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ABSTRACT 

 

With increasing production and commercial use of polymer nanomedicine and a 

lack of regulation to govern their disposal, polymer nanomedicine may enter into soils 

and ultimately into ground water system. In this dissertation, adsorption of polymeric 

nanoparticulate drug delivery system (PNDDS) in the environmental surface as well as 

uptake of nanomedicine into plants was investigated. Cellulose surface and silica surface 

were chosen as environmental surfaces and ryegrass was chosen as a plant.  

The adsorption of PNDDS onto cellulose and silica surface was studied by quartz 

crystal microbalance with dissipation (QCM) and atomic force microscopy (AFM). 

Uptake of PNDDS into ryegrass was investigated by spectrofluorometry (SFM), 

confocal microscopy, scanning electron microscopy (SEM) and cross sectional 

transmission electron microscopy (TEM).  

It is found that PNDDS can partially irreversibly adsorb on cellulose and silica 

surface. After adsorption, PNDDS may deform, disintegrate, or keep the same size 

depended on properties of PNDDS and PNDDS/surface interaction. Uptake of PNDDS 

into ryegrass was observed and PNDDS was found both in root cell and intercellular 

space. PNDDS could transport up to stem of ryegrass but not leaf. Adsorption onto root 

surface is the rate-determined step of the uptake process. 

This dissertation represents an important step in understanding environmental 

impact of polymer nanomedicine. This is very important considering that PNDDS on 

and in the plants may later be consumed by animals and bacteria and accumulate in their 
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bodies, and can adversely influence environmental health. Also silica/cellulose surface 

and plants may also be used to treat waste water with PNDDS. Transport behavior and 

kinetics of PNDDS onto environmental surface studied in this dissertation also could 

guide to study transport behavior of the same type or other types of polymer 

nanomedicine in similar or other environmental systems.  
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CHAPTER I  

INTRODUCTION  

 

1.1 Background and Significance 

Breathtaking developments in the area of nanotechnology over the last decade 

have opened up avenues to dramatic changes in the way that devices, materials, and 

systems are fabricated. The area of nanotechnology has been especially beneficial in the 

field of medicine. There are 247 nanomedicines that have been approved for use, under 

clinical trial data, or on the verge of clinical study according to a recent study relying on 

a detailed search of the literature, clinical trial data, and the Web [1]. Another recent 

study has reported that the global market value of nanomedicine reached $72.8 billion in 

2011 [2]. While nanomedicines play an important role in the treatment and prevention of 

disease, the side effects of medicines on human and animal health resulting directly from 

treatment have been widely documented. However, it is only recently that the occurrence 

and fate of medicines in the environment, along with their potential consequences for 

human health, have been recognized as issues warranting consideration [3-6].  

Nanoemulsions, liposomes, polymeric nanoparticles, surfactant micelles, 

dendrimers, and semiconductor nanocrystals are the major types of nanomedicines (Fig. 

1.1) [7]. Currently, among these nanomedicines, polymeric nanoparticulate drug delivery 

systems (PNDDS) filled with therapeutic agents represent the one of the most commonly 

used forms of nanomedicine due to their increased bioavailability, ability to solubilize 

hydrophobic molecules, their higher payload capacity, excellent thermodynamic solution 
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stability in aqueous environments, and prolonged blood circulation times [8-12].  These 

properties of nanomedicines are very beneficial from pharmaceutical science 

perspective. However, from the environmental perspective, these properties can be 

undesirable. First, therapeutic component of nanomedicine can be toxic to living 

organisms at lower concentrations compared to therapeutic components due to their 

improved solubility and bioavailability. Second, polymeric nanomedicines can enable 

the distribution of insoluble therapeutics in the aqueous environment, which is otherwise 

impossible or can occur in very limited degree. Third, polymeric nanomedicines can 

enhance the amount of hazardous hydrophobic therapeutics carried into environment due 

to their high load capacities. Fourth, polymeric nanomedicine can persist a prolonged 

period of time in the environment and, thus, have a larger impact radius upon 

uncontrolled releases and accidental spills due to their stability in aqueous environments. 

 
Figure 1.1. The major classes of nanomedicines. 

 
 

Emerging PNDDS are predominantly loaded with hydrophobic therapeutics such 

as paclitaxel [13-15], docetaxel [16, 17], cisplatin [18-20], etoposide [15], fluorouracil 

[21-23], and estradiol [24, 25]. Recent ecotoxicity studies on Daphnia magna have 

revealed that cisplatin, fluorouracil, and estradiol belong among the compounds that are 

highly toxic for aquatic organisms (EC50 < 1 mg/L), paclitaxel and doxorubicin are 



 

3 

 

considered toxic (EC50 ranging 1-10 mg/L), and etoposide is harmful to aquatic 

organisms (10-100 mg/L) [26-28]. Other ecotoxicity studies on Pseudomonas putida 

have indicated similar trends of acute ecotoxicity associated with cisplatin and 

fluorouracil [28].  

As most PNDDS are loaded with therapeutic materials that are ecotoxic, 

nanomedicine is an environmental concern. This concern is exacerbated by recent in 

vivo studies indicating that some of the intravenously administered nanomedicine can be 

excreted from the body intact through kidney or as metabolite through the liver/bile duct 

[29-32]. For instance, Lacerda et al. [33] dynamically tracked in vivo intravenously 

administered, multi-walled carbon nanotubes (having diameter of 20-30 nm and length 

of 500 nm) functionalized with diethylentriaminepentaacetic dianhydride (DTPA-

MWNT) and radiolabeled with Indium-111 (111In) using a microSingle Photon 

Emission Tomography scanner. Imaging showed that nanotubes enter the systemic blood 

circulation and within 5 min begin to permeate the renal glomerular filtration system into 

the bladder. Urinary excretion of DTPA-MWNT was confirmed at 24 h post-

administration. He et al. [34] has investigated the biodistribution and urinary excretion 

of different surface-modified silica nanoparticles (SiNPs) in mice in situ using an in vivo 

optical imaging system. They studies have demonstrated that three types of iv-injected 

45-nm silica nanoparticles including polymer (PEG)-coated ones were partly excreted 

through the renal excretion route. In another study, siRNA DOTA/DOPE complexes 

(250 nm) and siRNA RGD-polyethylene imine-polymethylene glycol complex (130 

nm), one type of polymer nanomedicine, showed a rapid renal clearance by glomerular 
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filtration [32]. These studies confirm that after administration, some portion of 

nanomedicine can be excreted from the body. 

Nanomedicine can be released into the environment through various routes (Fig. 

1.2). Residues released during the manufacturing process may eventually enter the 

surface water. After administration, some nanomedicine may be directly excreted out of 

the body [32, 33] and can reach the sewer system as mentioned above. These 

nanomedicines will usually go through a treatment facility before finding their way into 

receiving waters or land through the application of sewage sludge. Engineered 

nanoparticles released to wastewater and wastewater sludge may find their way to food 

chain [35-37]. Other routes of entry include the disposal of unused medicines and 

containers. Nanomedicine released into soils, sediments, and sewage systems may 

eventually find their way into groundwater, reservoirs, and river systems and, thereby, 

may enter into the food chains of living organisms. These release routes cover a number 

of different flow geometries over various types of environmental surfaces such as flow 

over vitrified clay of WC, flow inside polyethylene plastic or vitrified clay sewage pipe, 

flow in soil, flow near plant roots, and flow near aquatic life forms. 
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Figure 1.2. Routes by which nanomedicines enter the environment. The most important routes 
are waste effluents from manufacturing processes, excreta, disposal of unused or expired drug 
products, and accidental spills during manufacturing or distribution. 

 

1.2 Transport Phenomena of Nanoparticles 

The transport of a nanoparticle dispersion depositing onto a surface can be 

described by the convective diffusion theory [38]: 

  

  
        ⃗      [1.1] 

where N is the number of particles per unit area, D∞ is the particle diffusion coefficient, k 

is the deposition rate coefficient, and v is the fluid velocity. At distances far from the 

solid surface, convection dominates over diffusion for transport of nanoparticles. At 

distances very close to the solid surface, the solvent stream movement is slow while the 

concentration gradient is large. In such regions, the contribution of diffusion to the 

nanoparticle movement is comparable to or larger than convection. 

To determine the net concentration change at a particular point in time, we need 

to know the liquid flow pattern and boundary, and initial conditions. For generic 
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colloidal dispersions, the perfect sink conditions i.e., all particles arriving at the surface 

will adsorb, is a common assumption used in obtaining an approximate solution for Eq. 

1.1. However, as time evolves and particles become adhered, the perfect sink condition 

is no longer valid, and then interactions between particles and the excluded area effects 

are present, which implies a time-dependent boundary condition for which analytical 

solutions are not available. To this end, numerical models have been developed, mainly 

the random sequential adsorption (RSA) model and Brownian dynamics (BD) 

simulations  [39]. The RSA model is simpler and computationally less demanding and 

gives results consistent with experiments [39]. BD has also been applied to model 

systems, such as latex particles and globular proteins deposited onto mica surfaces [39].  

Treatments of the detachment process have also been published [40, 41]. These 

aforementioned studies assumed laminar flow, but there are also some treatments for 

turbulent flow conditions [42, 43]. For polymeric nanomedicine, very little experimental 

information on the adsorption and desorption kinetics and thermodynamics on polymeric 

nanomedicine to environmental surfaces is available in the literature. Hence, the choice 

of the deposition rate coefficient as well as (time-dependent) boundary conditions for the 

convective-diffusion equation, which is critical for understanding the transport of 

polymeric nanomedicine in the environment, is currently not clear. 

1.3 Transport of Nanoparticles in the Environment 

There are numerous studies investigating the transport of various types of 

traditional materials such as solutes [44-46], amphiphiles [47-49],  viruses [50-52], and 

colloidal particles [53-55] in the environment. Recently, the focus of environmental 
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transport studies has shifted towards engineered nanomaterials. To this end, many field 

and laboratory investigations focusing on the distribution and fate of nanomaterials such 

as TiO2 [56-58], CeO2 [59, 60], ZnO [61-63], Au [64], Fe2O3 [65], Al [66], Ag [67], 

CdSe [68], fullerenes [69], and carbon nanotubes [70-72] in the environment have 

recently been conducted. A common conclusion of these studies is that interactions 

between such nanomaterials and environmental interfaces, and interactions between 

nanoparticles themselves strongly influence the transport behavior of these nanoparticles 

in the environment. 

To be specific, for instance, Guzman et al. [73] investigated the effect of pH on 

TiO2 nanoparticle aggregation and transport in porous media and found that over 80% of 

suspended particles and aggregates were mobile over the pH range of 1−12, except when 

close to the isoelectric point, where the particles were highly aggregated. Fang et al. [57] 

demonstrated that TiO2 nanoparticles are stable in soil suspensions, and the suspended 

TiO2 relative concentrations were positively correlated with dissolved organic carbon 

and clay contents, and negatively correlated with ionic strength, zeta potential and pH. 

Darlington et al. [66] investigated the transport of aluminum nanoparticles in soil 

and sand matrices. They found that transport of aluminum nanoparticles was inversely 

related to the size of the agglomerated particles. Depending on the ionic strength of the 

solution in which they were suspended, the agglomerate size increased with time and 

further affected transport. In solutions that mimic surface water conditions of moderate 

ionic strength, aluminum nanoparticles will rapidly form micron-sized agglomerates and 

restrict transport. Similarly, particles loaded to the top of the column had limited 
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transport because of clogging of the matrix by agglomerates. Particles that remain 

unagglomerated and relatively small (200 nm) have greater transport potential, however, 

and could potentially reach groundwater or surface water. Particles with a surface charge 

similar to that of the matrix are transported, and those with opposite charges are retained 

in the matrix. 

Elimelech and co-workers investigated the transport of single-walled carbon 

nanotubes (SWNTs) in soil columns [74]. They found that SWNT shape and structure, 

predominantly the very large aspect ratio and its highly bundled (aggregated) state in 

aqueous solutions, as well as the heterogeneity in soil particle size, porosity, and 

permeability, collectively contribute to straining in flow through soil media. They 

concluded that highly anisotropic and bundled SWNTs will not exhibit substantial 

transport and infiltration in soils because of effective retention by the soil matrix. 

1.4 Interactions between Nanoparticle and Environmental Interfaces 

Molecular interactions between a nanoparticle and a surface determine the 

adsorption and desorption behavior, and, as a consequence, modulate the transport of the 

nanoparticle near the surfaces. However, very little is known about the adsorption and 

desorption kinetics and thermodynamics of nanomedicine around environmental 

interfaces. Thus, in the following paragraphs, we will summarize the current state of 

knowledge on the interactions between “generic” engineered nanoparticle such as TiO2, 

ZnO, and Au nanoparticles and common types of substrates, and discuss the similarities 

and differences of generic engineered nanoparticles and nanomedicine. 
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The nanoparticle-substrate interactions are governed by physicochemical 

properties of (i) nanoparticleliquid interface; (ii) substrate-liquid interface; and, (iii) the 

contact zone between the nanoparticle-liquid interface and the substrate (Fig. 1.3) [75]. 

In a given medium, most important nanoparticle characteristics that determine the nature 

of interactions between a nanoparticle and a substrate are chemical composition, surface 

functionalization, size, shape, surface area, porosity, crystallinity, and heterogeneity of 

the nanoparticle [75, 76]. Other important quantifiable properties of nanoparticles, such 

as the effective surface charge (zeta potential), particle aggregation, state of dispersion, 

stability/biodegradability, dissolution characteristics, and hydration and valence 

properties of the surface layer are determined by the characteristics of the suspending 

medium [77, 78], which include the ionic strength, pH, temperature, and the presence of 

large organic molecules or surfactants [79]. 

 
Figure 1.3. The main effects that occur between a nanoparticle and substrate stem from material 
properties, modification of the surface properties of those materials through interactions with the 
suspending medium, and the dynamic interactions of the solid–liquid interface with the substrate.  
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The particle characteristics contribute actively to the interactions with the 

medium through the following methods: (i) promoting the adsorption of ions, proteins, 

natural organic materials and detergents; (ii) double-layer formation; (iii) dissolution; or, 

(iv) minimizing free surface energy by surface restructuring [79]. Many of these newly 

acquired particle properties or transformed states determine the forces that operate at the 

nanoparticle-medium interface with characteristic decay lengths. These forces include 

long-range forces arising from attractive van der Waals (VDW) and (generally) repulsive 

electrostatic double-layer interactions as well as short-range forces arising from charge, 

steric, depletion, and solvent interactions [79]. Medium interactions (for example, 

protein interactions) could also induce large-scale changes, such as nanoparticle 

dissolution, ion leaching, phase transformation, and agglomeration [75]. 

Polymeric nanomedicines differ from the generic nanoparticles discussed above 

in two ways: (i) Polymeric nanomedicines usually have micellar core/shell structure, in 

which the core contains the hydrophobic part of an amphiphilic polymer and 

hydrophobic drug, and the shell contains the hydrophilic part of the amphiphilic polymer 

in an aqueous solution (Fig. 1.1). In contemporary formulations, a biocompatible 

polymer with very low critical micelle concentration and high glass transition 

temperature is typically selected as hydrophobic part of polymeric nanomedicine. Thus, 

polymeric nanomedicines have advantages over conventional surfactant micelles in that 

they have better thermodynamic stability in physiological solution, since amphiphilic 

polymers have remarkably lower critical micellar concentrations than surfactants. 

Namely, unlike traditional surfactant micelles, the polymeric nanomedicine core is a 
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kinetically frozen structure, which does not experience monomer association and 

dissociation i.e. it is not a dynamic system. Strong stability is an important requirement 

for most drug delivery systems. Otherwise, the administered drug will never reach the 

target site. (ii) For “generic” nanoparticles, the shell (corona) layer is thin relative to the 

core of the nanoparticles. The corona layer is responsible for screening out van der 

Waals interactions occurring between the core and a substrate, and it also introduces 

repulsive steric (entropic) forces in the overall system. On the other hand, structures of 

polymeric nanomedicine are “hairy” nanostructures, i.e., the core of the nanoparticles is 

thin relative to the shell of nanoparticles (Fig. 1.1). Thus, steric repulsion and screening 

of van der Waals interactions of polymeric nanomedicine are much stronger than that of 

generic nanoparticles. This means that hairy structure also provides an improved 

stability, which is an important requirement for drug delivery applications. These two 

differences bring additional contributions to the nanoparticle-substrate interactions 

discussed above, thereby can alter the transport behavior of polymeric nanomedicine 

significantly. 

1.5 Summary and Objectives 

In summary, environmental aspects of engineered nanoparticles are receiving 

increased attention as the consumption and production volumes of engineered 

nanoparticles increase [80, 81]. Various research groups have focused on different 

environmental aspects for various types of nanoparticles such as organic, inorganic, and 

metal nanoparticles, carbon nanotubes, and viruses. However, similar studies on 

polymeric nanomedicine are rather limited.  
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The overarching goal of the dissertation is to generate a fundamental 

understanding of the transport phenomena of nanomedicine in the environment. we aim 

to determine the relative importance of convection, diffusion, adsorption, desorption, 

and uptake processes taking place in such transport phenomena and how these processes 

depend upon the structural and physicochemical properties of the nanomedicine and the 

environmental surfaces involved. The specific objectives of this dissertation are: (i) 

adsorption and desorption of polymeric nanomedicine onto environmental surfaces; and 

(ii) uptake and translocation of polymeric nanomedicine in the vicinity of plant roots.  
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CHAPTER II  

ADSORPTION OF POLYMERIC NANOPARTICLES* 

 

2.1 Introduction 

In general, adsorption is the transfer of an adsorbate from one phase to the 

adsorbent surface of an adjacent phase, and the accumulation of adsorbate at the 

interface resulting of the binding forces between the adsorbate and the adsorbent surface. 

These binding forces or interactions involve the weak van der Waals attraction 

contributing to physical adsorption, or the strong covalent bonds, i.e. hydrogen binding, 

in chemisorption. Usually physical adsorption is weak and reversible, while 

chemisorption is much strong and irreversible. Compared to other adsorption 

phenomena, polymer adsorption shows a range of binding energies depending on the 

type of forces present at the interface. Moreover, polymer adsorption is very different 

from that of small molecules. This is due to the large number of conformations that a 

macromolecule can adopt, both in the bulk solution and at the interface. Furthermore, the 

entropy loss or gain associated with a given flexible polymer can be substantially greater 

than that for small molecules or relatively stiff molecules [82]. Polymeric nanoparticles 

differ from polymers in their sizes and shapes, which affect the physical interaction such 

as van der Waals interactions, Born interactions, electric double layer interactions and so 

on.

  
*Reproduced with permission from Adhesion, Friction, and Lubrication of Polymeric Nanoparticles 

and their Applications, by Hongbo Zeng, in Polymer Adhesion, Friction, and Lubrication, 2013, 

New York. Copyright 2013 by Wiley. 
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Studies on adsorption behavior of polymeric nanoparticles can be divided into 

two: (i) adsorption of functional molecules on polymeric nanoparticles and (ii) 

adsorption of polymeric nanoparticles on large surfaces.  

2.2 Adsorption onto Polymeric Nanoparticles 

Adsorption onto polymeric nanoparticles involves the adsorption of small 

molecular agents or large molecules, mainly proteins, onto the polymeric nanoparticles. 

In this system, the polymeric nanoparticles act as the adsorbent surface, and the size of 

adsorbate is smaller than or similar to the polymeric nanoparticles. Adsorption of these 

adsorbates onto polymeric nanoparticles may (i) protect functional adsorbates and 

increase their stability, (ii) format targeted delivery of the adsorbate, (iii) improve the 

surface property of polymeric nanoparticles such as increasing bioavailability, enhancing 

cellulose uptake, and prolonging blood circulation time. 

Adsorption of therapeutic molecules onto polymeric nanoparticles was well 

studied as one method to fabricate drug delivery systems. Not only do they enhance the 

uptake of the drugs but they also provide good stability. It is found that adsorption of 

drugs onto polymeric nanoparticles may increase their cellular uptake and their vitro or 

vivo stability [83, 84].  Adsorption of a target agent onto a polymer nanoparticle can 

make targeted drug delivery system. Examples of functionalized nanoparticles include 

fluorescence molecules, X-ray or MRI contrast imaging agents, to name a few. 

However, functionalizing nanoparticles may not be as efficient as loading them inside 

the particle, especially when the change of surface property by the functional molecule is 

not expected.  This loading process can also increase both stability and uptake.  
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The protein adsorption on polymer nanoparticles has significant importance in 

biomedical applications both in-vitro and in-vivo. In-vitro applications include protein 

separation, solid-phase immunoassay and enzyme immobilization. In-vivo applications 

involve bearing or filler biomaterials and various therapeutic carriers [85]. The 

adsorption of proteins for controlled drug delivery or drug targeting system is regarded 

as a major factor influencing in-vivo distribution after intravenous injection. Numerous 

proteins exist in the human body, and their adsorption, denaturation on the surface, and 

blood clothing are directly involved with overall biocompatibility and performance. 

Dispersing polymeric nanoparticles in protein mixture gives rise to a phenomenon called 

Vroman-effect. The adsorption patterns considered as a product of a sequence of 

adsorption of more abundant proteins with lower affinity are displaced by less abundant 

proteins with higher affinity in the early stage of adsorption [86]. 

2.3 Adsorption of Polymeric Nanoparticles on Large Surfaces  

In this case, polymeric nanoparticles act as the adsorbate, and particle-surface 

interaction will determine the adsorption behavior. Contrary to adsorption of functional 

molecules onto polymer, studies on adsorption of polymeric nanoparticles onto large 

surfaces are rather limited. However, since adsorption is mainly determined by the 

interaction between nanoparticle surface and the large surface, understanding the 

adsorption behavior of polymers may well help us to understand the adsorption behavior 

of polymeric nanoparticles.  

Polymer adsorption in general and biopolymer adsorption in particular show a 

range of binding energies depending on the type of forces present at the interface. 
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Hydrogen bonding and electrostatic interactions are very common in polymer 

adsorption. If the polymer consists of more than one block, and those blocks have 

different interactions with the surface. For example, during the course of adsorption of 

poly(ethylene oxide)-block-poly(L-lysine) copolymer (PEO-b-PLL) adsorption onto 

silica surface, PEO can bind with silica by hydrogen bonding, while PLL can bind via 

electrostatic interactions [87]. In these cases, two blocks competitively adsorb onto the 

surface. At low concentrations, both blocks bind with the surface, whereas at high 

concentration, the block possessing the stronger interaction mainly binds with the 

surface. Moreover, the block with weaker interaction will be replaced by the block with 

stronger interaction as the concentration increases.   

The adsorption of polymers onto surfaces is found to take place via two 

processes at different time scales: (i) a diffusion-limited process in the initial stage, and 

(ii) a significantly slower process at dense surface coverage. This happens because the 

interaction between the polymer increases with increasing surface coverage. At initial 

stage, the surface coverage is low and the repulsive force from the pre-adsorbed polymer 

is ignored. In addition, the adsorption rate is determined by the polymer concentration in 

the solution/surface interface. However, at high surface coverage, interactions between 

polymers are strong, and therefore adsorbed polymers on the surface have to rearrange to 

a more brushy conformation for more polymers to adsorb [88, 89] . 

The adsorption behavior of polymeric nanoparticles may be similar to the 

adsorption behavior of polymers, since the surface (a polymer) property of the 

nanoparticle plays an important role in the adsorption behavior. However, the particle 
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size and the shape may also influence the adsorption behavior, i.e. the particle size and 

the sharp affect the van der Waals interactions, Born interactions, electrical double-layer 

interactions and other interactions that occur between the particle and the surface. The 

difference in these interactions will result in a different the adsorption behavior. 

Similar to the adsorption of polymer onto surfaces, the adsorption of polymeric 

nanoparticles may also take place via two kinetics regimes at different times. Initially, 

the adsorption rate is limited by the nanoparticles availability at the solution/surface 

interface. At high surface coverage, the adsorption sites become scarce, and repulsion 

between the similarly charged nanoparticles increases, thus presenting a potential barrier 

to adsorption. The slower polymeric nanoparticle surface rearrangement is necessary for 

further attachment, which becomes the rate-determining step. The maximum amount 

adsorbed at this stage is thought to be kinetically determined, which accounts for the 

reported irreversible adsorption  [90].  

2.4 Adsorption Isotherms 

In general, multi-layer adsorption is not applicable due to the repulsive 

interaction between polymeric nanoparticles. Therefore, the pattern of polymeric 

adsorption equilibrium isotherms assumes either a Langmuir-type or Freundlich-type 

shape. The Langmuir-type model is described by  

  
       

     
 [2.1] 

where Ceq is the equilibrium concentration, Γ is the absorb mass of the polymeric 

nanoparticle, Γmax is the plateau value and b is a constant. Langmuir-type model is based 

on the assumption that the adsorption enthalpy does not vary with coverage. Langmuir-
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type isotherm shows a steep initial slope followed by attainment of a plateau at high 

concentration. While the Freundlich model is described by 

        
  [2.2] 

where a and m are constants that define the functionality of  Γ and Ceq. Freundich model 

is based on the assumption that the adsorption enthalpy decrease linearly with surface 

coverage. Freundlich isotherm shows a monitonic increase for all range of 

concentrations.  

Due to the complicated interaction between polymeric nanoparticles, sometimes 

neither Langmuir model nor Freundlich model is accurate enough, and Langmiur-

Freundlich model is used instead and is described by 

  
          

        
 [2.3]. 

Langmuir-type isotherm is more widely used and it is valid for most of adsorption cases. 

2.5 Adsorption Kinetics of Polymeric Nanoparticles onto Substrates 

Polymeric nanoparticles usually can form strong covalent bonds with surface 

making a kind of chemisorption. However, these covalent bonds only happen to the 

adsorbed particle during their rearrangement or deformation. Physical interaction, such 

as van der Waals interaction, Born interaction, electrical double-layer interaction and so 

on, still play more important role in the adsorption process. Let us consider a simple 

system (Fig. 2.1) of a spherical rigid nanoparticle with a flat surface. 
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Figure 2.1. (a) Illustration of a simple system of a sphere nanoparticle with flat surface. (b) total 
interaction energy versus distance. 

 

First, the van der Waals interaction energy between a sphere and a semi-infinite 

plate can be expressed as [91]: 

         
 

 
*
 

 
 

 

    
   

 

    
+ [2.4] 

where A is the Hamaker constant.  

Second, Born repulsion is a short-range molecular interaction, resulting from the 

overlap of electron orbitals. It is the twelfth-order term of the empirical Lennard-Jones 

6-12 potential.  The born repulsion between a sphere and a plate can be calculated using 

[92]: 

         
   

    
*

    

       
 

    

  + [2.5] 

where σ is the collision diameter. 
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Third, the double-layer interaction between a sphere and a plate can be expressed 

as [93]: 

           
  

 
          

    

   
        

    

   
      [2.6] 

where ε is fluid dielectric constant of the medium, θs1 and θs2 are surface potential of the 

polymer nanoparticle and flate surface, κ-1 is Debye length. This expression is 

appropriate for monovalent electrolyte solutions when κh > 2 and κR >> 1. For low 

surface potential (θs1, θs2 <50 mV), the follow equation may also be used [94]. 

                         [2.7] 

Summing the contribution from each effect (Equation 2.4, 2.5, 2.6 or 2.7) gives 

the total energy of interaction: 

W(h) =Wvdw(h) + WBorn(h) + WDL(h) [2.8] 

To calculate the adsorption kinetic, the equation of continuity for dispersed 

nanoparticles phase under isobaric-isothermal conditions in the form [95]: 

  

  
       [2.9] 

      (
  

  
 

   

  
)        [2.10] 

where j is the particle flux vector, Dc is diffusion tensor, Dc = MkT, M is the mobility 

tensor, μ is the chemical potential of particles, Wt is the total interaction potential, n is 

the local value of particle concentration, Up is the particle velocity vector. For the region 

close to the interface of thickness (δa) where the flow contributions vanishes and the 

particle transport can be assumed to be one-dimensional, Equations 2.9 and 2.10 

simplify into [85]: 
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*           

  
(      )+ [2.11]. 

For linear adsorption regime, the flux can be expressed as follows [82]:  

-j = kan(δa) + k’dn(δm) [2.12] 

where n(δa) is the particle concentration at h=δa, n(δm) is the particle concentration at the 

primary minimum,  

   
         

∫
     

    
  

  
  

 [2.13] 

  
                      [2.14] 

By considering the surface coverage definition given by Equation 2.15 and W(a)=0 (no 

secondary minimum present), one can transform Equation 2.14 to the usual form as 

Equation 2.18 [85]: 

  ∫    
  

 
    [2.15] 

-j = kan(a) + kd (m) [2.16] 

where 

   
 

∫
     

    
  

 
  

 [2.17] 

   
  

∫         
 
  

 [2.18] 

The theoretic adsorption rate constant and desorption rate constant can be calculated by 

Equations 2.17 and 2.18. 
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CHAPTER III 

ADSORPTION, DESORPTION, AND REMOVAL OF POLYMERIC 

NANOMEDICINE ON AND FROM CELLULOSE SURFACES* 

 

3.1 Introduction 

With the increasing consumption of nanomedicine and a lack of regulation 

governing their disposal, the occurrence and fate of medicines in the environment and 

the potential consequences for human health have been increasingly recognized as issues 

warranting consideration[3, 4, 96, 97]. Currently, among the various types of 

nanomedicine, polymeric nanoparticulate drug delivery systems (PNDDS) filled with 

therapeutic agents represent one of the most commonly used forms of drug delivery [8-

12].  

PNDDS released into soils and sediments may eventually find their way into 

groundwater, reservoirs, and river systems and, thereby, may enter into the food chains 

of living organisms [81, 98, 99]. To be able to properly assess the distribution and fate of 

PNDDS and develop successful strategies for minimizing any side effects on the 

environment, one has to understand how PNDDS interacts and adsorbs on environmental 

interfaces. In general, cellulose is the most abundant component of plant roots [100] and 

therefore important in the context of determining how PNDDS may accumulate on the 

plant roots, which can be consumed by animals or affect symbiotic relationships with 

  

*Reproduced with permission from Adsorption, Desorption, and Removal of Polymeric
Nanomedicine on and from Cellulose Surfaces: Effect of Size by Ming Zhang and Mustafa Akbulut, 
2011. Langmuir, 27 (20), pp.12550-12559, Copyright 2011 by American Chemical Society. 
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fungi and bacteria.  

Thus, in this study, we focus on the adsorption and desorption behavior of a 

model PNDDS on cellulose surfaces. The model PNDDS was ibuprofen loaded 

poly(ethyleneglycol-b-ε-caprolactone) (PEG-b-PCL) encapsulated nanoparticles of 

various sizes. PEG-b-PCL was selected as stabilizing building block because it is one of 

the most commonly used amphiphilic copolymer in formulations of the current PNDDS 

[101-104]. Ibuprofen is opted due to its low water solubility, which is a common feature 

of most therapeutics used in PNDDS formulations. Quartz crystal microbalance with 

dissipation (QCM-D) was employed to study the adsorption and desorption kinetics and 

thermodynamics of these PNDDS onto cellulose surfaces. We also used atomic force 

microscopy (AFM) to obtain complementary information on adsorption and desorption 

behavior of PNDDS. 

3.2 Materials and Methods 

3.2.1 Materials 

Poly(ethyleneglycol-b--caprolactone) (PEO-b-PCL, 5,000-b-6,500 g/mol) 

(Polymer Source Inc.), polystyrene (PS, 125,000 g/mol) (Alfa Aesar), ibuprofen 

(98%)(Sigma-Aldrich), and tetrahydrofuran (THF) (Sigma-Aldrich) were used as 

received. 

3.2.2 Preparation of PNDDS  

The PNDDS were prepared using a rapid nanoprecipitation method [105, 106].In 

this method, a hydrophobic therapeutic agent, ibuprofen, and an amphiphilic diblock 

copolymer, PEG-b-PCL, were molecularly dissolved in a water-miscible, organic phase, 
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THF. The mixture was loaded in a glass syringe. Add another glass syringe loaded an 

aqueous anti-solvent stream, Milli-Q water. These two syringes were connected to a 

three-way micro-mixer. Two syringe pumps were introduced to control the flow rates of 

organic and water phases. The flow rates of organic and water phases were 5 ml/min and 

50 ml/min, respectively. These two flows were rapidly mixed to produce polymer 

encapsulated ibuprofen nanoparticles (Figure 3.1). The resultant dispersion was dialyzed 

against Milli-Q water overnight to completely remove THF with a standard regenerated 

cellulose dialysis membrane (12 kD-14 kD, Spectrum Laboratories, Inc. ). The sizes of 

these nanoparticles were tuned by varying the concentration of ibuprofen and/or adding 

an extra filler agent, PS in the organic stream (Table 3.1). 

 
Figure 3.1 Schematic (a) theory, and (b) experiment setup of Flash NanoPrecipitation Method to 
Fabricate PNDDS  
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Table 3.1. Six different formulations used to create ibuprofen nanoparticles of varying size. 

Formulation Ibuprofen PEO-b-PCL PS 
A 1.0% 2.0% - 
B 0.2% 0.2% - 
C 0.1% 0.1% 0.02% 
D 0.1% 0.1% 0.05% 
E 0.1% 0.1% 0.10% 
F 0.1% 0.1% 0.20% 

*The concentrations werein weight % (weight agent/weight THF) in THF stream before mixing 
with Milli-Q water at a 1:10 THF:H2O (vol:vol) ratio. All formulations also contains very trace 
amount of Nile-Red (~10-3%) for potential use in distribution of nanoparticles by fluorescence 
imaging. 

 

3.2.3 Characterization of PNDDS 

Dynamic light scattering (DLS) (Zetasizer Nano ZS90, Malvern) was used to 

measure the size and zeta potentials of PNDDS. At least three measurements were 

acquired by each of sample. Transmission electron microscopy (TEM) (JEM-2010, Jeol) 

was used to characterize the shape and size. A drop of PNDDS sample solution was 

added on a carbon film (CF-400-Cu, Electron Microscopy Sciences) and dried in room 

temperature.  The images were got by a Gatan SC1000 ORIUS CCD camera (Model 

832) at room temperature. 

3.2.4 Quartz Crystal Microbalance with Dissipation (QCM-D) 

The adsorption and desorption of PNDDS onto the cellulose surface were studied 

using a QCM-D (E1, Biolin Scientific) and a cellulose-coated QCM sensor (QSX 334, 

Biolin Scientific). In these experiments, upon interaction of PNDDS with the surface of 

the sensor crystal, changes in the resonance frequency, f, related to attached mass 

(including coupled water) in the adlayer is measured with a time resolution of better than 

1 s. Measurement data for f was acquired at several harmonics (15, 25, 35, 45, 55, and 65 
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MHz) simultaneously. All measurements were performed at a temperature of 25°C, to 

within 0.1 °C. The liquid flow rate was very low, 3 l/s and kept constant for all 

experiments. For all types of PNDDS, the concentration was 0.133mg/ml. In a typical 

experiment, first, a base line was obtained using Milli-Q water (18.2 MΩ cm-1 @ 25 °C). 

Then, Milli-Q water was replaced by PNDDS solutions to initiate and measure the 

adsorption of PNDSS on the cellulose surface. After the equilibrium was reached, 

PNDDS solution was replaced by Milli Q water to study the desorption behavior of 

PNDDS from cellulose surfaces. Each QCM experiment was repeated at least four to 

five times. 

3.2.5 Atomic Force Microscopy (AFM) 

The distribution of PNDDS on the cellulose surface after adsorption and 

desorption steps were characterized by AFM in contact mode (NanoscopeIIIa, Veeco 

Instruments, Santa Barbara, CA). The AFM measurements were conducted using a 

standard V-shaped SiN4 probe (Veeco, Santa Barbara) with a spring constant of 6 N/m 

and tip radius of less than 20 nm. AFM measurements were performed at a 0˚ scan angle 

on a 10-µm10-µm area at a speed of 1 µm/s.  

3.3 Results  

3.3.1 Characterization of Prepared Model PNDDS 

Figure 3.2a displays the intensity-weighted particle size distribution for six 

different sizes of PNDDS prepared bytheformulations described in Table 3.1.All of the 

size distributions were unimodal and fairly narrow. The particle size measurements were 

also confirmed by transmission electron microscopy (TEM) (Fig. 3.2b and 3.2c). TEM 
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images also indicated that PNDDS were perfectly spherical and had a core-shell 

structure. For all PNDDS, the Zeta potential was found to be 30±3 mV, an indication of 

moderate electrostatic stabilization. Additional DLS measurements performed in pre-

defined intervals over two weeks revealed that there was no significant change in the 

PNDDS size over a period of two weeks, suggesting an excellent stability in an aqueous 

environment at 25C and pH 6.7. 

 

 
Figure 3.2. (a) The intensity-weighted particle size distributions for PNDDS. Z-average sizes of 
PNDDS were 46±1 nm (black, A), 81±2 nm (red, B), 159±1 nm (cyan, C), 197±4 nm (magenta, 
D), 238±7 nm (dark yellow, E),  and 271±2 nm (orange, F). TEM micrographs for (b) 46-nm 
PNDDS and (c) 271-nm PNDDS described in DLS study. (Letters A through F shown in the 
particle size distribution graph indicate the formulation used (Table 2.1 in their preparation.) 

 
3.3.2 Adsorption Kinetics and Thermodynamics of PNDSS on Cellulose Surface 

Figure 3.3 shows a typical mass adsorption and desorption of PNDDS of various 

sizes on the cellulose surface as a function of time. For all sizes, both of the adsorption 

and desorption data followed an exponential trend, suggesting that the adsorption and 

desorption of PNDDS on the cellulose surface is a first-order process. In addition, it was 

found that during PNDDS exposure (adsorption stage, t1), the time required to reach 
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steady-state increased with increasing PNDDS size (Fig. 3.3b). Furthermore, the adlayer 

mass under steady-state condition was about the same, 605±19 ng/cm2 for all PNDDS. 

On the other hand, during rinsing (desorption stage, t2), the time required to reach 

steady-state counter-intuitively increased with decreasing PNDDS size (Fig. 3.3c). 

Furthermore, while the complete removal/desorption was not observed for any sizes, a 

larger fraction of adlayer mass desorbed from the surface for smaller PNNDS. In other 

words, the adsorption of PNDDS on cellulose is partially reversible process. Overall, 

Figure 3.3 contains a lot of information, which we analyze and discuss in detail in the 

following paragraphs. 

 
Figure 3.3. (a) Illustration of three different stages of QCM experiments involving a cellulose 
sensor and PNDDS: water exposure (t0), PNDDS dispersion exposure (t1), and water rinsing (t2). 
Corresponding QCM response (b) for exposure step and (c) for the rinsing step.Z-average sizes 
of PNDDS were 46±1 nm (black), 81±2 nm (red), 159±1 nm (cyan), 197±4 nm (magenta), 
238±7 nm (dark yellow), and 271±2 nm (orange). 

 

3.3.3 Distribution of PNDDS on Cellulose Surface before and after Rinsing 

Figure 3.4 displays AFM micrographs of cellulose QCM sensors before and after 

exposure of 197-nm PNDDS, and after water rinsing. As observed from QCM 

experiments, some of PNDDS (purple) remained on the cellulose, suggesting a partially 
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reversible adsorption behavior. The size analysis of PNDDS revealed that the height of 

adsorbed PNDDS, 150±20 nm is smaller than the diameter of the PNDDS in solution 

while the length and width of adsorbed PNDDS are 230±130 nm. Overall, although there 

are some deformations on the PNDDS upon adsorption, the volume of PNDDS is mostly 

preserved.  This finding also means that PNDDS are stable against mechanical 

deformations as well i.e. they do not break down upon adsorption. 

 
Figure 3.4. AFM micrographs of the cellulose QCM sensor (a) before PNDDS adsorption, (b) 
after PNDDS adsorption, and (c) after water rinsing. 

 

3.3.4 Kinetic Models for PNDDS Adsorption and Desorption  

To describe the kinetics of adsorption and desorption of PNDDS on cellulose 

surfaces, we relied on partially reversible adsorption model reported by Tassel et 

al.[107]: 

   

  
                                 [3.1] 

   

  
               [3.2] 
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Here  α and  β are the concentration α-particles (reversibly bound particles) and β-

particles (irreversibly bound particles) on the sensor surface (Fig. 3.5), respectively; ms 

is the mass concentration of PNDDS in the solution; ka is the rate constant of adsorption; 

kd is the rate constant of desorption; ks is the rate constant of spreading; Φα(t) is the 

probability of an incoming α-particle to land in a non-overlapping site on the surface; 

and Ψαβ(t) is the probability of an α-particle that is already on the surface to have 

sufficient area to spread.  

 
Figure 3.5. A schematic of the partially reversible adsorption model. Adapted from Ref. 
[107].Adsorption is forbidden if the new particle will overlap or be too close to previously 
adsorbed particles. Particles may deform and form an irreversible bind with the surface if space 
allows. Particles may desorb from the surface if no deformation happen but cannot desorb after 
deformation.  

Since QCM measurements can only provide information about the total mass of 

adlayer, and cannot differentiate between α-particles and β-particles, Eqs. 3.1 and 3.2 are 

added together to yield the total mass balance on the surface: 

  

  
                   [3.3] 

where   is the mass concentration of total PNDDS on the sensor surface. We assume 

that Φα(t) is directly proportional with the empty space available for new particles to 
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adsorb on i.e. a Langmuir-type adsorption behavior for -particles. This assumption 

implies that Φα(t)=( * )/ *, where  * is the maximum surface concentration of 

PNDDS that can cover the surface, which is the equilibrium concentration of PNDDS on 

the sensor surface at very large solution concentrations. For the sake of simplicity, we 

shall introduce another parameter, θ, which is the ratio of non-deformed to total PNDDS 

mass on the surface of the sensor (θ= α/ ). Combining all of this information, the rate of 

mass change on the surface can be expressed during the PNDDS exposure stage as 

follows: 

          
  

  
       

             [3.4]. 

Since the inlet stream contains a continuously supplied, constant concentration of 

PNDDS and the residence time of PNDDS in the chamber is small, ms can be assumed to 

be constant. However, is a function of time: initially, θ(t=0)=0 which means that all 

PNDDS have enough space to deform on the surface, and at very long adsorption times, 

θ(t=∞)=θ∞, which means that there is no more space for any PNDDS to deform on the 

cellulose surface. If change in the total area occupied by PNDDS is small relative to the 

overall surface area during the adsorption experiment, an arithmetic average of θ(t=∞) and 

θ(t=0), <θ>(independent of time) may be used instead of θ. This approximation leads to 

the following expression for  : 

  
     

 

      
      

    
        

          [3.5] 

Fitting the QCM data shown in Fig. 3.3b with Eq. 3.5 enabled us to calculate 

kinetic parameters and surface coverage for each size of PNDDS (Table 3.2). The 
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equilibrium concentration of adsorbed PNDDS,    
     

 

      
      

 , was found to 

mostly independent of PNDDS size, 609±19 ng/cm2 as can also directly be seen from 

Figure 3.3. The surface coverage for smaller particles was more than that for larger ones; 

and ranged from 0.21 to 0.038.  The corresponding average interparticle distances (from 

center to center) ranged from 89 nm to 1229 nm. 

Table 3.2. Summary of the fitting parameters for the QCM data based on Eq. 3.5 for PNDDS 
exposure stage. 

Diameter 
(nm) 

 kams/ *+kd<θ> 
(10-3/s) 

Coverage 
(fraction) 

Interparticle distance (nm) 
46  13.8±0.9 0.210±0.012 89±5 
81  12.6±0.3 0.121±0.006 207±10 

159  11.3±2.0 0.066±0.002 550±19 
197  11.1±1.0 0.052±0.003 766±50 
238  7.5±0.5 0.043±0.001 1015±31 
271  5.2±0.4 0.038±0.002 1229±66 

 

 

For the case of pure water inflow over the sensor, rinsing stage, the equilibrium 

shifted towards desorption and the adsorbed mass on the sensor decreased exponentially. 

However, as discussed in the previous sections, only the PNDDS that have not deformed 

on the surface (α-particles) can desorb from the sensor. Thus, during the rinsing stage, 

the change in the mass of adsorbed particles was primarily due to desorption of α-

particles. For this system, the rate of mass change on the surface can be expressed as: 

          
   

  
      [3.6] 

The solution for this equation is: 

      
     [3.7] 
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Fitting the QCM desorption data shown in Figure 3.3c with the model described 

in Eq.3.7 enabled us to determine the rate constant of desorption and the ratio of non-

deformed to total PNDDS mass on the surface at equilibrium (Table 3.3). It was found 

that the rate constant of desorption was smaller for smaller PNDDS and ranged from 

2.510-3 to 11.910-3s-1. It was found that a larger fraction of smaller PNDDS was in 

undeformed-state (-particles) compared to larger PNDDS. This is presumably related 

to the fact that the larger particles had a larger equilibrium interparticle distance on the 

surface: The average interparticle distance of 46-nm PNDDS was about twice of its 

diameter, while that of 271-nm PNDDS was about 4.5 times of its diameter.  This means 

that there is a smaller degree of steric hindrance that can laterally inhibit the deformation 

of PNDDS i.e. transformation from -particles to -particles (Fig. 3.5). 

Table 3.3. Summary of the fitting parameters for the QCM data based on Eq. 2.7 for rinsing 
stage. 

Diameter (nm)  α∞(ng/cm2) θ∞ kd(10-3/s) 
46 54±14 0.09±0.02 2.5±0.1 
81 53±6 0.09±0.01 3.4±0.1 

159 51±2 0.08±0.004 3.9±0.1 
197 48±3 0.07±0.007 4.6±0.1 
238 35±1 0.06±0.002 9.2±0.3 
271 20±3 0.03±0.005 11.9±0.7 

 

 

After kd and <θ> are found, we can calculate ka since we have already determined 

kams/ *+kd<θ> and    
     

 

      
      

 from the adsorption data (Table 3.2). For <θ>, 

we considered two limiting cases (t=0 and t=∞) for all PNDDS sizes, and found that the 

difference in ka obtained using (t=0) and (t=∞) is smaller than 7% for all of the cases. 



 

34 

 

Thus, such as small variation of kawith respect to time and confirms the validity of our 

assumption to use an arithmetic average of (t=0) and (t=∞)for <θ>.With this assumption, 

the adsorption rate constants were determined and shown in Figure 3.6. The rate constant 

of adsorption decreased with increasing PNDDS size while the rate constant of 

desorption increased with increasing PNDDS size. 

 
Figure 3.6. The measured adsorption and desorption rate constant of PNDDS as a function 
PNDDS diameter. 

 
3.4 Discussion 

3.4.1 Degree of PNDDS Deformations 

The QCM data indicated that a larger fraction of smaller PNDDS was in 

undeformed-state (-particles) compared to larger PNDDS. This behavior could be 

ascribed two phenomena. First, according to the JKR and DMT theories [108], in the 

absence of any applied load and assuming that the particle is rigid as compared to the 

substrate, the contact radius varies as the particle radius is raised to the ⅔power if the 

deformations are elastic. Maugis and Pollock [109] showed that the contact radius 

should vary with the particle radius to the ½ power if the deformations are plastic.Rimai 
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et al. [110] studied deformation of polystyrene particles ranging from 2 to 12.5 m on 

polished polyurethane (elastic) substrate experimentally, and showed that the contact 

radius changes with the particle radius raised to the ¾ power. In essence, current particle 

adhesion studies have predicted that the contact radius should vary with the particle 

radius to between ½ and ¾ power. Regardless of the model chosen, the contact radius 

increases with increasing particle size. This means that larger particles have a higher 

tendency to be in -state (Fig. 3.5).  

The fact that a larger fraction of smaller PNDDS is in undeformed-state may also 

be related to the interparticle separation (particle spacing). The average interparticle 

distance of 46-nm PNDDS was about twice of its diameter, while that of 271-nm 

PNDDS was about 4.5 times of its diameter. This means that there is a smaller degree of 

steric hindrance for larger particles that can laterally inhibit the deformation of PNDDS 

i.e. transformation from -particles to -particles (Fig. 3.5) 

3.4.2 Partially Reversible Adsorption-Desorption Behavior 

A possible explanation for the incomplete desorption is that upon adsorption and 

deformation, the large number of PNDDS segments in the vicinity of the surfaces 

collectively create a large energy barrier, hindering the simultaneous breakage of all 

segment−surface contacts and hence prohibiting desorption [111]. 

Another explanation for the irreversible behavior is as follows: Partially 

reversible adsorption-desorption behavior is also ultimately an adhesion hysteresis 

phenomenon where the work needed to separate two surfaces or molecules is generally 

greater than that originally gained on bringing them together. For surfaces composed of 
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chain molecules (such as cellulose and polyethylene glycol segments of PNDDS), their 

adhesion hysteresis is largely determined by the rearrangement or restructuring of 

surface molecular groups to enhance the number and/or strength of contacting bonds 

across the interface [112-116] . Involving interactions of two polymers, Maeda et 

al.[117] showed that one or two methylene groups can interdigitate with or penetrate 

into the opposite surface to increase the number of van der Waals bonds by an order of 

magnitude. In addition, the degree of interdigitation and entanglement for polymer-

polymer junctions is strongly rate-dependent in general [118-120]. Thus, since there is a 

continuous flow PNDDS at the exposure (deposition stage) and PNDDS is relatively 

labile on the cellulose surface, the adhesion hysteresis (or incomplete removal of 

PNDDS) is expected to depend on the relative magnitude of the rate of interdigitation 

and entanglement with respect to the rate of PNDDS translation on the surface. In 

essence, those of PNDDS that have sufficient time and/or space to entangle and 

interdigitate with cellulose surfaces will bind irreversibly to the surface while those that 

do not have enough time and/or space to entangle and interdigitate will bind to the 

surface reversibly.  

Similar partially reversible adsorption/desorption behaviors were also observed 

in other soft-condensed matter systems such as copoly (ethylene oxide−propylene 

oxide−ethylene oxide) on self-assembled monolayer (SAM) of a long-chain alkanethiol 

(CH3(CH2)10SH) [111]; annexin A1 binding to solid-supported lipid bilayers [121]; 

leucine-lysine peptide adsorption and desorption at –CH3 and –COOH terminated 
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alkylthiolate monolayers [122]; and giant unilamellar vesicles containing STxB lipid 

receptor onto Globotriaosylceramide [123]. 

3.4.3 Trends in Adsorption and Desorption Rate Constants 

As shown in the Figure 3.6, the rate constant of adsorption decreased with 

increasing PNDDS size while the rate constant of desorption increased with increasing 

PNDDS size. To understand the reasons behind this behavior, we consider the 

intermolecular interactions between PNDDS and the cellulose sensor. When these forces 

act over distances that are short compared to the diffusion boundary-layer thickness, and 

when the forces form an energy barrier, the adsorption and desorption rates may be 

calculated by lumping the effect of the interactions into a boundary condition on the 

usual convective-diffusion equation [85]. This condition takes the form of a first-order, 

reversible reaction on the collector’s surface.  

The rate of adsorption and desorption is related to the total interaction potential, 

W, as follows [85]: 

   
 

∫
      

     
  

 
  

 [3.8] 

   
  

∫          
 
  

 [3.9] 

where h is the separation between the particle and surface, kB Boltzmann constant, T 

temperature, m is the separation at which there is a primary minimum in the total 

interaction potential, is the diffusion boundary-layer thicknessDc(h) is the diffusion 

coefficient given by Nernst-Einstein equation [124]:  
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    [3.10] 

The wall correlation function f(h/R) tends to h/R when h/R <<1 and unity(i.e. Stokes–

Einstein equation) when h/R>>1 where R is the particle radius. For simple shape of the 

specific interaction energy profile, one can estimate ka and kd  analytically. In the case 

when energy distributions around the primary minimum and the barrier region can be 

approximated by a parabolic distribution, these constants are given by [85] 

   
    

 
√

  

     
  

 
  
    [3.11] 

   
  

  
√

   

    
  

  
    [3.12] 

where, Wb is the interaction energy at h = b, where is the maximum energy barrier; Wm 

is the interaction energy at h = m. There are three important types of interactions 

between PNDDS and cellulose surface that plays a role in the adsorption and desorption 

behavior: attractive van der Waals interaction, Born repulsion, and electrical double-

layer repulsion.  

First, the van der Waals interaction energy between a spherical particle and a 

semi-infinite plate can be expressed as [91]: 
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+ [3.13] 

where A is the Hamaker constant, which typically ranges between 10-21 to 10-20 J for 

organic molecules in water [125-127]. Considering that the surface tension of PEO (PEO 

=30.7 mJ/m2) and cellulose (cellulose =31.8 mJ/m2) are relatively close to one another 

[125, 128], the Hamaker constant of PEO-water-cellulose interface, APEO-water-cellulose has 
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to be close to the Hamaker constant of cellulose-water-cellulose interface, Acellulose-water-

cellulose. Thus, in all relevant calculations, we used the latter Hamaker constant, Acellulose-

water-cellulose, which was experimentally measured to be 8.010-21 J by Bergstrom et al. 

[126]. 

Second, Born repulsion is a short-range molecular interaction, resulting from the 

overlap of electron orbitals. It is the twelfth-order term of the empirical Lennard-Jones 

6-12 potential.  The born repulsion between a sphere and a plate can be calculated using 

[92]: 

         
   

    
*

    

       
 

    

  + [3.14] 

where is the collision diameter, which is treated as a second characteristic property of 

the particles and typically has a value of the order of 0.5 to 0.9 nm [127]. 

Third, when a surface come in contact with polar solvents, such as water, an 

electrostatic charge can develop by dissociation of surface groups or by adsorption of 

charged molecules such as polyelectrolyte from the surrounding solution. Such effects 

give rise to the double-layer interaction between the opposing surfaces, which, for a 

sphere and a plate, can be expressed as follows [94]: 

                       [3.15] 

Where  is the dielectric constant of the medium, s1 and s2 are surface potential of the 

PNDDS and cellulose surface, respectively, and  is Debye length. This equation is 

valid for small surface potential (|s1|,|s2|<50 mV). 

Summing the contribution from each effect gives the total energy of interaction: 
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W(h)=WVDW(h) +WBorn(h) + WDL(h) [3.16] 

Equation 16 involves one attractive and two repulsive terms, and can have single 

or multiple extrema depending on the relative magnitude and range of each interaction 

term.  For PNDDS used in the QCM experiments, we calculated the total energy as a 

function of separation and observed that there are only one minimum and one maximum 

in the total interaction energy. This is because van der Waals attraction is stronger than 

double-layer and weaker than Born repulsion at short separation (below 0.3 nm) while 

the van der Waals attraction is weaker than double-layer repulsion and stronger than 

Born repulsion at large separations (above 20 nm). The minima was located at around 

0.4 nm (Fig. 3.7a), which is close to the collision diameter while the maxima is located 

at around 50-75 nm depending on the size of particles (Fig. 3.7b). In addition, it was 

found that amplitudes of the minima and maxima were nearly proportional to particle 

radius. 

 
Figure 3.7. Total interaction energy between PNDDS and cellulose surface as a function of 
distance for PNDDS of various sizes.(black line: 46nm, red line: 81 nm, cyan line: 159nm, 
magenta line: 197nm, dark yellow: 238nm,  and orange: 271 nm.) 
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Table 3.4. List of the theoretical and experimental adsorption and desorption rate constants for 
PNDDS ranging from 46-nm to 271-nm. The theoretical constants are calculated using Eqs. 2.11 

and 2.12 with a cut-off distance, δm= 0.4 nm; A=0.810-20 J; ζ=710-10 m; kBT=4.110-21 J; 
r=78.38; θs1  = -12mV[126]; θs2 = -30mV; κ-1 = 680 nm; and μ=0.001 N·s·m-2 for all particle 

sizes. 

Diameter 
(nm) 

Theoretical Results  Experiment Results 
ka(m/s) kd(1/s)  ka(m/s) kd(1/s) 

46 7.35E-5 8.87E-9  6.03E-7 2.58E-3 

81 1.27E-5 1.90E-20  5.57E-7  3.37E-3 

159 6.09E-7 9.13E-18  5.33E-7  3.91E-3 

197 1.64E-7 2.11E-25  5.12E-7  4.61E-3 

238 4.60E-8 4.82E-31  3.46E-7  9.20E-3 

271 1.81E-8 2.83E-35  2.42E-7  11.94E-3 

 

 

With the knowledge of the total energy of interaction, Eqs.3.11 and 3.12 allow us 

to estimate ka and kd (Table 3.4). The estimated and experimental ka values followed 

similar trends, suggesting that a simplified model for the interactions is sufficient to 

capture the basic trends of PNDDS adsorption to cellulose surfaces. Since the adsorption 

rate constant has the Arrhenius form and the apparent activation energy is nearly 

proportional to particle radius (Fig. 3.7), ka decreased roughly exponentially with 

increasing particle radius. However, it is also worth to underline that small errors in the 

interaction energy are greatly enhanced due to the exponential dependence of ka to the 

interaction energy. To obtain more accurate estimates of ka values, a number of 

additional effects, such as surface roughness, solvation of surface, and adlayer particle-

particle interactions can be incorporated into the model. 

While the theoretical and experimental ka values followed similar trends, the 

theoretical and experimental kd values were very different from one another and even 

followed an opposite trend with respect to size (Table 3.4). This finding suggests that 
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forces other than intermolecular forces govern the “desorption” of PNDDS from 

cellulose surface. Considering there is a flow field passing parallel to surface, 

hydrodynamic forces can be responsible for the “desorption” or removal of PNDDS 

from the cellulose surface. It is important to note that while intermolecular forces 

between PNDDS and cellulose surface act perpendicular to surface, hydrodynamic 

forces acts both parallel (drag force) and perpendicular (lift force) to the surface (Fig. 

3.8). 

 
Figure 3.8. Illustration of hydrodynamic and adhesive forces acting on a particle resting on a 
plate in the presence of flow field. 

 

To determine the relative importance of hydrodynamic and intermolecular forces 

acting on a PNDDS adsorbed on the cellulose surface, we calculated the lift and 

adhesion forces acting on PNDDS for the conditions used in our experiments. The lift 

force acting on a spherical particle resting on a plane can be calculated as described by 

Leighton and Acrivos [129]: 

            
  

  
   [3.17] 



 

43 

 

where V is the fluid velocity as a function of position,V/z is the shear rate, D is the particle 

diameter, and ρ is the fluid density. The adhesion force between the particle and surface 

can be calculated using van der Waals interaction at a cut-off distance of 0.16 nm (direct 

contact separation): 

      
  

     [3.18] 

These calculations reveal that hydrodynamic lift force (FL~10-22 N) is much 

smaller than adhesion force (FA~10-9 N). Thus, the contribution of lift force into the 

desorption process is minimal. On the other hand, the drag force acts parallel to surfaces 

i.e. orthogonal to intermolecular forces. Thus, although the drag force is small compared 

to the intermolecular forces, it can still move the particle parallel to the surface given 

that the drag force is larger than frictional forces and rolling resistance, FDF

. Here,  is the coefficient of static friction or the rolling resistance coefficient 

depending on the type of motion the particle experiencing (spherical particles can slide 

and/or roll on the cellulose surface). In most practical applications, the rolling resistance 

coefficient ranges from 10-3 to 10-5 [134]. In addition, Knothe and Miedler [135] have 

shown that if an elastic cylinder is rolling on a plane of the same material, there is no 

rolling resistance. Thus, we expect that the rolling resistance of PNDDS on cellulose 

would be negligibly small and the undeformed PNDDS can be removed from the 

cellulose surface via a hydrodynamics-induced rolling mechanism.  For such a removal 

process, the mass of the particle removed from the sensor per unit time is equal to the 

product of the particle velocity (at the center of mass) (VP), the particle surface 
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concentration ( ), the length of the sensor that is orthogonal to the flow direction (b), 

and the inverse of the total area of the sensor (1/S): 

  

  
  

    

 
 [3.19] 

Comparison of Eq. 3.19 with Eq.3.6 suggests that the effective rate constant of 

desorption (removal) is kd = Vpb/S. The velocity of particle depends on the 

hydrodynamics of the flow field in which the particles are dispersed. To get a rough idea 

about the particle velocity, let us assume that the particles are initially at rest on the 

cellulose surface. The drag force acting on such a particle can be calculated using the 

following equation [136]: 

                 [3.20] 

where  is the fluid viscosity and Vc is the fluid velocity at the center of the particle. 

According to the Newton's second law, acceleration is equal to the ratio of applied force 

to mass. Thus, we can obtain the following expression between the particle and fluid 

velocities: 

   

  
 

  
 

 
    

 
          

           [3.21] 

Integration of Eq. 3.21 gives rise to an exponential relationship between the particle 

velocity and time: 

         
 

          

    
  [3.22] 

Eq. 3.22 indicates that a stationary particle reaches 95% the fluid velocity in ~10-8 s. 

Thus, we can safely conclude that the particle velocity is equal to the fluid velocity (at 

the center of mass of the particle) for all practical purposes. Assuming no slip boundary 

condition for the fluid, the velocity distribution is: 
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) [3.23] 

where l is the distance between two walls of the QCM,  <V> is the velocity averaged 

over 0 to l.  For the complete slip boundary condition for the fluid, the velocity is 

uniform, V(z)=<V>. Figure 3.9 displays the effective rate of removal of PNDDS from 

cellulose surface estimated using two different boundary conditions (full slip and no 

slip).  While the fluid velocity obtained by assuming the full slip boundary condition 

overestimates the rate of removal, the fluid velocity obtained by no-slip boundary 

condition underestimates it. This observation suggests that a partial slip boundary 

condition for the fluid could give rise to a more accurate estimate for the effective rate of 

removal. 

 
Figure 3.9. Comparison of the experimental and theoretical effective rate of removal values for 
PNDDS of various sizes from cellulose surfaces.  

 

3.4.4 Environmental Implications 

Emerging PNDDS are predominantly loaded with hydrophobic therapeutics such 

as paclitaxel [13-15], docetaxel [16, 17], cisplatin [18-20], etoposide [15], fluorouracil 
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[21-23], and estradiol [24, 25]. Recent ecotoxicity studies on Daphnia magna have 

revealed that cisplatin, fluorouracil, and estradiol belong among the compounds that are 

highly toxic for aquatic organisms (EC50 < 1 mg/L), paclitaxel and doxorubicin are 

considered toxic (EC50 ranging 1-10 mg/L), and etoposide is harmful to aquatic 

organisms (10-100 mg/L) [26-28]. Other ecotoxicity studies on Pseudomonas putida 

have indicated similar trends of acute ecotoxicity associated with cisplatin and 

fluorouracil [28]. In this study, we showed that if a nanomedicine spill is to occur and to 

approach to the proximity of a cellulosic surface, some fraction of the nanomedicine can 

irreversibly adsorb on the cellulosic surface. Considering this finding as well as the 

potential ecotoxicity of nanomedicine, we can claim that a nanomedicine spill can 

permanently contaminate cellulosic surfaces of plants, which may later be consumed by 

animals or affect symbiotic relationships with fungi and bacteria, i.e. causing ecotoxic 

effects.  

3.5 Conclusion 

We have investigated the adsorption, desorption, and removal of behavior of a 

model polymeric nanomedicine of various sizes on and from cellulose. This study shows 

that most of the adsorbate PNDDS do not desorb from the cellulose surface even upon 

rinsing with a large amount of water i.e. the adsorption process is only partially 

reversible. The irreversibility is attributed to the interdigitation and entanglement of 

PNDDS segments and D-glucose chains of cellulose. In addition, the rate constant of 

adsorption decreases with increasing PNDDS size. This trend is ultimately related to the 

activation energy of absorption, which is, at first approximation, linearly proportional to 



 

47 

 

the PNDDS size. The theoretical ka calculations relying on attractive van der Waals 

interaction, Born repulsion, and electrical double-layer repulsion give a fairly accurate 

estimates for the measured ka values. In addition, it is shown that hydrodynamic forces 

acting parallel to the surfaces (orthogonal to the intermolecular forces) are of great 

importance in the context of PNDDS dynamics near the cellulose wall, and ultimately 

responsible for the removal of PNDDS via rolling or sliding. As the particle size 

increases, the removal rates of the particles increased for a given hydrodynamic 

condition. 
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CHAPTER IV  

UPTAKE AND TRANSLOCATION OF POLYMERIC NANOPARTICULATE DRUG 

DELIVERY SYSTEMS INTO RYEGRASS* 

 

4.1 Introduction 

In recent years, rapid advances in science and technology have opened up the 

burgeoning new field of nanotechnology, bringing a myriad of opportunities and 

possibilities for development and fabrication of novel materials and nanodevices. 

Polymeric nanoparticulate drug delivery systems (PNDDS) filled with therapeutic agents 

represent one of the most commonly used forms of nanomedicine due to their special 

properties as mentioned in Chapter I. With the increasing production and consumption of 

nanotherapeutics, their occurrence, fate, and impaction in the environment have been 

increasingly recognized as issues warranting consideration [3, 4, 137-141].  

Because most PNDDS are loaded with therapeutic materials that are ecotoxic, 

nanomedicine is an environmental concern. This concern is exacerbated by recent in 

vivo studies indicating that some of the intravenously administered nanomedicine can be 

excreted from the body intact through kidney or as metabolite through the liver/bile duct 

[29-32]. Engineered nanoparticles released to wastewater and wastewater sludge may 

find their way to food chain [35-37]. Thus, transport of PNDDS in the environment 

needs to be studied to predict the fate and potential environmental destination of PNDDS 

  

*Reproduced by permission of The Royal Society of Chemistry RSC Advances, 2012, 2, 
pp.9679-9686. Copyright 2012 The Royal Society of Chemistry. 
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in case of uncontrolled releases and accidental spill.  

In previous chapter we studied the adsorption, desorption, and removal of 

behavior of a model polymeric nanomedicine of various sizes on and from cellulose. It is 

found that most of the adsorbate PNDDS do not desorb from the cellulose surface. In 

addition, it is shown that hydrodynamic forces acting parallel to the surfaces (orthogonal 

to the intermolecular forces) are of great importance in the context of PNDDS dynamics 

near the cellulose wall, and ultimately responsible for the removal of PNDDS via rolling 

or sliding. Since cellulose is the main component of plant root, whether PNDDS behave 

similar adsorption on root surface and whether PNDDS can uptake by plants is the next 

consideration. 

Therefore, in this study, we investigate the transport behavior of the same model 

PNDDS, ibuprofen loaded poly(ethyleneglycol-b-ε-caprolactone) (PEG-b-PCL) 

encapsulated nanoparticles, in the vicinity of roots of ryegrass (Lolium perenne), which 

is the first level in the food chain and a common model plant used in the environmental 

science studies [142, 143]. As we mentioned in previous chapter, PEG-b-PCL was 

selected as the carrier because it is one of the most popular, FDA approved amphiphilic 

copolymer used in formulations of the current polymeric drug delivery systems [101, 

103]. Ibuprofen is opted as a therapeutic building block due to its low water solubility, 

which is a shared feature of most therapeutics used in PNDDS formulations [144, 145]. 

4.2 Materials and Methods 

4.2.1 Materials 

Poly(ethylene glycol-b-ε-caprolactone) (PEO-b-PCL, 5,000-b-6,500 g/mol, 
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Polymer Source Inc.), polystyrene (PS, 125,000 g/mol, Alfa Aesar), ibuprofen (98%, 

Sigma-Aldrich), Nile Red (Tokyo Kasei Kogyo co. LTD), and tetrahydrofuran (THF, 

99.9%, Sigma-Aldrich) were used as received. 

4.2.2 Preparation and Characterization of PNDDS 

The PNDDS were prepared using a solution precipitation method [105, 106]. The 

detail of the method was present in the previous chapter. Shortly, a hydrophobic 

therapeutic agent (ibuprofen) and an amphiphilic diblock copolymer (PEG-b-PCL) were 

molecularly dissolved in tetrahydrofuran (THF). The mixture was then very rapidly 

mixed against a Milli-Q water stream to produce polymer encapsulated ibuprofen 

nanoparticles. The flow rates of organic and water streams were 5 ml/min and 50 

ml/min, respectively. The resultant dispersion was dialyzed overnight to completely 

remove THF. The sizes of these nanoparticles were adjusted by varying the 

concentration of ibuprofen and/or adding an extra filler agent (PS) in the organic stream 

(Table 4.1). In addition, 0.001% wt. of Nile red was introduced into THF stream to 

produce fluorescent PNDDS so that the fluorophore was imbibed in the PNDDS, not on 

its surface, to ensure that surface chemistry was not altered. 

The size distributions and zeta potentials of PNDDS were measured using 

dynamic light scattering (DLS) (Zetasizer Nano ZS90, Malvern). The morphology of 

PNDDS was characterized using transmission electron microscopy (TEM) (JEM-2010, 

Jeol). Detail information of DLS and TEM could also find in Chapter III. 

4.2.3 Plant Germination and Exposure of PNDDS to Ryegrass 

1 g Perennial ryegrass seeds (Pennington Seed Inc., GA) were germinated in pots 
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with 200 g soil (Miracle-Gro® Organic Choice®, ScottsMiracle-Gro, OH). After 

germination and growing for about one week at room temperature, the leaf was typically 

about 10 cm while the root was approximately 8 cm. At this stage, after gentle washing 

and removing residual soil from the root, the ryegrass was transferred into vials filled 

with tap water and kept there for one day. Then the ryegrass was transferred into vials 

filled with PNDDS of a given size and concentration of 0.133 mg/ml and kept in the 

vials for a predefined amount of time. Here, it is important to emphasize that only the 

roots of the ryegrass were exposed to PNDDS. Each experiment was replicated at least 

three times for statistical reliability. A separate solution of PNDDS without the ryegrass 

was used as a control experiment to keep track of fluorescence level of PNDDS solution. 

The other control experiments involved the exposure of the ryegrass to molecular Nile 

Red in water or just water instead of Nile Red loaded PNDDS in water. 

4.2.4 Spectrofluorometry (SFM) 

To determine the transport of PNDDS from aqueous media onto and into 

ryegrass as a function of time, we immersed ryegrass roots to dispersions of PNDDS that 

are loaded with a trace amount of fluorescent Nile Red for 0 h, 1 h, 3h, 9 h, 27 h, 81 h, 

and 312 h. Then, we measured the fluorescence intensity of the PNDDS solution using 

SFM at these predefined intervals. Similarly, a control experiment measuring the 

fluorescence intensities in the absence of ryegrass root was conducted to determine the 

variation in fluorescence level with respect to time. All fluorescence measurements were 

made by a PTI QuantaMaster series spectrofluorometer (Photon Technology 

International, Inc., NJ, USA) equipped with a PTI LPS-220B lamp, using 1.00 cm 
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disposable cells. The excitation wavelength was 549 nm, and the corresponding emission 

spectra ranged from 559 nm to 700 nm. 

4.2.5 Confocal Microscopy 

A confocal microscope (Leica TCS SP5) was used to determine the distribution 

of PNDDS on and in the ryegrass by focusing on different planes of ryegrass. The 

excitation laser wavelength was 543 nm, and the observed wavelength ranged from 560 

nm to 650 nm. This range was selected to distinguish the fluorescence signal of 

chlorophylls (650 nm to 800 nm) from that of Nile Red. Since each PNDDS size had a 

slightly different fluorescence spectrum, the confocal micrographs of each PNDDS size 

were normalized with respect to the corresponding fluorescence intensities using ImageJ. 

PNDDS exposed to molecular Nile Red in water and just water were control groups in 

confocal microscopy studies. 

4.2.6 Scanning Electron Microscopy (SEM) 

The grass roots were observed by SEM (JEOL JSM-7500F) to determine the 

local distribution of PNDDS on the root surface after immersing roots in the PNDDS 

dispersion and rinsing with an excess amount of water. PNDDS exposed to only water 

worked as a control group. For both cases, the root was coated with 4-nm Au layer to 

fulfill the conductivity requirement of SEM. 

4.2.7 Cross Sectional TEM 

Sections from roots, stems and leaves of treated and control plants were fixed in 

2.5% (vol/vol) glutaraldehyde-1.0% (vol/vol) acrolein in 0.1 M HEPES buffer, pH 7.4 

for 30 minutes with intermittent vacuum at room temperature. Fixation was terminated 
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by a 6 min cycle [2 min ON; 2 min OFF; 2 min ON] at 250 watts with intermittent 

vacuum in a Ted Pella Biowave laboratory microwave (Ted Pella, Inc, Redding, CA) at 

20  C.  Specimens were then washed three times 1 min at 250 watts in 0.1 M HEPES 

buffer pH 7.4 followed by post fixation overnight at 4  C in 1  (wt vol) osmium 

tetroxide in the same buffer.  Specimens were then dehydrated in a graded methanol 

series [5% (vol/vol) steps from 5% to 3 X 100%].  Each dehydration step was done for 1 

min at 250 watts with intermittent vacuum. Infiltration and embedding were done in a 

low viscosity epoxy resin[146]. Ultrathin sections (90-100 nm) were cut on a Reichert 

Ultracut E ultramicrotome (Leica Microsystems, Inc., Buffalo Grove, IL). These thin 

sections were imaged in a JEOL 1200EX transmission electron microscope at an 

accelerating voltage of 100 kV. Samples of the nanoparticles were enrobed in 2% 

(wt/vol) agarose and then fixed and processed in the same manner that the plant material 

was handled to determine the influence of fixation method on the nanoparticles. 

4.3 Results 

4.3.1 Characterization of PNDSS 

Table 4.1 summarizes the formulations used in the preparation of PNDDS with 

varying size and the resultant mean intensity-averaged PNDDS sizes. These 

formulations gave rise to particle mean intensity-averaged sizes ranging from 46 nm to 

271 nm, enabling us to systematically study the effect of PNDDS size on their transport 

behavior across ryegrass. All of the size distributions were unimodal and fairly narrow 

(Fig. 4.1a). Transmission electron microscopy (TEM) micrographs indicated that 

PNDDS were mostly spherical (Fig. 4.1b). Stability studies revealed that there was no 
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significant change in the particle size (hydrodynamic radius) after over a period of one 

month or after diluting 10 times, suggesting an excellent stability in water (Fig. 4.1c). 

However, it is important to underline that the stability of nanoparticles with respect to 

the hydrodynamic size does not necessarily mean that there is no release of drug out of 

PNDDS. The release of drug from the core of PNDDS can lead to a more porous 

PNDDS while maintaining the same hydrodynamic radius. Such a structural change is 

not usually detected by DLS. 

Table 4.1. Experimental conditions used for preparing ibuprofen-loaded PNDDS. 

Formulation Ibuprofen PEO-b-PCL PS Mean size (nm) 
A 1.0% 2.0% - 46±1 
B 0.1% 0.1% - 117±4 
C 0.1% 0.1% 0.02% 159±1 
D 0.1% 0.1% 0.05% 197±4 
E 0.1% 0.1% 0.10% 238±7 
F 0.1% 0.1% 0.20% 271±2 

The concentrations were in weight % (weight agent/weight THF) in THF stream before mixing 
with Milli-Q water at a 1:10 THF/H2O (vol/vol) ratio. To enable fluorescence tracking, all 
formulations also contained 0.001% wt. Nile Red as a fluorescent building block that is imbibed 
in the PNDDS.  

 

 
Figure 4.1. (a) Intensity weighted particle size distributions for PNDDS. The mean intensity-
averaged sizes of three different batches of PNDDS were 46±1 nm (black, A), 117±4 nm (red, 
B), 159±1 nm (cyan, C), 197±4 nm (magenta, D), 238±7 nm (dark yellow, E), and 271±2 nm 
(orange, F). (b) TEM images PNDDS of 46 nm. (c) DLS results of initial 197-nm PNDDS 
(black), 197-nm PNDDS after diluted 10 times (red), and 197-nm PNDDS after kept for one 
month (blue). (Letters A-F shown in (a) indicate the formulation used (Table 4.1) in their 
preparation) 
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4.3.2 Spectrofluorometry (SFM) Studies 

Figure 4.2a shows the emission fluorescence spectra of Nile red-loaded PNDDS 

of all particle sizes with the excitation wavelength of 549 nm. The spectra had a 

maximum at a wavelength varying from 610 nm to 640 nm depending on the size of 

PNDDS. This variation was presumably due to the differences in average intermolecular 

distances between Nile red molecules for each formulation and the presence of 

polystyrene molecules. 

To determine the relationship between the emission fluorescence maxima and 

PNDDS concentration, PNDDS of all sizes were diluted into 0.5, 0.25, and 0.1 times 

their initial concentrations, and their emission maxima were measured by SFM. Figure 

4.2b shows the linear fit results of emission maxima of PNDDS versus the 

concentrations of PNDDS. It shows that the emission maxima are proportional to the 

concentration of PNDDS of all particle sizes. With these obtained fit equations, the 

concentrations of PNDDS during uptake experiment for all times were calculated as a 

function of time.  
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Figure 4.2. (a) Emission fluorescence spectra of PNDDS of different sizes. The emission 
maxima were recorded at the wavelength varying from 610 nm to 640 nm depending on the 
formulations used to create PNDDS; (b) Linear fit of the SFM maximum intensity versus 
concentration of PNDDS. All PNDDS show good linear fit. The fit equation is used to determine 
the concentration of PNDDS during uptake experiments. 

 
Given that the peak fluorescence intensity was proportional to the concentration 

of the PNDDS, the analysis of fluorescence intensity data allowed us to calculate the 

concentration of PNDDS in the solution i.e. PNDDS that is not adsorbed or not uptaken 

by the roots (Fig. 4.3). It can be clearly seen that the roots consume (adsorb and uptake) 

the smaller PNDDS much faster. For instance, at t=312 h, relative concentration of 46 

nm, 159 nm, and 271 nm PNDDS in the solution was 0.09±0.06, 0.36±0.03 and 

0.74±0.08, respectively. This means that 91±6%, 64±3%, and 26±8% of PNDDS were 

localized in and on the ryegrass for 46 nm, 159 nm, and 271 nm PNDDS, respectively.   



 

57 

 

 
Figure 4.3. The relative concentration, ms/ms,0, (the concentration at any time over the initial 
concentration) of the PNDDS in the solution (i.e. PNDDS that is not adsorbed or not uptaken by 
the roots) as a function of exposure times for various PNDDS sizes. The data is normalized with 
respect to the fluorescence intensities of control experiments to account for the variation in 
fluorescence level with time in the absence of ryegrass roots.  

 

4.3.3 Confocal Microscopy 

The ryegrass roots exposed to PNDDS dispersions were also characterized by 

confocal microscopy to determine the distribution of PNDDS across the ryegrass (Fig. 

4.3&4.5). Figure 4.4 displays the confocal microscopy images of roots and leaves upon 

exposure to 271-nm PNDDS dispersion in water, molecular Nile Red in water, and just 

water, respectively for 81 hr. These images revealed that while ryegrass can uptake both 

molecular Nile Red and PNDDS, molecular Nile Red yielded much weaker fluorescence 

signal, especially in roots. For the case of PNDDS exposure, the fluorescence intensity 

in the roots was much higher than that in leaves. No fluorescence response was observed 

for the case of exposure to water only, indicating that there was no chlorophyll-induced 

interference in fluorescence response for the selected wavelength range. 
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Figure 4.4. Confocal microscope images of ryegrass after exposed to aqueous PNDDS 
dispersion, molecular Nile Red at maximum solubility in water (saturated solution), and water. 
The ryegrass exposed to PNDDS shows strong fluorescence signal in root but very weak signal 
in leaves; the ryegrass exposed to free Nile red shows very weak fluorescence signal in both 
roots and leaves; and the ryegrass exposed to water show no fluorescence signal. 

 

The difference between the fluorescence behavior of PNDDS and that of 

molecular Nile Red in the roots can be attributed to the following: First, for a given 

concentration, the fluorescent intensity of molecular Nile Red in water is 40 times less 

than that in lipophilic environment [147, 148]. Second, the solubility of Nile Red in 

water is very poor (less than 1 μg/mL) [149]. Therefore, PNDDS prepared by the 

formulations described in Table 4.1 can carry higher concentrations of Nile Red to the 

roots compared to the solubility of Nile Red in water. Considering these points, we can 

conclude that Nile Red-loaded PNDDS not molecular Nile Red is responsible for the 
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strong fluorescence response observed in Figure 4.4. Similarities between the 

fluorescence behavior of leafs that are exposed to PNDDS and molecular Nile Red and 

that of roots that are exposed to molecular Nile Red may suggest that, for the PNDDS 

case, only Nile Red molecules that are released from the PNDDS core can reach to the 

leaves. The fact that the fluorescence intensity of leaves that are exposed to PNDDS did 

not show any significant variation as a function of PNDDS size also supports this 

argument. 

Figure 4.5 displays the fluorescence images of different part of ryegrass after 

exposed to PNDDS of different size for 1 hr, 27 hr and 81 hr. These experiments 

revealed that most of the PNDDS was localized at the root and stem and almost no 

PNDDS was found at the leaves (Fig. 4.5). Although we only exposed the root of the 

plant to PNDDS dispersion, the presence of PNDDS in the stem suggests that PNDDS 

was uptaken by the roots and then transferred into the stem.  

The comparison of the local and overall image intensities of the ryegrass 

revealed that the confocal microscopy results were also self-consistent with the SFM 

data: At 1 hr, the fluorescence intensities of roots and stems that had been exposed to the 

PNDDS of varying sizes were not significantly different from each other (Fig. 4.5). On 

the other hand, at 81 hr, while the stem and root of the ryegrass that was exposed to 46-

nm PNDDS had the highest overall fluorescence intensity,  the stem and root of the 

ryegrass that was exposed to 271-nm PNDDS had very weak fluorescence emission 

intensity for a given excitation intensity. 
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Figure 4.5. Confocal microscope images of ryegrass after exposing to PNDDS (0.133 mg/ml) for 
1 hr, 27 hr, and 81 hr. For all times, PNDDS is found in the cap of root, the middle of root and 
the stem, but not in the leaf. The clear effect of PNDDS size on the uptake of PNDDS into 
ryegrass can be observed at later times (81 hr). During the acquisition stage, the optical filter is 
applied to eliminate all wavelength expects a range from 560 nm to 650 nm to distinguish the 
fluorescence signal of chlorophylls from that of Nile Red tagged PNDDS. 

 
 

The comparison of fluorescence intensities at root, stem, and leaf revealed that at 

the beginning, the fluorescence intensities in stems were higher than those in roots. This 

finding suggests that the rate of PNDDS transport from the root to the stem was initially 

much faster than the rate of PNDDS uptake from the root surface to root interior. It was 

also found that as PNDDS accumulated in stems with time, the rate of PNDDS transport 

from the root to the stem decreased (i.e. the stem was saturated with PNDDS), thereby 
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PNDDS started to accumulate in roots more. 

4.3.4 Scanning Electron Microscope (SEM) Studies 

To better understand the uptake mechanism of PNDDS into the plant, we 

characterized the root surfaces using SEM after exposing them to PNDDS and rinsing 

them with the excess water (Fig. 4.6). First, it was found that PNDDS had strong 

interaction with the plant root and was not washed away even with the excess water, 

while no nanoparticles were found in the control group. This suggests that the adsorption 

of PNDDS onto the root surface may be an irreversible process. Similar irreversible and 

partially reversible adsorption behavior on the roots has previously been observed in 

other systems such as bacteria [150], mineral ions [151],  and pesticides [152]. The 

adsorption of PNDDS may also be irreversible. Second, SEM images suggest that there 

is some intercellular space that exists between cells (Fig. 4.6b, blue highlight). These 

openings are known to be responsible for the transport of water and solutes into the root 

through the apoplast route [153, 154], and presumably enable entry of PNDDS into the 

ryegrass roots as well.  

 



 

62 

 

 
Figure 4.6. (a) Low (5,000) and (b) high (20,000) magnification SEM micrographs of the 
ryegrass root upon exposure to PNDDS of 159 nm solution (0.133 mg/ml).  (c) and (d) SEM 
micrographs of ryegrass root without exposure to PNDDS. There were many PNDDS (red 
circles) adsorbed on the root even after excess water rinsing. The blue circle indicates a possible 
PNDDS entry site into the plant. The samples were coated with a 4 nm Au film to enable SEM 
imaging.  

 

4.3.5 Cross Sectional TEM 

Cross sectional TEM was used to independently confirm the uptake of PNDDS 

into ryegrass root and further study the distribution of PNDDS in the roots. Comparison 

of the cross sectional TEM images of the roots with and without PNDDS (197-nm) 

treatment revealed that while the PNDDS treated samples contain some particles (red 

and green arrows in Fig. 4.7a&b), the control sample had no particles (Fig. 4.7c). The 

micrographs of PNDDS that underwent the same fixation procedure used for the 

preparation of roots for cross sectional TEM indicate that the PNDDS were fairly stable 

against such a procedure (Fig. 4.7d&e). The further analysis of micrographs indicates 

that the average size of the particles marked with red arrows were 190±30 nm (n>10), 

very close to the size of PNDDS. These findings suggest that it is indeed possible that 

ryegrass roots can uptake PNDDS and PNDDS are localized both in root cells and 



 

63 

 

intercellular space. 

It is important to note that in addition to 190 nm particles, there were other 

particles of 50-100 nm (shown with green arrows). The PNDDS of the smaller size were 

observed both in PNDDS treated root and PNDDS treated by the agarose gel. We 

believe that the smaller particles are presumably lightly loaded micelles obtained during 

the preparation of PNDDS. The existence of smaller particles can be seen from the 

particle size distributions in Figure 4.1. Alternatively, the microtoming procedure may 

also break PNDDS into smaller pieces. Therefore, both small and large particles appear 

in the micrographs. 

 
Figure 4.7. Cross sectional TEM images of (a) and (b) the ryegrass root upon exposure to the 
PNDDS of 197 nm; (c) the ryegrass root in the absence of PNDDS exposure; and (d) and (e) 
PNDDS that are treated with the agarose gel and microtoming procedure used for the preparation 
of the roots for the cross sectional TEM. 
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4.3.6 Kinetics of PNDDS Uptake 

Overall transport of PNDDS from solution to a ryegrass can be considered in two 

processes: (i) adsorption of PNDDS onto the root surface, and (ii) uptake of PNDNS 

from the root surface to the root interior. Considering the adsorption of PNDDS onto 

cellulose surface is mostly an irreversible process [155] and SEM images (Fig 4.6) 

showed that PNDDS was not washed away from root surface, we assume the adsorption 

of PNDDS onto ryegrass root is irreversible. And the overall process can be expressed 

as: 

    
               
→         

            
→         [4.1] 

where P indicates PNDDS in solution; P•S PNDDS that is bound to root surface; P* 

PNDDS in root cell; ka is the adsorption rate constant; and kup  the uptake rate constant. 

In this scheme, the adsorption is assumed to be a Langmuir type, which is widely used in 

adsorption model for proteins [107, 156, 157], inorganic nanoparticles [158, 159] and 

polymers [160, 161].  Therefore, the relationship between the concentration of PNDDS 

in the solution (ms) and the concentration of PNDDS on the root surface ( ) is as 

follows:  

 

 

   

  
        [4.2] 

  

  
            [4.3] 

where V is the volume of solution in vials; S is the surface area of root; =(Γ*‒Γ)/Γ* is 

the possibility for PNDDS located in empty space on the surface and will not overlap 

with pre-adsorbed PNDDS; and Γ* is the maximum surface concentration of PNDDS, 
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indicating the equilibrium surface concentration when the solution PNDDS 

concentration is very large. Combination of Eq. 4.2 and 4.3 leads to a second order non-

linear differential equation: 

   

   

         

    
 

 
(   

     

  
)

        

  
         [4.4]. 

The initial conditions for this differential equation, ms(t=0) is known 

experimentally and dms(t=0)/dt = -kams(t=0)S/V. Using a numerical integration 

technique (Euler method) and the least square method for experimental data within 48 h 

(See Appendix B1 for further details), we could calculate ka, kup and Γ*. However, in this 

problem, a large number of degrees of freedom exist, creating multiple solutions. Further 

systematic numerical calculations revealed that only when Γ* is between 0.4 g/m2 and 

0.8 g/m2, fits for both ka and kup  yield positive values. Table 4.2 shows the fit results for 

ka and kup result when Γ* = 0.6 g/m2. Similarly, ka and kup fit results obtained using Γ* = 

0.4 g/m2 and 0.8 g/m2 can be found in Table 4.3 and Table 4.4 

 Table 4.2. Fit results of ka, kup and Γ*kup. with  * = 0.6. 

Diameter (nm) ka (m/hr) kup (1/hr) kams,0 (g/(m2·hr)) Γ
*
kup (g/(m2·hr)) 

46 0.0041±0.0006 0.169±0.058 0.55±0.08 0.101±0.034 
117 0.0030±0.0020 0.099±0.027 0.40±0.24 0.060±0.016 
159 0.0020±0.0007 0.051±0.001 0.27±0.09 0.031±0.001 
197 0.0013±0.0008 0.039±0.007 0.17±0.10 0.023±0.004 
238 0.0027±0.0015 0.031±0.013 0.36±0.19 0.019±0.008 
271 0.0022±0.0005 0.014±0.010 0.29±0.06 0.008±0.006 
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Table 4.3. Fit results of ka, kup and  
*kup with  * = 0.8. 

Diameter (nm) ka (m/hr) kup (1/hr) kams,0 (g/(m2·hr)) Γ
*
kup (g/(m2·hr)) 

46 0.0032±0.0003 0.130±0.048 0.43±0.04 0.078±0.028 
117 0.0021±0.0009 0.075±0.023 0.28±0.11 0.045±0.014 
159 0.0015±0.0005 0.034±0.002 0.20±0.06 0.021±0.001 
197 0.0010±0.0006 0.024±0.006 0.14±0.08 0.014±0.004 
238 0.0018±0.0009 0.018±0.011 0.24±0.11 0.011±0.006 
271 0.0017±0.0005 0.008±0.005 0.23±0.06 0.005±0.002 

 
Table 4.4. Fit results of ka, kup and  

*kup with  * = 0.4. 

Diameter (nm) ka (m/hr) kup (1/hr) kams,0 (g/(m2·hr)) Γ
*
kup (g/(m2·hr)) 

46 0.024±0.014 0.24±0.08 3.2±1.8 0.14±0.05 
117 0.016±0.011 0.15±0.04 2.1±1.5 0.09±0.02 
159 0.004±0.002 0.08±0.01 0.5±0.2 0.05±0.01 
197 0.002±0.001 0.07±0.01 0.2±0.1 0.04±0.01 
238 0.004±0.002 0.06±0.02 0.5±0.3 0.03±0.01 
271 0.003±0.001 0.03±0.01 0.4±0.1 0.02±0.01 

 

 

Overall, regardless of the choice of Γ* value (in the range of 0.4 to 0.8 g/m2), ka 

and kup gave rise to similar order of magnitudes; and kup increased with decreasing 

PNDDS size in an exponential manner.  While there is mostly an inverse correlation 

between adsorption rate, ka, and PNDDS size; ka for 238-nm and 271-nm PNDDS 

deviated from this trend presumably due to the increased effect of gravitational forces 

for larger particles. The relative magnitudes of adsorption flux to uptake flux increased 

with increasing PNDDS size, indicating that more and more bottlenecking at uptake step 

will take place as the PNDDS size increases. 

4.4 Discussion 

Regarding the possible route/mechanism of entry for PNDDS into the ryegrass: 

lateral  roots  commonly  originate  from  the  pericycle  and  grow  through  the  cortex  

of  the  parent  root.  Once  the  lateral  root  breaks  through  the  outer  epidermal  layer  
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to  the  outside,  PNDDS  may  gain  entrance  through  the  resulting  crevice (Fig. 4.8).  

For nanoparticle transport through root tissue to the xylem system observed in 

our experiments, there may be two main potential routes: apoplast and symplast routes 

(Fig. 4.8). The apoplast route involves the space between cells and the cell walls 

themselves along the radial length corresponding to the root surface (openings at the 

surface) and the stele (containing the xylem and phloem), whereas the symplast route 

involves the active uptake or passive uptake of water molecules and ions through the 

plasma membrane and transfer from cell to cell through the plasmodesmata, which are 

pores between cells that connect protoplasm and allow transfer of molecules [162-164]. 

Plasmodesmata have been shown to transport proteins (including transcription factors), 

short interfering RNA, messenger RNA, and viral genomes from cell to cell [165]. As 

such, it may also allow the transport of PNDDS. The presence of PNDDS in root cell 

and intercellular space (Fig. 4.7) reveals that both apoplast and symplast routes may 

exist in the transport of PNDDS in ryegrass. 

 
Figure 4.8. (a) Root structure and (b) Possible routes for PNDDS uptake into root 
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The uptake and accumulation of nanoparticles by plants is increasingly 

recognized as an important environmental issue by researchers [166-171]. The presence 

of nanoparticles in stem and roots and absence of nanoparticles in leaves were also 

observed by Lin et al. [168], when they exposed ryegrass (L.perenne) to ZnO 

nanoparticle of size 9-37 nm. ZnO nanoparticles primarily adhered to root surface and 

individual nanoparticles were observed in the apoplast and protoplast spaces in root 

endodermis and stele. Zhu et al. [169] showed that the exposure of pumpkin (Cucurbita 

maxima) roots to 20 nm iron oxide nanoparticles leads to their major accumulation 

(45.5% of fed nanoparticles) in the roots and their negligible translocation (0.6% of fed 

nanoparticles) to the leaves. Lin et al. [170] investigated the uptake and translocation of 

carbon nanomaterials by rice plants (Oryza sativa) and found that fullerene C70 of 1.17 

nm could be easily taken up by roots and transported to leaves. The differences in the 

concentration of PNDDS in leaves and roots are presumably due to the selective 

transport of the membranous ligule, which is located at the inner base of the leaf 

between where the leaf attaches to the main stem and the stem itself [172-174].  

The trend of decreasing uptake rate, kup, with increasing PNDDS size can be 

explained through the consideration of the mass fluxes of particles or molecules across a 

porous membrane when the particle size is comparable to the pore size [175]. Similar 

trends were also observed in other systems: For instance, Nikido and Rosenberg [176] 

showed that the permeability of the outer membrane of Escherichia coli cell to sugars 

decrease with increasing molecule size. Likewise, the rate internalization of hydrogel 

particles into HeLa cells was shown to be a strong function of size [177]. 
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Emerging PNDDS are predominantly loaded with hydrophobic therapeutics such 

as paclitaxel [13-15], docetaxel [16, 17], cisplatin [18-20], etoposide [15], fluorouracil 

[21-23], and estradiol [24, 25]. Recent ecotoxicity studies on Daphnia magna have 

revealed that cisplatin, fluorouracil, and estradiol belong among the compounds that are 

highly toxic for aquatic organisms (EC50 < 1 mg/L), paclitaxel and doxorubicin are 

considered toxic (EC50 ranging 1-10 mg/L), and etoposide is harmful to aquatic 

organisms (10-100 mg/L) [26-28]. Other ecotoxicity studies on Pseudomonas putida 

have indicated similar trends of acute ecotoxicity associated with cisplatin and 

fluorouracil [28]. 

This study suggest that if spill or uncontrolled release of PNDDS is to occur and 

to expose ryegrass roots to the PNDDS, ryegrass can adsorb and uptake it. This is very 

important considering that PNDDS on and in the plants may later be consumed by 

animals and bacteria and accumulated in their bodies, can adversely influence 

environmental health. 

4.5 Conclusions 

In summary, this study shows that ryegrass can uptake PNDDS of size ranging 

from 46 nm to 271 nm through its roots. The rate and fraction of PNDDS uptake by 

ryegrass roots increased with decreasing size. It is also shown that very small amount of 

PNDDS, if any, transport from stem to leaf, which is presumably due to the selectivity of 

membranous ligule. Furthermore, the adsorption step was faster than the uptake step, 

making the uptake step overall rate determining step for the transport of PNDDS from 

aqueous media into ryegrass root. 
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CHAPTER V  

ADSORPTION AND REMOVAL DYNAMICS OF POLYMERIC 

NANOPARTICULATE DRUG DELIVERY SYSTEMS ON SILICA SURFACE* 

 

5.1 Introduction 

With the increasing consumption, production, and number of clinical trials of 

nanomedicines, their occurrence and fate in the environment, and their potential 

consequences for human health have been increasingly recognized as issues warranting 

consideration [3, 4, 137-141]. Polymeric nanoparticulate drug delivery systems 

(PNDDS) filled with therapeutic agents is one of the most commonly used forms of 

nanomedicine due to their ability to solubilize hydrophobic molecules as well as their 

increased bioavailability, ability to solubilize hydrophobic molecules, higher payload 

capacity, excellent stability in aqueous environments and in blood, and prolonged blood 

circulation time [11, 178-180]. To properly assess the distribution and fate of such 

nanomedicine and develop successful strategies for minimizing any environmental side 

effects, a better understanding of interactions between such nanomedicine with 

environmentally significant surfaces is needed.  

In the previous two chapters, adsorption and removal behavior of PNDDS on 

cellulose surface, as well as uptake and translocation of PNDDS into ryegrass were well 

studied. It is shown that PNDDS could irreversible adsorb on cellulose surface and root 

*Reproduced by permission of The Royal Society of Chemistry Soft Matter, 2013, 27 (20), 
pp.12550-12559. Copyright 2013 The Royal Society of Chemistry. 
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surface. PNDDS could also uptake by ryegrass after adsorbed on root surface. After 

PNDDS enters into environment via different routes in Chapter I, PNDDS could also 

expose to other environmental surface such as rocks, soils and/or sands. 

This chapter investigates the adsorption and removal behavior of a model 

PNDDS on and from silica surface. Here, silica is selected as the environmental surface 

as it constitutes a significant fraction of rocks, soils, and sands [181, 182]. The model 

PNDDS is levofloxacin loaded poly(ethylene glycol-b-ε-caprolactone) (PEG-b-PCL) 

nanoparticles. PEG-b-PCL is selected as the drug carrier material because it is one of the 

most commonly used, Food and Drug Administration (FDA) approved, amphiphilic 

copolymers in formulations of the current polymeric nanomedicine[183, 184]. 

Levofloxacin, which is a broad spectrum antibiotic of the fluoroquinolone drug class, is 

chosen as the therapeutic component because of its low water solubility, which is a 

common feature of most therapeutics used in polymeric nanomedicine formulations 

[185, 186]. The adsorption and removal kinetics are studied using QCM-D and AFM. 

Transport models are developed to describe the adsorption behavior of polymeric 

nanoparticles in the QCM-D chamber. 

5.2 Materials and Methods 

5.2.1 Materials 

Poly(ethyleneglycol-b-ε-caprolactone) (PEO-b-PCL, 5,000-b-6,500 g/mol) 

(Polymer Source Inc., Montreal, Canada), polystyrene (PS, 125,000 g/mol) (Alfa Aesar, 

Ward Hill, MA), levofloxacin (≥98 ) (Sigma-Aldrich, St. Louis, MO), and 

tetrahydrofuran (THF, Sigma-Aldrich, St. Louis, MO) were used as received. 
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5.2.2 Preparation and Characterization of PNDDS 

PNDDS was prepared using a rapid precipitation method [105, 187]. Detail 

information of the method could find in Chapter II. Briefly, Levofloxacin and PEG-b-

PCL (an amphiphilic diblock copolymer) were molecularly dissolved in THF. Then, the 

THF solution was very rapidly mixed with Milli-Q water by a tangential vortex mixer. 

The flow rates of THF and water streams were 5 ml/min and 50 ml/min, respectively. 

The resultant nanoparticles were dialyzed overnight to remove the THF. Six different 

formulations of PNDDS with different concentrations of levofloxacin, polystyrene 

fillers, and PEG-b-PCL were used to produce PDNNS of systematically varying sizes 

(Table 5.1). The sizes and zeta potential of PDNNS dispersions were measured using 

Dynamic Light Scattering (Zetasizer Nano ZS90, Malvern). The morphologies of 

polymeric nanomedicine were characterized by TEM (JEM-2010, Jeol). The detailed 

information about DLS and TEM could find in Chapter III. 

Table 5.1. Six different formulations used for creating different sizes of Levofloxacin 
nanomedicine. 

Formulation Levofloxacin PEO-b-PCL PS 
A 1.0% 2.0% - 
B 0.5% 0.5% 0.02% 
C 0.5% 0.5% 0.03% 
D 0.5% 0.5% 0.04% 
E 0.5% 0.5% 0.10% 
F 0.5% 0.5% 0.40% 

*The concentrations were in weight % (weight agent/weight THF) in THF stream before mixing 
with Milli-Q water at a 1:10 THF:H2O (vol:vol) ratio. 
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5.2.3 Quartz Crystal Microbalance with Dissipation (QCM-D) 

To study the adsorption and removal of PDNNS on and from the silica surface, 

QCM-D (E1, Biolin Scientific) and silica-coated QCM sensor (QSX 303, Biolin 

Scientific) were used. The sensor crystal and O-ring that seals the cell/sensor assembly 

were cleaned as described by Hook and Kasemo [188]. After cleaning and mounting the 

QCM-D, Milli-Q (18.2 MΩ cm-1 @ 25 °C) solution was injected into the chamber, and 

the system was allowed to equilibrate for at least 0.5 h and then, a base line was 

obtained. Afterwards, the Milli-Q water was replaced with the PDNNS solution to 

measure dynamics of PDNNS adsorption on the silica surface (exposure stage). Finally, 

the PDNNS solution was replaced back with Milli-Q water to study desorption and 

removal behavior of the PDNNS from the surface (rinsing stage). In all experiments, the 

concentration of the PDNNS solutions and flow rates were kept constant, 0.5 mg/ml and 

2.5 μl s, respectively. All measurements were performed at a temperature of 25°C and at 

several overtone numbers (n = 3, 5, 7, 9, 11, and 13). Each experiment was repeated at 

least three times for each PDNNS size (formulation).  

The recorded frequency and dissipation curves were evaluated with the QTools 

software (Biolin Scientific). The adsorbed nanomedicine mass on silica sensor was 

obtained by applying the Voigt model to Δf and ΔD measured at two overtones (3rd and 

5th) [188-190]. The fixed parameters were the solvent density, set to 1000 kg/m3, the 

solvent viscosity, set to 0.009 Pa·s. This calculation gave rise to the viscoelastic load on 

the sensor, i.e., the Voigt mass, which is due both adsorbed nanomedicine and water 

[191]. 
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5.2.4 Atomic Force Microscopy (AFM) 

AFM measurements were collected after adsorption equilibrium and rinsing 

using Dimension Icon AFM (Bruker, Santa Barbara, CA). The AFM measurements were 

conducted using a tip radius of less than 10nm. Measurements were performed at 0° scan 

angle at a fix scan rate of 1 Hz. All scans were done in tapping mode.  

5.2.5 Computational Analysis of the Flow Behavior 

The simulation model described in this paper was constructed using COMSOL 

Multiphysics v4.2a. The analysis consisted of 3-D laminar flow in the steady state and 

the QCM-D geometry is shown in Figure 5.8a. Diameter of the chamber was 11.1 mm 

and the depth was 0.64 mm. Inlet and outlet were 1 mm in diameter and 1 mm in height, 

and their center points [x, y] were located at [-5, 0] (in mm) and [5, 0] (in mm), 

respectively. The fluid was water and temperature was 298.15 K. The chamber was 

divided with a physics-controlled mesh of normal size. No slip boundary condition was 

used in the simulation. At the inlet, uniform velocity distribution was 3.18×10-3 m/s, 

which was obtained by taking the ratio of the flow rate over inlet area.  

5.3 Results and Discussion 

5.3.1 Characterization of PNDDS 

Figure 5.1a displays the intensity-weighted particle size distribution for six 

different sizes of PNDDS prepared. The size distributions were fairly unimodal, and 

their mean value ranged from 90 nm to 305 nm. The PNDDS had a spherical 

morphology with a core-shell structure (Fig. 5.1b).  
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Figure 5.1. (a) Particle size distributions for polymeric nanomedicine. The mean of Z-average 
sizes of PNDDS were 90 ± 5 nm (black, A), 110 ± 4 nm (red, B), 149 ± 5 nm (blue, C), 174 ± 5 
nm (dark cyan, D), 207 ± 6 nm (magenta, E) and 305 ± 7 nm (olive color, F). ± values indicates 
the standard deviation of different measurements of Z-average values. (b) TEM micrograph of 
sample F. 

 

Size distribution of particle was also measured after diluting 10 times or stored at 

4 °C for 10 days. Figure 5.2 showed size distribution of 305-nm PDNNS at experiment 

concentration (Day 0), diluting 10 times, and after 10 days. There was no significant 

change after dilution or 10-days storage at 4 °C, which is different from the stability of 

unloaded polymeric micelle.  
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Figure 5.2. Size distribution of 305-nm nanomedicine at Day 0, after diluting 10 times and after 
storage for 10 days. 

 

The superior stability is attributed to the combination of steric and electrostatic 

effects [192-194] due to the presence of long PEG chains and the fact that the zeta 

potential of PEG-PCL based nanomedicine surface ranged from -25 mV to – 30 mV. 

However, it is significant to note that the stability of nanoparticles with respect to the 

hydrodynamic size does not necessarily mean that there is no release of drug out of 

PNDDS [195]. The release of drug from the core of polymer nanoparticles can lead to 

more porous polymer nanoparticles while maintaining the same hydrodynamic radius. 

Such a structural change cannot always be detected by DLS. 

5.3.2 Adsorption Behavior of PNDDS on Silica Surfaces  

Figure 5.3 shows the frequency and dissipation shifts measured for 3rd overtone 

as a function of time for PNDDS of varying sizes during adsorption stage and the 

calculated Voigt mass as function of time obtained using 3rd and 5th overtones. Voigt 

model was selected because it is suitable for soft viscoelastic adsorbed layers and it has 
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commonly used in studies on adsorption of bacteria [196], proteins [197-199], DNA 

[200-202], and polymer/copolymers [203-206]. As expected, the frequency decreased 

with increasing time and eventually reached a plateau (Fig. 5.3a). This trend indicates 

that there is an increasing amount of PNDDS adsorbed on the silica surfaces with 

increasing time and eventually reaching an equilibrium (steady-state) surface 

concentration. For all sizes of PNDDS, the frequency shifts followed an exponential 

trend (R2>0.89), which suggests a first-order adsorption kinetic. In other word, 

adsorption rate was linear to the concentration of PNDDS in bulk solution. The 

exponential time constant mostly increased with decreasing size.  

The energy dissipation increased with increasing time or increasing amount of 

PNDDS adsorption (Fig. 5.3b) and eventually plateauing out. This trend indicates that 

the effective rigidity of adsorbate on the sensor decreases with time and eventually 

reaches an equilibrium value. In addition, for a given time, the energy dissipation was 

smaller for larger PNDDS. This behavior is attributed to the lower surface coverage for 

larger PNDDS.  

Figure 5.3c shows the Voigt mass as a function of time obtained using 3rd and 5th 

overtones. The equilibrium surface concentration ranged from 683±73 ng/cm2 to 

411±110 ng/cm2 during the exposure stage. For smaller nanoparticle sizes (i.e. 90-nm, 

110-nm, and 149-nm), the surface concentration was smaller for larger nanoparticles. On 

the other hand, for larger nanoparticle sizes (i.e. 174-nm, 207-nm, and 305-nm), there 

was no clear trend in the surface concentration with respect to the nanoparticle size. The 

increasing importance of the gravitational forces in comparison to intermolecular and 
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surface forces for larger particles may be responsible for this behavior. 

 
Figure 5.3. In-real-time (a) frequency and (b) dissipation response at adsorption stage for 3rd 
overtone (15 MHz). (c) The Voigt mass as function of time obtained through 3rd and 5th 
overtones. Black lines indicate PNDDS of 90 ± 5 nm, red lines PNDDS of 110 ± 4 nm, blue lines 
PNDDS of 149 ± 5 nm, dark cyan lines PNDDS of 174 ± 5 nm, magenta lines PNDDS of 207 ± 
6 nm, and olive colored lines PNDDS of 305 ± 7 nm. For each size, the data shown above are 
obtained by arithmetic averaging of several experimental repeats using OriginLab software 
(OriginLab 8, Northampton, MA, USA). 

 

5.3.3 Removal Behaviour of Polymeric Nanomedicine on Silica Surfaces  

Figure 5.4 shows the QCM-D frequency and dissipation shifts with respect to 

time for PNDDS of varying sizes on silica surfaces at the rinsing stage. The frequency, 

which increased as the PNDDS was removed from the silica surface, followed roughly 

an exponential trend (R2>0.84) with respect to time (Fig. 5.4a). However, the frequency 

did not return to the initial base line, indicating that adsorbed PNDDS were not removed 

completely from the sensor. In other words, the adsorption of PNDDS on silica is a 

partially reversible process. As opposed to the adsorption case, the frequency shifts did 

not show a simple trend with respect to the particle size for the removal case. This is 

because both initial surface concentration and removal rate constant were different for 

different sizes.  

The dissipation response during the removal stage also followed an exponential 

trend for all sizes (Fig. 5.4b). However, there was no apparent trend in the magnitudes of 
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dissipation with respect to nanoparticle size. The ratios of dissipation to frequency shifts 

were comparable for the exposure and rinsing stages for all sizes: 0.1 × 10-6 for the 

exposure stage and 0.10.2 × 10-6 for the rinsing stage.  Considering all PNDDS 

contains the same building blocks i.e. PEG-b-PCL, Levofloxacin, and polystyrene, the 

comparable dissipation to frequency shift ratios are reasonable.  

 Under steady-state conditions, 68±26 ng/cm2 to 131±19 ng/cm2 of the PNDDS 

adsorbate was removed during rinsing stage (Table 5.1). The corresponding equilibrium 

(steady-state) surface concentration ranged from 580±122 ng/cm2 to 357±163 ng/cm2. 

Similar to the exposure stage, the equilibrium concentration decreased with increasing 

particle size for smaller nanoparticles. However, there was no significant difference in 

the equilibrium concentration for larger nanoparticles. 

 
Figure 5.4. In-real-time (a) frequency and (b) dissipation response at rinsing stage at harmonics 
of 15 MHz. (c) The Voigt mass as function of time obtained through 3rd and 5th overtones. Black 
lines indicate PNDDS of 90 ± 5 nm, red lines PNDDS of 110 ± 4 nm, blue lines PNDDS of 149 
± 5 nm, dark cyan lines PNDDS of 174 ± 5 nm, magenta lines PNDDS of 207 ± 6 nm, and olive 
colored lines PNDDS of 305 ± 7 nm. For each size, the data shown above are obtained by 
arithmetic averaging of several experimental repeats using OriginLab software (OriginLab 8, 
Northampton, MA, USA). 

 

5.3.4 Structural Characterization of Adsorbate 

Figure 5.5 displays AFM micrographs of silica surfaces before and after 

exposing to 305-nm PNDDS dispersion and after rinsing the exposed surfaces with 
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water. The neat sensor was relatively smooth with a root-mean-square (rms) height of 

1.1 nm (Fig. 5.5a). After the exposure stage, the presence of nanoparticles on the silica 

could readily be observed (Fig. 5.5b). The adsorbed nanoparticles showed a relatively 

broad size distribution ranging from 70 nm to 400 nm. In addition, some of the 

nanoparticles were found to deform up to 70% (height-to-diameter ratio) upon absorbing 

on the silica surfaces. The higher  magnification and phase images revealed that a large 

fraction of the “flat looking” areas contained a polymer film of 4-5 nm thickness, 

suggesting that majority of PNDDS disintegrated. Upon rinsing, the majority of the 

intact PNDDS were removed while the polymer film mostly remained on the surface 

(Fig. 5.5c). The processes observed through AFM studies are illustrated in Figure 5.6. 

These AFM results are consistent with the previous studies. For instance, 

Vangeyte et al. [207] investigated the adsorption behavior of (empty) polymeric micelles 

of PEG-b-PCL and found that both micelles and free copolymer chains exists at the 

silica interface after the adsorption. Likewise, the previous studies involving various 

type of vesicles indicated that the rupture of vesicle can take upon the adsorption under 

certain conditions [208, 209]. However, in our previous studies involving cellulose 

surfaces and ibuprofen loaded PEG-b-PCL nanomedicine, the existence of polymer film 

forming upon the adsorption and disintegration of polymeric nanoparticles were not 

observed. Both cellulose (-12 mV) [155] and silica (-25 mV to -40 mV) [210] surfaces  
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Figure 5.5. AFM micrographs of (a) the clean sensor, (b) the sensor after being exposed to the 
nanomedicine dispersion, and (c) the sensor after being rinsed following the exposure stage. For 
each stage, one low and one high resolution height map and a phase map of the magnified region 
are displayed. 

 

has negative zeta potential values. In both studies, the same polymeric building block is 

used. Therefore, we believe that the higher solubility of levofloxacin compared to 

ibuprofen facilitates the disintegration (rupture) of PNDDS. The differences in the 

magnitudes of the zeta potentials may also play a role in the different rupture behavior. 

In addition, since a certain fraction of the PNDDS raptured and PNDDS showed a range 

of particle sizes, we may suspect that the PNDDS size can also influence the rupture 

behavior. However, regardless of the exact reason for the differences in the rupture 
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behavior, the main outcome here is that levofloxacin loaded PNDDS on silica ruptures 

while ibuprofen loaded PNDDS on cellulose does not rupture. This information will be 

used as the basis of our modeling effort to describe the adsorption of the PNDDS used in 

this study.  

5.3.5 Model for the Adsorption and Removal Kinetics 

Since a partial removal of PDNNS upon rinsing is observed in this study, a 

partially irreversible model is proposed to describe the kinetics of the adsorption and 

removal of PDNNS onto and from silica surface. In this model, there are two states of 

nanoparticle on the surface: α-state involving intact and deformed nanomedicine and β-

state involving disintegrated copolymer chains forming a film on the surface (Fig. 5.6). 

PDNNS in the α-state can be removed while PDNNS in the β-state cannot be removed 

within the timescales of the QCM-D studies. In other words, PDNNS in the β-state is 

responsible for the partially reversible behavior. 

 
Figure 5.6. An illustration of the two states of the PDNNS on the silica surface. The PDNNS can 
either deform on the silica surface (α-state) or disintegrate into its building blocks (β-state) upon 
adsorption on the silica surface. 
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Assuming the multilayer nanomedicine adsorption does not take place, the total 

surface concentration during adsorption stage and the concentration of α-particles during 

rinsing can be expressed  as [155]: 

  
     

 

      
      

    
        

          [5.1] 

      
     [5.2] 

where Γ is the total surface concentration of all PDNNS on the sensor surface;  * is the 

maximum surface concentration of PDNNS that can cover the surface, which is the 

equilibrium concentration of PDNNS on the sensor surface at very large concentrations; 

Γ is the surface concentration of -particles; ms is the bulk solution concentration of 

PDNNS; ka is the rate of adsorption; and kr is the rate of removal. <θ> is the average 

ratio of non-deformed to total PDNNS mass on the surface of the sensor (θ= α/ ). 

By fitting Eq. 5.1 and 5.2 with the QCM-D data, ka and kr was determined (Fig. 

5.7). The adsorption rate constants decreased with increasing size. On the other hand, the 

removal rate constants increased with increasing size. Previous studies have shown that 

while hydrodynamic forces are responsible for the removal process of nanoparticles and 

particle-surface interactions and/or diffusion are responsible for the adsorption process 

nanoparticles in QCM-D studies [155, 211, 212]. Therefore, the removal and adsorption 

rate constants can display opposite trends with respect to the nanoparticle size as in this 

study. 
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Figure 5.7. Adsorption and removal constants of polymeric nanomedicine on and from silica 
surfaces as a function of polymeric nanomedicine size. 

 

5.3.6 Hydrodynamics of Nanoparticle Dispersion in the QCM-D Chamber 

To explain the relationship between ka and size and between kr and size for this 

system, mass and fluid transport models are needed. To this end, first, we focused on the 

hydrodynamics in the QCM-D chamber. Since the diameter of inlet and outlet are much 

smaller than the diameter of the chamber (Fig. 5.8a), bipolar coordinate can be used 

here. The relation between bipolar coordinate and Cartesian coordinate is [213]:  

   
     

          
 [5.3] 

   
    

          
 [5.4] 

where the ζ-coordinate of a point equals the angle F1PF2 and the η-coordinate equals the 

natural logarithm of the ratio of the distances r1 and r2 to the foci (Fig. 5.8b) 

    
  

  
 [5.5]. 

The curves of constant ζ  correspond to non-concentric circles (solid lines in Fig. 

4.8c) and the curves of constant η correspond to non-intersecting circles (dashed lines in 
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Fig. 4.8c). 

 
Figure 5.8 (a) A schematic of QCM-D chamber. The inner diameter is 11.1 mm and the depth is 
about 0.64 mm. The crystal sensor is mounted on bottom side of the chamber, and an inlet and 
an outlet are on the top side. The O-ring is used to prevent leaking of fluid to outside of chamber. 
(b) Bipolar coordinate system. (c) Control volume selected for the derivation of transport 
equations. 

 

The two foci F1 and F2 in bipolar coordinates indicate inlet and outlet, 

respectively. While the curves of constant η correspond to isopotential lines, the curves 

of constant ζ , which are orthogonal to isopotential lines, correspond to the potential 

gradient. Since both the mass sensitivity and amplitude distribution curves follow a 

Gaussian function in QCM-D and significant fraction of the QCM-D signal is obtained 

mostly within a radius of 3 mm [214] and the depth of the chamber is much smaller than 

the diameter of the chamber, the influence of the side walls is neglected in this analysis.  

The flow is in the - direction, hence there is no velocity component in either the 

- or z- direction (i.e., vζ = vz = 0). Then, the continuity equation for an incompressible 

fluid at steady state is: 

                               [5.6] 

Therefore, vηhζdζ  is independent of η. With no slip boundary conditions at the top and 

bottom surfaces, the solution for the velocity profile at different z can be found to be: 
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)      [5.7] 

where b is depth of the gap, <vη> is average of vη from z=0 to z=b with constant η and ζ  

and the origin is the entrance to the QCM-D chamber. At the inlet (η = ∞), assuming 

that the fluid has the same flow rates in all directions, the total volumetric flow per linear 

depth, Q/b, can be obtained integrating the velocity to give: 

 ∫         
 

   
 

 

 
 [5.8]. 

Here, hζ is the scale factors for ζ  coordinate in bipolar coordinates, and the length along 

ζ  axis is hζdζ . The scale factors for the bipolar coordinates (ζ , η) are equal to [213]: 

      
 

          
 [5.9] 

Using Eq. 5.7, 5.8 and 5.9, velocity at any point could be expressed as: 
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 [5.10] 

In addition to the approximate analytical solution (i.e. Eq. 5.10), three-

dimensional solution for the velocity profile was numerically obtained using COMSOL 

Multiphysics to check the validity of assumptions used for the analytical solution case. 

Figure 5.9a shows the velocity field of water in the QCM-D chamber obtained by 

COMSOL. The direction of flow was found to be along η-axis as assumed in the case of 

analytical model. The velocity decreased with increasing η from η = -∞ to η = 0 (the left 

half of the chamber), and then increased with increasing η from η = 0 to η = ∞ (the right 

half of the chamber). At a given constant τ, the velocity was maximum at ζ  = π (along 

the straight line connecting the inlet and outlet). Overall, the numerical and analytical 

solutions were very similar, especially in the region where the majority of QCM-D 
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signal is obtained i.e. the central area within the radius of 3 mm (Fig. 5.9a&b). 

 
Figure 5.9. (a) Velocity field in the QCM-D chamber obtained using Comsol Multiphysics (top 
view).  (b) A vectorial plot of Eq. 10 plotted using Matlab R2012a (Mathworks, Natick, 
Massachusetts, U.S.A). The black lines indicate the boundary of the QCM-D chamber while the 
blue lines indicate the region from which the majority of QCM-D signal is obtained. 

 

5.3.7 Mass Transport of Nanoparticle Dispersion in the QCM-D Chamber 

Given that the flow is along τ-direction and assuming that the diffusion in η- and 

ζ- direction is negligible in comparison the diffusion in z-direction, the convection–

diffusion equation can be expressed as follows: 

  

  
   *      

  

  
     

  

  
               +                                  

 [5.11] 

where the terms in the first bracket on the right side is diffusion at z-direction, the terms 

in the second bracket on the right side is convection at η-direction. Here, Dc is 

diffusivity, c is the concentration of nanoparticles, and dV=(hηdη)(hζdζ)dz is the 

differential control volume shown in Figure 5.8c. Dividing both sides to dV leads to: 
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 [5.12] 

where  S is the differential sweep area:             and S is the sweep area from η 

= -∞ (inlet) to η = η with the width of hζdζ  i.e.        ∫         
   

    
.  

Plugging Eq. 5.10 into Eq. 5.12 gives rise to: 
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 [5.13] 

where K = Q/πb. The boundary conditions are as follows: 

at t  = 0, c = 0 for all S > 0 [5.14] 

at S  = 0, c = c0 for all t > 0 [5.15] 

at z = 0,   ∂c ∂z = R(c) for all t ≥ 0, S > 0 [5.16] 

where R(c) is the unknown intrinsic kinetic rate expression for particle adsorption, c0 the 

concentration of nanoparticles in inlet solution.  

At times long relative to the time required for the initial nanoparticle front to 

displace the pure water, a steady-state concentration boundary layer is established in the 

nanoparticle dispersion adjacent to the adsorbing surface. Within the region of the 

concentration boundary layer, where z/b<<1, then the model describing transport-limited 

adsorption at long times can be given by: 

  
   

     
 

 
   

  

  
 [5.17] 

subject to: 

at z = 0, c = 0 for all S > 0 [5.18] 

at z = ∞, c = c0 for all S ≥ 0 [5.19] 

at S = 0, c = c0 for all z > 0 [5.20] 
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The equation can be solved analytically using a similarity variable, u = z×[6Kdζ  

/(9bDS)]1/3. The corresponding solution is:  
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 [5.21] 

where Gamma(4/3) is the Gamma function and 
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 [5.22] 

The Equation 5.22 is very similar to Leveque Solution [215], which is  
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     [5.23]. 

For one dimensional potential flow in the Cartesian coordinates, hη = hζ = 1, and S = xdy, 

Eq. 5.21 simplifies to the Leveque Solution.  

Leveque solution has successfully explained various studies involving protein 

adsorption [212, 216], polymer adsorption [217, 218], copolymer adsorption [211], and 

polymer-modified protein adsorption [219] in narrow slits under laminar flow 

conditions. Therefore, Leveque solution may also be used for the polymeric 

nanomedicine adsorption and so is Equation 5.21, which is a modified Leveque solution 

taking into account the curvilinear nature of the flow inside the QCM-D chamber. The 

effective adsorption rate constant ka can be expressed as: 
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 [5.24]. 

Here, diffusivity, Dc, is assumed to a function of size as described by the Stokes-Einstein 

Equation[215]: 

   
   

    
 [5.25]. 
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Equation 5.24 is based on the assumption that diffusion in the η- and ζ- directions can be 

ignored compared to the diffusion in z-direction and convection in the η-direction. We 

compared the magnitudes of these four mass transfer terms using the numerically solved 

concentration profiles at several selected points, and found that the diffusion in the z- 

direction is about 103~105 times greater than that in the η- and ζ- direction (In Appendix 

C2). Therefore, the assumption that diffusion in η- and ζ- directions can be ignored is 

reasonable.   

Equation 5.24 can rewrite as 
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 [5.26]. 

If let 
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 [5.27]. 

n is determined by position of the measured point and geometry of bipolar fluid field. 

Then ka can be expressed as: 

     
         [5.28]. 

5.3.8 Comparison of Theoretical Calculation and Experimental Results 

Equation 5.28 calculates adsorption rate at any point (η, ζ). However, as 

mentioned earlier, QCM-D mostly measures the average mass adsorption on the area 

with r < 3 mm. To compare experimentally measured adsorption rates with the one 

obtained from the modified Leveque solution, averaged ka need be calculated as: 

       
           [5.29]. 
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We numerically average n over the area within radius of 3 mm and normalize the 

integration with the area of circle with a radius of 3 mm and <n> was calculated to be 

4.44×103 m-4/3 (see Appendix C1 for further details). 

Figure 5.10 shows experiment and theoretically calculated (based on Eq. 5.29) 

adsorption rate constants. The theoretical ka matched experimental ka both in the trend 

and magnitude, in particular for particles smaller than 150 nm. The small difference 

between the theoretical and experimental ka values for larger particles (D>150 nm) could 

be due to several factors. First, the influence of gravitational forces becomes important 

as the particles get larger [195, 220]. Therefore, we carried out additional experiments 

where the QCM-D experiments were conducted after changing the orientation of the 

chamber upside-down. We found that there was no significant difference in the 

adsorption behavior, thereby concluding that the gravitational forces are not responsible 

for the abovementioned differences for larger particles. Second, the particles have a size 

distribution (Fig. 5.2) as opposed to a single uniform size used in theoretical model. As 

discussed earlier, the fact that the size distribution is wider for larger nanoparticles can 

also be responsible for the lack of any consistent trend for larger nanoparticles. Third, 

the penetration depths of 3rd and 5th overtones in the QCM-D is about 100-150 nm [221, 

222]. In other words, decaying oscillatory waves partially sense the mass of the particles 

above this range and underestimate the experimentally measured rate constants. 
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Figure 5.10. The comparison of experimental and theoretical adsorption (based on Eq. 24) rate 
constants as a function of particle size.  

 

Regarding the removal rate constant, kr, it was shown in Figure 5.7 that kr 

increases with increasing particle size. If the particle removal is governed by diffusion or 

desorption, the removal rate constant would be decrease with particle size since diffusion 

coefficient decreases with particle size and desorption energy barrier increases with 

particle size [85, 215]. Hence, the nanomedicines were not removed through diffusion or 

desorption; and were mostly likely to be removed by the hydrodynamic forces acting 

parallel to the surfaces [155, 223-225]. Hydrodynamic forces are proportional to fluid 

viscosity, particle size, and fluid velocity at the middle of particle. Considering the fluid 

velocity at middle of particle increase with increasing particle size for no-slip boundary 

or partial slip boundary condition, it is reasonable that the removal rate constants 

increase as the particle size increases. 

5.4 Conclusions 

In this Chapter, we study the adsorption and removal behavior of a model 
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PNDDS with different sizes on silica surface. The adsorption of such particles on silica 

surface was found to be partially reversible. The adsorption rate constant decreased with 

increasing particle size. This trend is primarily due to the smaller diffusion coefficient 

for larger nanomedicine. We also developed a modified Leveque equation to describe 

the mass transport behavior inside the QCM-D chamber. The adsorption rate constants 

calculated using this equation was found to match the experimental results well. A small 

fraction of adsorbed PNDDS from silica surfaces could be removed by hydrodynamic 

forces acting parallel to the surfaces. The removal rate increased with increasing particle 

size. This trend is ascribed to the larger flow velocity at the distance of particle radius 

from the surface for larger particle sizes.  
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CHAPTER VI  

SUMMARY  

 

In this dissertation, transports of polymeric nanomedicine in the environment 

surface as well as uptake of nanomedicine into plants were investigated through six 

chapters. Cellulose surface and silica surface were chosen as environmental surfaces and 

ryegrass was chosen as a plant. Adsorption and removal of PNDDS on and from 

environmental surface was studied by QCM and AFM. Uptake and translocation of 

PNDDS in ryegrass were investigated by SFM, confocal microscopy, AFM, and cross 

sectional TEM. Adsorption, removal and uptake kinetics were also studied theoretically. 

In Chapter I, a brief review is presented on the importance of PNDDS in drug 

delivery and their potential environment impact. While PNDDS have many advantages 

for therapeutic use due to their special properties, there properties may also make them a 

potential environment problem after PNDDS enter environment by several possible 

routes, since most PNDDS are loaded with therapeutic materials that are ecotoxic. 

Current studies on transport phenomena of nanoparticles, transport of nanoparticles in 

the environment, interaction between nanoparticles and environmental interface are also 

present in Chapter I 

In Chapter II, current studies on adsorption of polymer nanoparticle are present. 

Adsorption behavior of polymeric nanoparticles includes adsorption of functional 

molecules on polymeric nanoparticles, and adsorption of polymeric nanoparticles on 

large surfaces. The adsorption of polymeric nanoparticles may also take place via two 
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kinetics regimes at different times: a diffusion-limited process in the initial stage, and a 

significantly slower process at dense surface coverage. Multi-layer adsorption is usually 

not applicable due to the repulsive interaction between polymeric nanoparticles. 

Therefore, the pattern of polymeric adsorption equilibrium isotherms assumes either a 

Langmuir-type or Freundlich-type shape. Adsorption Kinetics was also studied generally 

in this chapter. 

In Chapter III, adsorption, desorption, and removal of behavior of a model 

PNDDS of various sizes on and from cellulose was investigated by QCM and AFM.  It 

is determined that most of the adsorbate PNDDS do not desorb from the cellulose 

surface even upon rinsing with a large amount of water i.e. the adsorption process is only 

partially reversible. PNDDS may deform and adsorb irreversibly on cellulose surface.  

The rate constant of adsorption decreases with increasing PNDDS size. This 

trend is ultimately related to the activation energy of absorption, which is, at first 

approximation, linearly proportional to the PNDDS size. The theoretical ka calculations 

relying on attractive van der Waals interaction, Born repulsion, and electrical double-

layer repulsion give a fairly accurate estimates for the measured ka values.  

In addition, it is shown that hydrodynamic forces acting parallel to the surfaces 

(orthogonal to the intermolecular forces) are of great importance in the context of 

PNDDS dynamics near the cellulose wall, and ultimately responsible for the removal of 

PNDDS via rolling or sliding. As the particle size increases, the removal rates of the 

particles increased for a given hydrodynamical condition. 
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Chapter IV shows that ryegrass can uptake PNDDS of size ranging from 46 nm 

to 271 nm through its roots. The uptake behavior was studied by SFM, confocal 

microscopy, SEM and cross sectional TEM. The rate and fraction of PNDDS uptake by 

ryegrass roots increased with decreasing size. PNDDS can firstly adsorb irreversibly on 

root surface and then uptake into root. PNDDS was found both in root cells and 

intercellular space in root. It is also shown that very small amount of PNDDS, if any, 

transport from stem to leaf, which is presumably due to the selectivity of membranous 

ligule.  

Furthermore, the kinetics of uptake was studied as a two-step process: adsorption 

onto root and uptake into root.  It was found that the adsorption step was faster than the 

uptake step, making the uptake step overall rate determining step for the transport of 

PNDDS from aqueous media into ryegrass root. The trend of decreasing uptake rate with 

increasing PNDDS size can be explained through the consideration of mass flux of 

particles or molecules across a porous membrane when particle size is comparable to the 

pre size. 

Chapter V studies the adsorption and removal behavior of another model PNDDS 

agent with different sizes on silica surface by QCM and AFM. The adsorption of such 

particles on silica surface was also found to be partially reversible. Some of the adsorbed 

PNDDS were deformed up to 70%. The majority of the PNDDS had disintegrated and 

formed a polymer film of 4-5 nm. The majority of the intact nanomedicine was removed 

while most of the polymer film remained on the surface upon rinsing. 

The adsorption rate constant decreased with increasing particle size. This trend is 
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primarily due to the smaller diffusion coefficient for larger nanomedicine. A modified 

Leveque equation was developed to describe the mass transport behavior inside the 

QCM-D chamber. The adsorption rate constants calculated using this equation was 

found to match the experimental results well. A small fraction of adsorbed PNDDS from 

silica surfaces could be removed by hydrodynamic forces acting parallel to the surfaces. 

The removal rate increased with increasing particle size. This trend is ascribed to the 

larger flow velocity at the distance of particle radius from the surface for larger particle 

sizes.  

With the results obtained in the dissertation, PNDDS can easier adsorb onto 

environment surface and uptake into some plants. Transport behavior and kinetics of 

PNDDS onto environmental surface was primary studied. The results are significant 

because more and more PNDDS are entering pre-clinical, clinical, or commercial 

development. PNDDS could be an environment concern since most of PNDDS are 

loaded with ecotoxic therapeutics and properties of PNDDS largely increase their 

environment impact.  

Future studies are recommended in order to gain a complete knowledge of 

environmental impact of PNDDS so that a systemic management method of PNDDS 

waste could develop to better govern their disposal. Future studies could focus on 

transport of PNDDS with different concentrations, stabilities, surface property. Also, 

Uptake of PNDDS into different plants and their storage time in plants is also required to 

study. Whether PNDDS could accumulate through food chain and whether they could 

finally go back to human body is also important to fulfill the research on environmental 
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impact of PNDDS.  
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER III 

 

A1 List of Variables and Abbreviations  

A: the Hamaker constant, J 

b: the length of the sensor that is orthogonal to the flow direction, m 

D: diameter of PNDDS, m 

Dc(h): the diffusion coefficient, m2/s 

FA: adhesion force, N 

FD: drag force, N 

FL: lift force, N 

h: the separation between the particle and surface, m 

kB: Boltzmann constant, m2 kg s-2 K-1 

ka: the rate constant of adsorption, m/s 

kd: the rate constant of desorption, 1/s 

ks: the rate constant of spreading, 1/s 

l: the distance between two walls of the QCM, m 

ms: the mass concentration of PNDDS in the solution, kg/m3 

R: radius of PNDDS, m 

Rexposure: the rate of concentration change on the surface during the PNDDS exposure stage, 
kg/m2 

Rrinsing: the rate of concentration change on the surface during the rising stage, kg/m2 

S: total area of the sensor, m2 

T: temperature, K 

t: time, s 
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V: the fluid velocity as a function of position, m/s 

Vc: the fluid velocity at the center of the particle, m/s 

VP: the particle velocity at the center of mass, m/s 

W: total interaction energy, J 

Wb: the interaction energy at h = b, J 

Wm: the interaction energy at h = m, J 

Wvdw: van der Waals interaction energy, J 

WBorn: Born interaction energy, J 

WDL: double-layer interaction energy, J 

 α: the concentration of α-particles (reversibly bound particles) on the sensor surface, kg/m2 

 α∞: the concentration of α-particles (reversibly bound particles) on the sensor surface at 
adsorption equilibrium state, kg/m2 

 β: the concentration of β-particles (irreversibly bound particles) on the sensor surface, kg/m2 

 *: the maximum surface concentration of PNDDS that can cover the surface, kg/m2 

: the diffusion boundary-layer thickness, m 

m: the separation at which there is a primary minimum in the total interaction potential, m 

b: the separation at which there is the maximum energy barrier, m 

the dielectric constant of the medium, C2N-1m-2 

θ: the ratio of non-deformed to total PNDDS mass on the surface of the sensor (θ= α/ ). 

θ∞: the ratio of non-deformed to total PNDDS mass on the surface of the sensor at adsorption 
equilibrium state  


: Debye length, m 

μ: the fluid viscosity, kg (m·s) 

ρ: the fluid density, kg m3 

: the collision diameter, m 
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Φα(t): the probability of an incoming α-particle to land in a non-overlapping on the surface 

: the coefficient of static friction or the rolling resistance coefficient 

Ψαβ(t): the probability of an α-particle that is already on the surface to have sufficient area to 
spread 

s1:surface potential of the PNDDS, V 

s2:surface potential of cellulose surface, V 
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APPENDIX B 

SUPPLEMENTAL INFORMATION FOR CHAPTER IV 

 

B1 Numerical Calculation of ka and kup 

In Section 4.3.6, we got the follow expression for kinetics of uptake:  

   

   

         

   
 

 

 
(   

     

  
)

        

  
         [4.5] 

   

   

         

    
 

 
(         

     

  
)

        

  
         [4.6] 

if let ln(ms) = x, so 
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integral both side: 
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Using numerical intergration 
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… 

     
  

                           
 

 
       

   

 
         [4.16] 

Matlab was used to fit ka and kup, by min[(xt=0-xt=0
’)^2+(xt=1-xt=1

’)^2+…+(xt=48-xt=48
’)^2] 

with Δt=1 6 hr, Γ* constant as described below. 

function [ y ] = kinetic ( k,j ) 
% k is (ka,kup) and j is for different size 
V=6*10^-6; %  
S=6.28*10^-5; 
G=0.6;%gamma 
n=6; 
dt=1/n; 
x(1)=4.89;%initial scale 
for i=1:48*n 
    x(i+1)=-(k(1)*S/V+k(1)/G*(exp(x(i))-exp(x(1)))+k(2)*(x(i)-

x(1))+S/V*k(1)*k(2)*(i-1)/6)*dt+x(i); 
end 

  
B=[4.891 4.861 4.815 4.762 4.648 4.395 
    4.891 4.876 4.855 4.834 4.781 4.738 
    4.891 4.865 4.868 4.806 4.724 4.652 
    4.889 4.869 4.862 4.827 4.790 4.745 
    4.892 4.887 4.864 4.840 4.807 4.777 
    4.890 4.866 4.857 4.836 4.799 4.780 
    4.891 4.876 4.851 4.829 4.824 4.815]; %from SFM results    
A=B(j,:); 

  
y=(x(1)-A(1))^2+(x(1+n*1)-A(2))^2+(x(1+n*3)-A(3))^2+(x(1+n*9)-

A(4))^2+(x(1+n*27)-A(5))^2+(x(1+n*48)-A(6))^2; 

  
end 

 

 

 

clear all; 
for j=1:7 
    k=fminsearch(@(k) kinetic (k,j), [0.002, 0.63]) 
end 
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APPENDIX C 

SUPPLEMENTAL INFORMATION FOR CHAPTER V 

 

C1 Numerical Calculation of the Average Adsorption Rate Constant ka  

In Section 5.3.7, we derived the following expression for the adsorption rate constant, ka: 
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where   
 

  
 and   ∫       

 

    
. Diffusivity, Dc, can be calculated from the 

particle size using Stokes-Einstein equations: 

   
   

    
 [5.32]. 

To calculate the average ka over the measurement area of QCM-D (i.e. r≤ 3mm), the area 

integration is performed as follows:  

     ∫ ∫   
  √     

   
  

   

    
   [5.33] 

This integration was numerically carried out Matlab as described below. 

clear all; 
a=0.005; % radius of the chamber, m 
b=0.00064; % thickness of the chamber, m 
r=0.003; % radius of measurement area, m 
dx=0.00001; % step size of x and y for integral, m 
du=0.01;   u, v were used for τ, σ, du is the step size of u for integral 
M=0; 
for x=0-r:dx:r 
    ym=sqrt(r^2-x^2); 
    for y=0:dx:ym 
        u=log(sqrt((x+a)^2+y^2)/sqrt((a-x)^2+y^2)); 
        v=atan((a+x)/y)+atan((a-x) y);   convert (x, y) to (τ, σ) 
        S=0; 
        for i=-10:du:u 
            S=S+1/(cosh(i)-cos(v))^2*du; 
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        end  
        ka=1/0.893*(6/pi/b^2/a^2/S/9)^(1/3); % local ka without D 
        M=M+ka; 
    end 
end 
N=M*dx*dx/pi/0.003^2*2 % average ka without D 
%%<ka>=N*D^(2/3)*Q^(1/3) 
 
C2 Calculation of Mass Transport due to Diffusion at Different Directions 

The concentration profile inside the QCM-D chamber was calculated to be: 
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 [5.34]. 

The mass transport due to diffusion at different directions can be calculated by taking the 

second derivative of the concentration with respect to the direction of interest. 

 For diffusion at z-direction: 
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For diffusion at τ-direction: 
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For diffusion at σ-direction:  
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 [5.48] 

Table 5.2 summarizes the calculated diffusion induced mass transport at τ-, σ-, 

and z-directions for selection locations. As can readily be seen, the magnitude of the 

mass transport due to diffusion at z-direction was much larger than that at τ- and σ-

directions. 
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Table 5.2. Calculated diffusion induced mass transport at τ-, σ-, and z-directions for some 
selected points 

 Position Diffusion 
(kg/s) 

Dz/Dσ (x,y,z) 
m 

τ 0 1.35E-05 -2.16E+04 
 

(0, 2E-3, 1E-5) 
σ 2.356194 -2.45E-05 

z 1.00E-05 5.30E-01 

τ 0 1.35E-05 -2.16E+04 
 

(0, -2E-3, 1E-5) 

σ 3.926991 -2.45E-05 

z 1.00E-05 5.30E-01 

τ -1 4.72E-05 -6.10E+04 
 

(-2.6E-3, 1.5E-3, 1E-
5) σ 2.356194 -3.33E-05 

z 1.00E-05 2.03E+00 

τ -1 8.25E-89 2.35E+05 
 

(-2.6E-3, 1.5E-3, 1E-
4) σ 2.356194 8.08E-91 

z 1.00E-04 1.90E-85 

τ -1 9.10E-06 -6.51E+03 
 

(-2.6E-3, 1.5E-3, 1E-
5) σ 2.356194 -4.30E-05 

z 1.00E-05 2.80E-01 

τ 0 1.40E-06 -2.11E+03 
 

(0, 1.5E-3, 1E-6) 

σ 2.356194 -2.70E-06 

z 1.00E-06 5.70E-03 

 

 

The following Matlab code was used to numerically calculate the mass transport due to 

diffusion shown above. 

function y = Diffusion(x1,x2,x3) 
%x1=tao, x2=sigma, x3=z 
%y1,y2,y3: diffusion at x1,x2,x3 
c0=500; 
a=0.005; 
Q=2.5E-9; 
b=0.64E-3; 
D=5.45E-12; %diffusion coefficient for 90-nm partilces 
gamma=0.893; %Gamma(4/3) 
K=Q/pi/b; 
s=0;%s=S/a^2 
m=0;%m=ds/dx2 
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n=0;%n=dm/dx2 
dx1=0.01; 

for  i=-30:dx1:x1 
      s=s+1/(cosh(i)-cos(x2))^2; 
      m=m-2/(cosh(i)-cos(x2))^3*sin(x2); 
      n=n+6/(cosh(i)-cos(x2))^4*sin(x2)*sin(x2)-2/(cosh(i)-

cos(x2))^3*cos(x2); 
end 

S=dx1*s*a^2; 
M=dx1*m*a^2; 
N=dx1*n*a^2; 
h=a/(cosh(x1)-cos(x2)); 
eta=x3*(6*K/9/D/b/S)^(1/3); 
etax1=eta/3/S*h^2; %d(eta)/dx1 
etax2=eta/3/S*M; %d(eta)/dx2 
y1=1/3/S*etax1-1/3*eta/S^2*h^2+1/3*eta/S/h*(-1)*a/(cosh(x1)-

cos(x2))^2*sinh(x1)-eta^3/S*etax1; 
y2=M*eta/h^3/3/S*a/(cosh(x1)-cos(x2))^2*sin(x2)+etax2*M/h^2/3/S-

M^2*eta/3/h^2/S^2+N*eta/h^2/3/S-eta^3*M*etax2/h^2/S; 
y3=-3*eta^4/x3^2; 
y=-1*D*[y1 y2 y3]*c0/gamma*exp(-3*eta^3); 
end 
 
C3 List of Variables and Abbreviations 

a: the distance from inlet/outlet to center of the QCM chamber, m 

b: the depth of the QCM chamber gap, m 

c: the mass concentration of nanomedicine in solution, g/m3 

c0: the mass concentration of nanomedicine in inlet solution, g/m3 

D: diameter of nanomedicine, m 

Dc: the diffusion coefficient, m2/s 

hζ, hη: scale factors for ζ  coordinate and η coordinate, m 

K: Q/πb, m2/s 

kB: Boltzmann constant, m2 kg s-2 K-1 

ka: the rate constant of adsorption, m/s 

kr: the rate constant of removal, 1/s 

ms: the mass concentration of nanomedicine in bulk solution, g/m3 
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r1, r2: distance of a point to two foci F1 and F2, m 

Q: flow rate of fluid, m3/s 

R: radius of nanomedicine, m 

R(c): unknown intrinsic kinetic rate expression for particle adsorption, g/m2s 

S: the sweep area from η = -∞ (inlet) to η = η with the width of hζdζ , m2 

T: temperature, K 

t: time, s 

u: z×[6Kdζ /(9bDS)]1/3, similarity variable used for solving Equation 17 

vζ, vη, vz: fluid velocities at ζ , η and z coordinate, m/s 

η: the fluid viscosity, kg (m·s) 

θ: the ratio of non-deformed to total nanomedicine mass on the surface of the sensor 

(θ= α/ ). 

 α: the concentration of α-particles (reversibly bound particles) on the sensor surface, 

g/m2 

 : the concentration of nanomedince on the sensor surface, g/m2 

 *: the maximum surface concentration of nanomedicine that can cover the surface, 

g/m2 

 




