum values 

between which the actual value of a certain parameter is expected to fall. The following 

ranges were used (LI indicates the layer of material covering the sensor):L I Viscosity: 

0.001-0.1 kg/mes, LI Shear: 104 
- 108 Pa, LI Thickness: 10-10 

- 10-5 m. The Voigt model 

also allows certain parameters to fix to an inputted value. The following parameters were 

fixed: LI Density: 1100 kg/m3
. Fluid Density, or density of fluid passing over sensor: 
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1000 kg/m3 (the same as that of water). Fluid Viscosity, or viscosity of fluid passing over 

sensor: 0.001 kg/m-s (the same as that of water). For the Sauerbrey model , data from the 

i h overtone was used. 

Results and Discussion 

The final thickness of the fluorescein and PAH/cit film on the sensor was estimated to 

be 150 nm (Fig.B.4), or an increase of 6 nm after the addition of fluorescein. Fig. B.5 

shows the adsorbed mass of fluorescein on PAH/cit film vs. time, in which a sodium 

fluorescein solution was passed over the quartz crystal sensor and fluorescein was 

adsorbed onto the PAH/cit film until saturation. 

200 ------------ -- - - - - -

150 I_ Voigt model 
-- --

E - Sauerbrey mOdelJ c 
tn 
tn 

100 Q) 
c 
~ 
(.) 

.c. 
t-

50 

o 
o 5 10 15 20 25 

Time, hours 

Figure B.4. Thickness vs. time of PAH/cit film on gold-coated sensor. Thickness of the 
film was estimated using both the models 
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Figure B.S. Adsorbed mass ofNa-Flu on PAH/cit film vs. time 

The Sauerbrey model slightly underestimated the thickess onto the sensor In 

comparison to the Voigt model, but both resulted in a final deposited mass of 

approximately 3.5x 10-3 mg. The Sauerbrey estimated an amount of adsorbed fluorescein 

mass of approximately 1.0 x 10-3 mg. 

Diffusion model 

Fick' s Second Law of Diffusion predicts how diffusion of a solute into a material affects 

the concentration field of the fi lm and surrounding bulk solution with respect to time. 

Because the QCM-D measure mass changes of the film with respect to time, an equation 

was needed that would directly obtain the diffusion coefficient from the mass change 

over time. See below equations for the derivation. Schematic (Fig. B.2) shows the 

boundary conditions. 
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Where, C is concentration ofNa-Flu in the polymer-salt film, Z is height, t is time, 

D is Diffusion ofNa-Flu in polymer-salt film, h is the thickness of film. Jz: Mass-flux of 

. 
Na-Flu at the interface between the Na-Flu and polymer-salt film. M (t) : Rate of Na-Flu 

diffusing in the polymer-salt film. M (t): Mass diffused in the film. Eq(7) explicitly 
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shows the relationship between mass change over time and the diffusion coefficient for 

the film 
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Figure B.6. Mass of fluorescein adsorbed on PAHIcit film vs. time. Eq(7) and 
experimental data are plotted vs time. 

Three types of nanoparticles were used in QCM-D experiments, gold 

nanoparticles (4 nm diameter), gold nanoparticles (20 nm), and silica nanoparticles (13 

nm). See Table B.l for a summary of results. 

Table B. 1. Summary of QCM-D Results. 

Material Nanoparticle Zeta Solution or Diffusion 
or Molecular Potential, Suspension pH Coefficient, 

Diameter, mV D(m2/s) 
nm 

Gold NP 4 -20.61 6 2.55 x 10.18 

Gold NP 20 -17.87 6 4.45 x 10.20 

Silica NP 13±2 -19.5 3.52 4.47 x 10.17 

Fluorescein 0.69±0.02 3.52 6.64 x 10.20 

196 



Our results show that the diffusion deposition model may be able to explain the 

results obtained by QCM-D experimentation in this project. Changing the size of a 

nanoparticle was found to have an effect on the diffusion deposition model. Gold 

nanoparticles of 4 nm diameter were found to have a diffusion coefficient one order of 

magnitude higher than gold nanoparticles of 20 nm. This could be explained by the 

smaller size of the 4-nm gold nanoparticles allowing them to penetrate more deeply into 

the polymer-salt film, therefore increasing the diffusion rate and therefore the diffusion 

coefficient D. Our preliminary results also suggest that increasing the surface charge of a 

nanoparticle was found to lead to a higher diffusion coefficient. Silica nanoparticles are 

significantly more negatively charged than gold nanoparticles in their native pH 

conditions, as indicated by experimental zeta potential results. Though the 13-nm silica 

nanoparticles are smaller than the 20-nm gold nanoparticles and therefore cannot be 

directly compared solely on the basis of surface charge, the finding that the silica 

nanoparticles' diffusion coefficient was larger by one order of magnitude than that of the 

20-nm gold nanoparticles should indicate that something about the silica nanoparticles 

other than their diameter was clearly playing a part in their diffusion rate - i.e., the 

nanoparticle surface charge density. Though the silica and gold nanoparticle diffusion 

coefficient differences are suspected to be a result of the nanoparticles' surface charge, 

these results do not rule out other possible explanations for the different diffusion 

coefficients. For example, the synthesis of gold nanoparticles leads to various extraneous 

ions and other components in the product suspension, including citrate and tannic acid. 

This could lead to different properties of the silica and gold nanoparticle suspensions, 

including ionic strength and pH. The silica nanoparticles could have had a higher 
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diffusion coefficient as a result of ion competition in the gold nanoparticle suspension.!t 

is possible that ions in the gold nanoparticle suspension could be competing with the gold 

nanoparticles in binding to positive sites on the PAHIcitrate film and slowing the gold 

nanoparticles from adsorbing onto and diffusing into the films. It was expected that 

fluorescein would have a relatively high diffusion coefficient due to the small size of the 

molecule in comparison to the nanoparticles used. However, sodium fluorescein was 

found to have the smallest diffusion coefficient of all tested materials, indicating that 

molecular surface charge or pKa value may have played a part in the characteristics of 

sodium fluorescein diffusion into the film. 

Conclusions 

We measured the diffusion coefficient of sodium fluorescein, Au and Silica NPs in the 

polymer-salt matrix alone, using QCM-D technique. This involves a planar, rather than a 

spherical geometry. Polymer-salt films were developed for - 25 hours, prior to the flow 

of Na-Flu. Based on the dissipation values the film could be considered a rigid, non

viscoelastic film and the Sauerbrey model could be used for mass and thickness 

calculations. The calculated thickness was estimated by Sauerbrey model. To perform the 

quantitative analysis, a molecular transport in one dimension was assumed and using 

Fick's second law, the mass diffused with respect to time was modeled. The diffusion 

coefficient was found to be - 10-19 m2/sec. This is in good agreement with what has 

already been reported for diffusion of rhodamine in polyelectrolyte films 
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Appendix C. Mathematical modeling for understanding the 
formation of elongated NACs 

Assuming the boundary layer is small respect to the dimensions of the duct. The equation 

of motion can be written for x-direction as: 

(C.I) 

In this equation the x-direction is the direction parallel to the physical boundary solid

fluid, and y is the axis normal to the solid-fluid interface. 

Assuming mechanical energy conservation: 

The x-momentum balance is simplified to the form: 

U oUx +U oUx =V02Ux +V dVo 

x ax Y ay ay2 0 dx (C.2) 

The continuity equation is: 

oU oUy 
__ x +--=0 
ox Oy 

(C.3) 

Using stream function, the velocity field can be obtained with: 

U = olf/ 
x Oy 

U = _ olf/ 
y ox (CA.a and CA.b) 

(C.5) 

Using transformation technique, we can convert this differential equation into a well 

known Falkner and Skan equation: (flow past a wedge with an angle: A,1t) 

The boundary conditions are: 

f = / = 0 for 1] ~ 0 

/ = I for 1] ~ <X) 

(C.5.b) 

(C.7) Velocities at the surface for x and yare zero 

(C.8) Constant velocity beyond the boundary layer 

Which can be solved numerically and the velocity components and the extensional strain 

may be calculated as: 
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Transformation variables: 

x m+1 

.; = m+l 

~+l B (m-l) 
1J=y X 2 

2v 

~2V B (m+l) 
If/ = -- X 2 f(1J) 

m+l 

-A m=--
A+l 

(C.9) Free stream velocity 

(C. 10) 

(C. II ) Dimensionless independent variable 

(C.12) Stream function 

(C.l3) 

Velocity components using the Falkner-Skan equation: 

Olf/ mf' 
Ux = 8y =Bx (C.l4) 

-u =alf/ = /(m+I)v B x(m;I)(f+(m-I)1Jf') (C.15) 
y ax V 2 m+l 

The extensional strains are calculated with the derivatives of each velocity: 

oUx B m-lf' B mf" d1] -;;;- = mx + x dx (C.l6) 

_ auy = ((m+I)vB x(m;I)(f,+(m-l)(1Jf"+f,)ld 1J (C.l7) 
ay V 2 m+l) dy 

Where: 

d1J = y(m-l) rrm+1TB 
dx 2 V~ 

d 1J = rrm+1TB 
dy V~ 

(m-l) 

X 2 

(m-3) 

X 2 (C.18) 

(C.19) 

Writing all the equations in dimensionless form: 

Ux (x)m f' 
BLm = L (C.20) 
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~ aux = m (~)m-l I' + (~)m I" L d1] 
Lm B Ox L L dx (C.22) 

(m-i) 

-~Re~2 auy = (~) 2 (fl +(m-I)(1] f" +fl))L d1] (C.23) 
~B ~ L m+l ~ 

Where: 

(m-l) 

L d1] = ~m + I Re ll2 (~)-2-
dy 2 L L 

(m-l) 

= 1.. [(m+iJ Re1l2 (~)-2-
1] LV~ L L 

V =Bxm 
0 

(C.27) 

UL=BLm (C.28) 

ReL=LUL (C.29) 
v 

(C.24) 

(C.25) 

(C.26) 

And the solution of the Falkner-Skan in dimensionless form: 

(m+l) 

~Rel/2 _ ~ (~)-2 f( ) 
BLmL L -V~ L 1] 

(C.30) 

The extensional rates are calculated with equations (C.16) and (C.17) 

The shear stress close to the inlet of the ducts can be estimated using Blasius approach. 

For the boundary layer thickness: 8(x) = 4.64JV x 
Uo 

And for the drag coefficient: 

D = (l.328/2)~ pfLIW2U! 
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Then the shear rate can be estimated with: 

. D 
Y=--

pWL I 

f= Falkner-Skan ffunction, see equation (C.S.b) and the boundary conditions (C.7) and 

(C.8) where, 

If/= Stream function 

D= Drag force 

Do=Duct diameter 

L= Characteristic length 

L 1= Length of the duct 

Ux,Uy = Velocities in x and y axis respectively. 

Vo = Upstrean velocity. 

B = Proportionality constant, see C.27 

x,y = components, parallel and normal to the interface solid-fluid 

W=21t Do 

B = Thickness of the boundary layer 

dy/dt= shear rate 

J..L= viscosity 

p= density 

v= J..L/p kinematic viscosity 
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Figure C. 1. Magnitude of the stream function for a flow past a wedge (l35n). Position 
(x,y) are shown in Fig. 5.4. 
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Figure C. 2. Boundary layer assuming average velocity of 9.72 m/s. See appendix notes 
for justification of the use of this velocity as a reference. Position (x,y) are shown in Fig. 
5.4. 
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Figure C.3. Particle tracking ofPS aggregate. Position (x,y) are shown in figure 5.4. Tau 
presents the dimensionless time scale. The transformation from spherical (blue circle) to 
elongated circle (green) could clearly be observed. Particle tracking code is given at the 
end appendix. 

Figure C.4. TEM image of elongated NACs. Elongated NACs made at 20K PSI, initial 
particle size of polymer- salt aggregate is 1.5 micron. 
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Notes 

The apparatus has specifications by the manufacturers about the velocity of the system vs 

pressure applied. Looking carefully what they did is just calculated using V = ~2';: . 

Method to calculate shear rate and boundary layer thickne'ss for various dimensions such 

as 50, 75, 300 Ilm in the Y- chamber is calculated by using the following equations using 

Engineering equation solver (EES) solver. 

V2 250 [m/s] 

02 = 0.00005 [m] 

03 = 0.000075 [m] 

V3 03 2 = V2 . 02 2 

o 0.0003 [m) 

V . 0 2 = 2· V2 . 02 2 

P = 1000 [kg 1m 3) 

11 = 0.001 [kg/m-s) 

L = 0.1 [m) 

o 
Re = p' v . 

RR 0 

f = MoodyChart [Re, RR ] 

~p L V 2 
= f . 

p 0 2 

~Py [ ~p + ~Pe ] . 10.000145038 . ::i 1 

~Pe 
= 0.45 [1 -

p 

X = 20 . 0.00003 [m) 

x 
Rex = p' V· -

J.! 

Ii = 4.64 . ~ 11 

Ii 
li um 

0.000001 

D2' 1. 
0 2 

x 

p' V 

V2 2 

2 
+ 0.95 . 
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v 
Y = 

II 

X1 = 5 0 

X2 = 5 02 

x3 = 5 03 

Rex1 = V 
x1 

p' 
I.l 

Rex2 = V2 
x2 

p' 
I.l 

Rex3 = V3 
x3 

p' 
I.l 

II x.1 0.671 
= 

x1 ~Rex1 

IIx.2 0.671 
= 

x2 ~Rex2 

IIx.3 0.671 
= 

X3 ~Rex3 

V 
Y1 = 

II 

V2 
Y2 = 

II 

V3 
Y3 = 

II 

Codel. Matlab code to Falkner-Skan solution to the boundary layer, shear and 
extensional stress rates, and boundary layer thickness 

% Falkner-Skan solution to the boundary layer, computed numerically 
% f"'+f*f"+beta*(l-f'A2)=0 or f"'=-f*f"-beta*(l-f'A2) 
% f is function of similarity variable, eta 
% f(O)=O, f' (0)=0, f' (infinity)=l 
% f" (0)= to be estimated to satisfy condition at infinity 
% Y=[f f' fll), dY/deta=[f' fll f"']=[Y(2) Y(3) -f*fll-beta*(l
f' "2) ] 

clear all 
elf reset 
global range 
figure (2) 
elf reset 
beta= [1. 0] ; 
range=linspace(O,B,160); 
soln=[]; betad=[]; 
for ibeta=1:1ength(beta) 
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niter=10; 
A=linspace(O,2,niter); 
flag=O; 
figure (1) 
clf reset 
for iter=l:niter 

possible 
clear eta Y 

% initial estimate for f" 

\1; compute ODE to verify solution is 

Vinit=[O 0 A(iter)]; 
options=odeset('Events',@events,'ReITol',1.e-6,'AbsTol',1.e-7); 

[eta,Y]=ode45(@falknerf,range,Vinit,options,beta(ibetaI); 
% plot (eta, Y ( : ,2) , '-' ) 
,;; pause 

'~ hold on 
if flag==0&Y(end,2»1 % find where f' crosses +1 

iflag=iter; 
flag=l; 

end 
end 
clear eta Y 
figure(2) 
warning off MATLAB:fzero:UndeterminedSyntax 
opt=optirnset('Display', 'iter'); 
if iflag==l 

iflag=2; 
end 
A1=fzero('fpeql', [A(iflag-1) A(iflag)], [],beta(ibeta)); 
Vinit= [0 0 A1]; 
[eta,Y]=ode45(@falknerf,range,Vinit,options,beta(ibetaI); 
plot (eta, Y (:,2) , '-k' ) 
pause 
'I; hold on 
axis([O 1 0 1]) 
xlabel ( , \eta ' ) 
ylabel('Dimensionless velocity') 
title(['Falkner-Skan, \beta = ',nurn2str(beta)]) 
pause 
plot (eta, Y ( : , 1) , 'bo-' , eta, Y ( : ,2) , , r+: ' ) 
axis ( [0 1 0 1]) 
xlabel (' \eta ' ) 
ylabel ('f (blue) & df/d\eta (red) ') 
text (0.75,0.4,' f' , , FontSize' , [18] , 'CoJ.or' , 'b' ) 

text (0.5,0.75, 'df/d\eta', 'FontSize', [18], 'Color', 'r') 
pause 
soln= [ eta Y ( : , 1) Y ( : ,2) ] ; 

% soln=[soln eta Y(:,l) Y(:,2)]; 
betad=[betad beta(ibeta)]; 
end 
save solnd.dat soln -ascii 
save betad.dat beta -ascii 
x=2*[O.01:0.05:2]; 
y=x/4; 
% [nl,n2]=size(eta) 
% for i=1:n1 
% for j'=1:n1 
% x(i)=eta(i); 
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% y(j)=eta(i); 
% XX(i,j)=x(i); 
% YY ( i , j ) =y ( j ) ; 
% end 
% end 
Z, etal=eta; 
% fun=Y ( : , 1) ; 
% ffun=Y ( : ,2) ; 
~:. yl=etal; 
% psil=yl*fun'; 
% [fx,fy]=gradient(psil); 
% quiver(XX,yy,fx,fy) 
etal=eta; 
fun=Y ( : , 1) ; 
ffun=Y ( : ,2) ; 
fffun=Y (:,3); 
[nl,n2]=size(y); 
mm=beta; 

'~ m2/s 
% m 
% m/s 

% Properties 
nu=1.Oe-6; 
D=300e-6; 
Uo=10; 
Uinf=4*Uo/D; % This is valid only for mm="l, verify for other 

scenarios 
L=D; 
UL=Uinf*L"mm; 
ReL=(UL*L/nu); 
CO=sqrt((mm+1)*nu*Uinf/2)*L"((mm-l)/2)/(Uinf*L"mm); 
C5=sqrt((mm+1)*Uinf/(2*nu))*L"((mm+l)/2); 
% End of the properties 
for i=1:n2 

end 

for j=1:n2 
etm(i,j)=y(j)*x(i)"((mm-1)/2); 

end 

for i=1:n2 
for j=1:n2 
fi(i,j)=interp1(eta,fun,etm(i,j)); 
fpi(i,j)=interp1(eta,ffun,etm(i,j)); 
fbpi(i,j)=interpl(eta,fffun,etm(i,j)); 
dedy(i,j)=x(i)"((mm-1)/2)*sqrt((mm+1)/2)*ReL"(1/2); 
dedx(i,j)=y(j)*((mm-1)/2)*x(i)"((mm-

3)/2)*sqrt((mm+1)/2)*ReL"(1/2); 
end 

end 
for i=1:n2 

for j=1:n2 
XX(i,j)=x(i); 
YY ( i , j ) =y ( j ) ; 
ZZ(i,j)=fi(i,j)*x(i)"((mm+l)/2); 
ux(i,j)=x(i)"(mm)*fpi(i,j); 
uy(i,j)=-x(i)"((mm-l)/2)*(fi(i,j)+((mm-

1)/(mm+1))*etm(i,j)*fpi(i,j)); 
uy(i,j)=uy(i,j)*sqrt((mm+l)/2); 
uxx(i,j)=mm*x(i)"(mm

l)*fpi(i,j)+x(i)"(mm)*fbpi(i,j)*dedx(i,j); 
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uyy(i,j)=(etm(i,j)*fbpi(i,j)+fpi(i,j))*(mm-
1)/(mm+l)+fpi(i,j); 

uyy(i,j)=-x(i)A((mm-l)/2)*dedy(i,j)*uyy(i,j); 
end 

end 
rux=ux*UL; 
ruy=uy*UL/sqrt(ReL); 
ruxx=uxx*UL/L; 
ruyy=uyy*UL/(L*sqrt(ReL)); 
[FX,FY] = gradient(ZZ); 
%quiver(XX,YY,Fy,-FX,5) 
~; axi s ( [0 1 0 1]) 
%pause 
quiver(XX,YY,ux,uy,2) 
xlabel('x-axis','FontSize', [16],'Color','k') 
ylabel ('y-axis', 'FontSize', [16], 'Color',' k') 
title ('Velocity fie1d','FontSize',[18],'Color','k') 

% axis([O 2 0 1]) 
pause 
contourf(XX,YY,ZZ) 

% quiver(XX,YY,ux,uy,5) 
title ('Stream function \psi','FontSize', [18],'Color','k') 
xlabel ('x-axis parallel to the wall', 'FontSize', [18], 'Color', 'b') 
ylabel ('y-axis normal to the wall " 'FontSize', [18],'Color','b') 
colorbar 
pause 

surface (XX,YY,ruxx) 
surface (XX,yy,ruyy) 
title ('The extensional strain rates','FontSize', [18],'Color','k') 
xlabel ('x-axis') 
ylabel ('y-axis') 
zlabel('d(U_y )/dy 

nu=le-3/1000; 
Uinf= 9.72; 
amp=300e-6/4; 
for i=l:n2 

& d ( U _x) / dx' ) 
% 1e-3 kg/m-s / 1000 kg/m3 

% m/s 

delta(i)=4.64*sqrt(nu*amp*x(i)/Uinf); 
end 
pause 
plot (amp*x/le-6,delta/le-6) 
xlabel('x - axi.s (\mu rn)','FontSize',[18],'Color','b') 
ylabel('\delta, boundary layer thi.ckness \mu 

m',' FontSize', [18], 'Color', 'b') 
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Code2. Matlab code to perform particle tracking 

Tspan=[O.O 2]; 
% y(l), Dimensionless abcsissa 
YO(l)=O.l; 
YO(2)=0.1; 
[time,Y]=ode45('Kin17',Tspan,YO); 
plot(time,Y(:,1),time,Y(:,2)) 

% plot (time, Y ( : ,1) , time, Y ( : ,2) , time, Y ( : ,3) ) 
% plot (Y ( : , 1 ) , y ( : ,2) ) 
pause 

F=[time Y] 
save reac17.dat F -ascii 

function yprime=Kin17(t,y) 
yprime=[O 0]'; 
B=0.45; 
tol=O.OOOOl; 
m=1. 0; 
ReL=40; 
aO=-5.18512e-3; 
al=3.09153e-2; 
a2=5.8943ge-l; 
a3=-1.8361e-l; 
a4=3.0823ge-2; 
a5=-2.648727e-3; 
a6=9.128ge-5; 
bO=-7.833143e-3; 
bl=1.314886; 
b2=-6.95605e-l; 
b3=1.9057ge-l; 
b4=-2.852835e-2; 
b5=2.214996e-3; 
b6=-6.98175ge-5; 
% x =y(l) 
% y=y(2) 
eta=y(2)*y(1)A((m-l)/2)*sqrt((m+l)/2)*sqrt(ReL); 
f=aO+al*eta+a2*eta A 2+a3*etaA 3+a4*etaA4+a5*eta A 5+a6*etaA6; 
fp=bO+bl*eta+b2*eta A2+b3*eta A3+b4*etaA4+b5*eta A 5+b6*eta A 6; 
yprime(l)=y(l) Am*fp; 
yprime(2)=(f+((m-l)/(m+l))*eta*fp); 
yprime(2)=yprime(2)*(y(1)A((m-l)/2)*sqrt((m+l)/2)); 
yprime(2)=-yprime(2)/sqrt(ReL); 
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