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ABSTRACT 
 

Successful delivery and maximal retention of therapeutic agents at the site of injury is 

important for cardiac repair post-myocardial infarction. Polydopamine (PDA) is 

considered a bioadhesive with excellent adhesion properties. This thesis aims to develop 

and test a PDA coating that can be applied to the surface of delivery particles so as to 

increase their adhesion strength and thus improve their retention at the site of infarction 

post-delivery. As a proof-of-principle, we investigated whether PDA coating on 

fluorescent beads confers a better retention rate at the site of delivery compared to non-

coated beads. The first part of the study focused on the optimization of the PDA coating 

so as to finalize a deposition time for the coating process which will have the maximum 

adhesion strength. Once the PDA protocol with maximum adhesion strength was 

identified, PDA coating was performed on commercially available fluorescent beads. The 

viability of cultured macrophages and endothelial cells was not different when exposed 

to PDA-coated fluorescent beads compared to non-coated beads. In vivo, PDA-coated or 

non-coated beads were sprayed onto the surface of the mouse myocardium and their 

retention was evaluated at 3 hours and 1 day post-delivery. Fluorescence imaging results 

showed that the retention of PDA-coated beads on the myocardium was significantly 

greater than for non-coated beads at 1 day after application. These results suggest that 

PDA coating may be a strategy to improve the retention of carriers delivering therapeutic 

agents for the treatment of myocardial infarction, thus potentially improving therapeutic 

efficacy.  
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CHAPTER 1 

Outline 

 

1.1 Novelty and Contribution 

The motivation of my proof-of-principle research was to obtain a PDA coating on 

nanoparticles as an approach to improving the adhesiveness and retention of therapeutic 

particles in the heart for the treatment of myocardial infarction (MI). To this end, my 

thesis was aimed at evaluating this strategy by using commercially available fluorescent 

beads in a mouse model of MI. The thesis was divided into two parts. 

(1) The first part of the study was focused on optimization of the PDA deposition 

protocol. This was carried out by coating glass coverslips with PDA to evaluate the 

homogeneity and adhesive strength of the resulting coating to obtain the conditions 

which provide the highest adhesive strength. As per my results, the adhesion 

strength is not very much affected by the deposition parameter I investigated, 

namely the deposition time. However, it was observed that a gradual increase in 

deposition time might result in lower adhesion. 

(2) In the second part, the PDA protocol was used to coat commercially available 

fluorescent beads to evaluate the coating effects on biocompatibility in vitro and 

bead retention in vivo. It was found that the coating did not affect the ability to 

detect the beads’ fluorescence, nor did it affect cell viability when added to cultures 

of macrophages or endothelial cells. In vivo experiments revealed that there is a 

significant increase in the retention of PDA-coated beads when sprayed onto the 

surface of the myocardium of mice compared to non-coated beads. 
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1.2 Outline of Thesis 

 

Chapter 2 provides a basic introduction of MI, fluorescent nanoparticles, polydopamine 

(PDA), atomic force microscopy and in vivo fluorescent imaging techniques. 

Chapter 3 explains the materials and methods used in the study. 

Chapter 4 discusses the results and analysis of the different experiments including the 

structural analysis which was carried out using Scanning Electron Microscopy and 

Atomic Force Microscopy, physiochemical analysis using fluorescence spectrometry to 

verify if PDA is masking the fluorescence of the beads, cell viability tests using 

macrophages and endothelial cells to check biocompatibility and finally In vivo Imaging 

System to evaluate the myocardial retention of coated and non-coated beads in a mouse 

model. 

Chapter 5 discusses the conclusions derived from this study and how we can proceed in 

further studies using these results. 
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CHAPTER 2 

Introduction 
 

Myocardial infarction followed by a heart failure still continues to be one of the leading 

causes of death [1] and a promising direction for the delivery of therapeutic agents for 

treating this disease is the use of biomaterials. Nanoparticles are considered attractive for 

minimally invasive delivery of therapeutic agents due to their small size and the ability to 

administer them via multiple injection methods [2]. In order to aim for maximum 

retention at the infarction site, the use of biomaterials with great adhesive properties is 

important. 

Another consideration in developing adhesive biomaterials for coating fluorescent 

nanoparticles is the inclusion of a fluorescence marker or other tracer that confers the 

ability to track the nanoparticles inside the body once they are injected. This strategy 

allows for the assessment of nanoparticle retention at the infarct region and to evaluate if 

maximum retention correlates with greater delivery of therapeutic agents and improved 

functional outcomes. 

2.1 Myocardial Infarction 
Myocardial infarction (MI), also commonly known as a heart attack, in simple words can 

be defined as myocardial cell death. As per a report in 2017 by the Global burden of 

disease study, cardiovascular diseases have been the main cause of death around the 

world [3-4]. Almost half of all the cardiovascular deaths are caused by ischemic heart 

diseases (IHD) [4], and MI is the main cause of death among all the IHD. 

2.1.1 Fundamental Concepts of Myocardial Infarction 
MI is mostly caused by a decrease in the supply of blood flow to a portion of the heart 

thus leading to necrosis of that portion of the heart muscle [5]. In every living tissue, 

including heart muscle, the oxygen demand should be equal to the blood supply which is 
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known as supply-demand ratio and when this balance is disturbed, it causes damage to 

that particular tissue. In the case of heart muscle, this imbalance may be caused due to a 

very rapid heart rate resulting in increased oxygen demand or due to a drop in blood 

pressure resulting in too little supply of blood and this may lead to myocardial damage 

and thus MI [5]. MI is becoming increasingly common in developing countries with 

more than 3 million people suffering acute ST-elevated MI and over 4 million people 

with non ST-elevated MI per year, thus making it a major cause of mortality and 

morbidity worldwide [6]. The occurrence of MI can be considered as the first 

manifestation of coronary artery disease [7]. MI often results from the rupture of a 

vulnerable plaque in a coronary artery causing a thrombotic occlusion [8], which leads to 

ischemia due to imbalance in the supply-demand ratio of the myocardial muscle. And 

this myocardial cell death caused due to prolonged ischemia can lead to massive 

myocardial cell death (MI). After the onset of myocardial ischemia, cell death takes a 

finite period of time to develop. MI can be classified based on the size - microscopic 

(focal necrosis), small (10% of the left ventricular [LV] myocardium), moderate (10 –

30% of the LV myocardium) and large ( >30% of the LV myocardium) [7]. MI leads to a 

massive sudden loss of cardiomyocytes. In order to treat MI, many therapies have been 

used; among them thrombolytic therapies are commonly used which result in myocardial 

reperfusion. However, it has been found that even after restoration of blood flow, there 

still occurs cardiomyocyte death [9], which leads to ischemia reperfusion injury [10] as 

well as increases in ventricular loading and excessive physical forces [11]. This leads to 

programmed cell death in myocardium. The sudden loss of this large amount of 

cardiomyocytes at the infarct region [12] leads to lowering of the ejection fraction 

(Figure 1). The region of the left ventricle which was supplied by the obstructed 

coronary artery [13] as well as the surrounding surviving region of the adjacent wall as 

well as the region remote to the infarcted region undergo programmed cell death of 

myocytes [14]. The heart has a very limited ability for regeneration and so that the 

cardiomyocytes that die post-MI are lost permanently. 

2.1.2 Repair after Myocardial Infarction 
A healthy heart consists of a lot of different types of cells that function together in order 

to maintain the optimal function of the heart [15]. However, in the diseased heart there is 
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Figure 1. Atherosclerosis leading to heart failure 

Following MI there is an increased number of inflammatory monocytes at the infarct site. Increased 

recruitment of monocytes leads to impaired healing and ultimately the development of heart failure if 

ventricular remodelling occurs and loss of cardiac function cannot be minimized. Reproduced from [16] 

with permission. Copyright © 2010, Wolters Kluwer Health. 
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an impact on one or more cell types, which in turn reduces normal heart function. 

Following MI, the heart undergoes healing that involves 3 overlapping phases: the 

inflammatory phase, the proliferation phase and the maturation phase (Figure 2). In the 

inflammatory phase, the initial massive loss of cardiomyocytes post-MI leads to the 

activation of inflammatory signals that result in the recruitment of macrophages in order 

to clear the debris [15]. In the proliferation phase, there is a continuous recruitment of 

leukocytes and secretion of matrix protease thus leading to scar formation due to the 

invasion of fibroblasts and due to the irreversible loss of myocardial cells [17]. The 

fibroblasts release large amounts of extracellular matrix proteins like collagen at the 

infarct size which forms the collagenous scar in order to prevent the heart tissues from 

any kind of ventricular rupture [18]. However, the scar that forms is very rigid, and it 

does not synchronize with the beating of the heart. This in turn can lead to formation of 

cardiac-dilation, hypertrophy and cardiac failure [19-23]. Therefore, therapies are needed 

that can replace the lost cardiomyocytes or that can limit the extent of damage and 

prevent heart failure post-MI. Such therapies should be implemented within 1 to 2 weeks 

of the onset of MI since beyond this period shows extensive changes in the tissue 

architecture and the heart undergoes significant changes in the ventricular function and 

its geometry [16]. If functional preservation or restoration is not achieved in this period, 

it may lead to expansion of the infarct size and left ventricular dilatation (ventricular 

remodelling), loss of contractile capacity (heart failure) and ultimately rupture of the scar 

and death and in long [24-26]. So, it is important to augment the wound healing process 

soon after MI. Due to the limited regenerative capacity of cardiac cells, various 

technologies have been developed and tested to achieve this. One such approach is 

biomaterial therapy, which has been able to promote the restoration at the infarct region 

by improving the survival and function of the different types of cells involved in repair 

and regeneration. Biomaterials may also be used for the delivery of external therapeutic 

agents that promote repair and the restoration of heart function. The application of these 

therapeutic agents would benefit from delivery systems that can improve their retention 

specifically at the infarct region. 
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Figure 2. Evolution of the infarcted myocardium 

MI results in activation of a multiphase healing process consisting of three phases namely the inflammatory 

phase, proliferation phase and maturation phase. This is a natural healing process which takes place to 

prevent ventricular rupture; however, it is not sufficient to protect the heart from huge tissue loss and can 

lead to heart failure. Reproduced from [15] with permission. Copyright: © 2016 Lister, Rayner and 

Suuronen 

 

 



 

 Introduction 

 

 

8 

 

2.2 Nanoparticles as Delivery Agents 

Barriers to the delivery of therapeutics to the infarcted heart include the immune 

response, the physical cellular barrier, the mechanical force of blood flow, anatomical 

challenges of access and also low survival rate (for cell therapies) in the harmful 

microenvironment of the host cardiac tissues where the treatment is delivered. There are 

many drugs for treating MI that might have poor solubility in blood and/or have a short 

half-life in the circulation, and this leads to reduced accumulation of these compounds at 

the infarct region [27-29]. Other therapies such as cells, small molecules and growth 

factors that are applied directly to the myocardium also suffer from low retention and 

thus reduced therapeutic effects. When therapeutic agents are directly injected into tissue, 

there is a chance that they might not be retained at that particular site due to 

environmental factors that limit retention or physical forces (such as a beating heart) that 

cause extrusion of the therapeutics. Therefore, more efficient delivery systems are needed 

to improve the therapeutic efficacy of such treatments. To this end, injectable 

biomaterials, microparticles and nanoparticles are being tested as vehicles that can be 

loaded with these agents like cells, small molecules or growth factors to enhance their 

delivery at the target site [30-31]. Nanoparticles have been proven to be one of the most 

efficient injectable biomaterials for the delivery of therapeutics. In order to achieve these 

therapeutic effects it is important to achieve target-specific delivery of these agents [22]. 

In one strategy, enclosing agents inside nanoparticle-sized carriers can prevent the agents 

from diffusing to the neighbouring areas by modification of the surface of the 

nanoparticles with different target groups which make it possible for them to bind to 

specific groups at the target site and thus make target specific delivery and release of the 

therapeutic agents. After the onset of MI, there is occurrence of cardiomyocyte death and 

negative remodelling of the left ventricle makes it important that the therapeutic agents 

enclosed in biomaterials are delivered in a minimally invasive way. Hence, nanoparticles 

due to the Enhanced Permeability and Retention (EPR) effect, are well-suited for this 

purpose [2]. Apart from this, nanoparticles also have a high payload compared to macro-

sized particles, which makes them a better choice as delivery agents. There have been a 

number of studies where micro- and nanoparticles have been used as carriers to deliver 

therapeutic agents for treating ischemic tissue. In one such previous study, where 

vascular endothelial growth factor (VEGF) was loaded into poly lactic-co-glyocolic acid 
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(PLGA) nanoparticles and then delivered intravenously into a mouse femoral artery 

ischemic model, and its efficacy was compared to VEGF delivered without the use of 

nanoparticles. The results showed a significant increase inconnectivity as well as increase 

in the total vessel density in the mice treated with VEGF-loaded nanoparticles. The 

results also indicated an improved anastomosis at the vascular bed demonstrating that 

VEGF loaded into PLGA nanoparticles have an improved specificity leading to better 

therapeutic effects [23]. In another study, loading adipose-derived stem cells into 

polymeric microparticles prolonged their survival upon delivery to the infarcted heart 

resulting in a superior therapeutic effect for up to 3 months post-transplantation 

compared to cell treatment alone [24]. In another work, PLGA nanoparticles were loaded 

with irbesartan and delivered at the infarct site after an ischemia/reperfusion injury; 

results showed a 17-fold increase in irbesartan concentration compared to delivery of the 

free drug, resulting in enhanced tissue recovery [25]. All these studies have shown how 

encapsulation within particles can improve the efficacy of therapeutics due to their ability 

to control the release of the loaded agents and to remain in the circulation/tissue for a 

greater period of time.  Despite the promise of micro- and nanoparticles for the delivery 

of therapeutics for treating MI, optimal retention and therapeutic potential has not yet 

been achieved due to the barriers described above. 

2.2.1 Fluorescent Nanoparticles 

An attractive feature of nanoparticles is that they allow for the use of optical imaging 

techniques through the incorporation of tracking compounds such as fluorescence or 

magnetic elements. This confers easy detection for their study in vivo, such as for 

visualizing vascular permeability, tracking and evaluating the delivery of their cargo and 

their presence at the target site and also tracking uptake by different cell types [22]. Our 

study focuses on the retention of the nanoparticles at the target site and will be using the 

optical imaging techniques for the detection process. Even though in vivo optical 

imaging techniques have some limitations including the issue of limited tissue depth 

penetration in whole animals due to thick and opaque tissues, these issues have been 

somewhat overcome with the use of Near Infrared Radiation (NIR) probes allowing the 

better detection of fluorescence.  
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2.3 Polydopamine 

The effective delivery of therapeutic agents at the infarct site requires maximum 

retention of the delivery vehicle at that site and this can be achieved by functionalizing 

the surface of nanoparticles with an adhesive material. PDA, a biopolymer material 

inspired by the adhesive nature of amines and catechols found in adhesive proteins in 

mussels, has excellent adhesiveness and cell affinity [26]. Coating the nanoparticles with 

PDA is expected to result in improved adhesion when applied to wet tissue surfaces and 

thus result in better retention at the infarct site. 

2.3.1 Structure 

The proteins found in mussels, namely the mytilus foot proteins-3 and -5 (Mfp-3 and -5), 

that are located in the distal portion of the mussel byssus where the byssal foot engages 

the surface of the substrates have two main features that inspired the development of 

PDA [27-28] (Figure 3). These two features include: (1) high catechol content (3,4-

dihydroxybenzene) due to the presence of DOPA (3,4-dihydroxy-L- phenylalanine); and 

(2) high content of primary and secondary amines contributed by the lysine and histidine 

residues [29]. The development of PDA mainly involves the oxidation of dopamine at an 

alkaline pH. The oxidation product of this reaction is dopamine quinone which then goes 

through a nucleophilic intramolecular cyclization process in order to form 5,6-

dihydroxyindole (DHI) and these two compounds, dopamine-quinone and DHI together, 

lead to the formation of PDA [29].  

2.3.2 Adhesive Strength 

With most of the conventional adhesives that are currently available when used with wet 

substrates, the interfacial water molecules create a barrier to the adhesives by blocking 

the interactions between the substrate and the adhesive thus leading to a failure to adhere 

[38-39]. In contrast, PDA contains catechols, phenyl and amine groups, and the presence 

of these groups contributes to its great adhesive strength. The interaction of these groups 

with various substrates using hydrophobic, electrostatic and hydrogen bond interactions 

[31] can occur not just in normal conditions but also under aqueous conditions [32], 

making PDA an attractive option for use as a biological adhesive. The mussel foot 

consists of around 15 such proteins, of which Mfp-3 and Mfp-5 consist of 20-30 mol % 

of Dopa, Lys and Arg present at the adjacent positions in the protein  
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Figure 3. Adhesion Proteins of Mussels 

(A) Image showing mussels adhered to mica surface and the enlarged image. (B) Schematic representation 

to show byssal thread attachment to substrate. Reproduced from [33] with permission. Copyright:© 2019 

Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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backbone [30]. The combined effects of both the DOPA and lysine in mussel foot 

proteins tend to have low interfacial energy [34] thus making them adhere strongly 

underwater; PDA is designed to have a similar structure and can thus adhere to almost all 

surfaces [35].  

2.3.3 Deposition 

Various factors such as pH, buffer solution, solvents, temperature and reactant 

concentrations lead to variations in the formation of PDA, be it the film thickness of 

PDA surface coating or the size of the formed PDA nanoparticles [44-47]. PDA can be 

used to produce catecholamine-based coatings in the presence of Tris buffer at a pH of 

8.5 along with naturally dissolved O2 in the water as an oxidant [37]. Other than the 

dissolved O2,other oxidants such as ammonium peroxodisulfate and sodium periodate 

[38], or UV irradiation [39] may be used in order to generate free oxygen species thus 

helping in the polymerization process of dopamine leading to formation of PDA. One of 

the major advantages of using light for the deposition process is that it helps to control 

the onset and the termination of the PDA coatings and also controlling the amount of 

light can be useful in creating desired patterns of the PDA coating on the substrate 

surface [29]. Another method for forming PDA coatings  is electropolymerization in an 

electrolyte dependent manner [40]. However, in this case the film thickness reaches a 

maximum constant after which the dopamine present in the solution can no longer be 

oxidized [41] and this leads to the presence of unoxidized dopamine particles, thus 

resulting in their deposition and  formation of aggregates on the substrate surface. In 

addition to the reaction conditions, the process used for coating also has an impact on the 

features of coated films. Dip coating is the traditional method wherein the substrate is 

simply dipped inside the prepared polymer solution for the desired amount of time. A 

number of other different ways of coating PDA on surfaces have been developed. PDA 

can be deposited using a spray-deposition method where a freshly prepared polymer 

solution under set reaction conditions is added to a gas-driven thin layer chromatography 

spray coater and then sprayed over the desired substrate surface until the surface is 

completely wet with the polymer [42]. Spray coating is considered to be better than the 

conventional dip coating method as the spray coating does not require any special vessel 

for the coating process and is thus suitable for coating of substrates which have a larger 

surface area. The spray coating is thus preferred when there is a need of coating 
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substrates in large scale industries. In the case of the Langmuir-Schaeffer method, PDA 

films are deposited at a water-air interface and then transferred to solid substrates [43]. 

The deposition rate is found to be impacted by the concentration of dopamine used; 

however the dopamine concentration usually cannot be increased much as this leads to 

the presence of excess dopamine particles [44] and formation of aggregates, which is 

believed to produce a non-homogenous coating and lower adhesive force. Another factor 

that might affect the deposition of PDA is the addition of motion to the coating process. 

In the static method of coating, which is the classic way of PDA deposition [45], the 

substrate is just dipped in the polymer solution without any added motion. One way of 

adding motion to the procedure is stirring, which is usually applied to limit particle 

deposition on the substrate, and another is shaking [59-60], where the dopamine solution 

is shaken in order to achieve a uniform PDA film on the substrate surface at different 

reaction temperatures and deposition times [61-63]. So, the deposition of PDA depends 

on a number of reaction conditions, as well as the type of PDA coating and/or type of 

PDA particles.  

These deciding factors can be altered accordingly in order to get the desired final 

structure and coating. However, it is also important to consider the potential negative 

effects that these factors may have, such as aggregate formation with greater deposition 

times. Aggregate formation may be overcome by adding certain molecules that will be 

able to break these aggregates, thus it becomes important to carefully optimize the 

deposition process. Previous studies looking at the stability of PDA films deposited on a 

silicon substrate showed that the films were stable for a minimum of 4 days in the 

presence of physiological buffer solution [41]. 

2.4 Atomic Force Microscopy 

Atomic Force Microscope (AFM) is one of the most versatile and unique types of 

scanning probe microscopes, which works on the concept of using force to image a 

surface. The forces that are used may be magnetic, electrostatic, van der Waals, capillary 

[48] or interatomic forces between the tip used to probe the surface and the surface to be 

imaged. The main components include a probing tip on a cantilever spring, a method to 

detect the deflection of the cantilever when it moves on the surface, a feedback system 

which is used to control the deflection of the tip, a scanning system and a display system 
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Figure 4. AFM setup and Force Distance Curve 

(A) A typical AFM setup. (B) AFM setup in case of friction measurements. Reproduced from [49] 

with permission. Copyright © 2020 Oxford Instruments plc, Tubney Woods, Abingdon, Oxon 

OX13 5QX, UK All Rights Reserved. 
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(Figure 4A)[50]. AFM is used to image minute topographic features on a surface along 

with probing other surface properties including adhesion forces, magnetic and conductive 

properties, out of which its use in adhesion force calculation will be exploited in our 

study. AFM usually consists of two major modes, the amplitude modulation atomic force 

microscopy (AM-AFM) and the frequency modulation atomic force microscopy (FM-

AFM) [51].  The WITec Alpha300 RSA model of the AFM used in our lab works in 

three modes, namely the contact mode, non-contact mode and digital pulsed force mode 

(DPFM).In the contact mode, the tip is in contact with the surface throughout the 

imaging process and the spring constant of the cantilever plays the most important role in 

determining the forces between the tip and surface to be imaged. Non-contact (NC) mode 

is a type of AC mode of AFM where in the tip experiences very little interaction with the 

surface and a very small amount of force is applied between the tip and the surface thus 

allowing for a better resolution of the image formed. In the DPFM, AFM operates in a 

contact mode but in a sinusoidal way and it takes a force-distance curve at every point of 

the image [52]. 

2.4.1 Contact Mode Analysis 

As mentioned previously, the contact mode puts the tip in continuous contact with the 

surface. Bending of the cantilever is considered as the feedback parameter in this case. 

The scan stage where the surface to be imaged is kept experiences an up and down 

motion that helps image the surface topography. Depending on the surface topography, 

the cantilever tips will bend and this deflection of the tip is recorded by the detector 

which is then converted into the image. The data acquired in AFM contact mode analysis 

is presented in three ways:1) the line scan, where force distance curves are measured over 

a line on the surface, 2) the image scan, where the entire contact mode image is taken, 

and 3) the distance curve, where the force distance is measured at the current position. In 

contact mode AFM analysis, there is an application of lateral forces (Figure 4B) as well 

as the common vertical forces between the cantilever tip. The presence of lateral forces 

may result in the removal of some of the loosely bound particles on the surface of the 

substrate and this might lead to a lower resolution of the image, which is why it is 

recommended to use those cantilever tips that exert less force between the tip and the 

surface thus tips with spring constant less than 1N/m should be used to get good 

resolution images. 
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2.4.2 Force-Distance Curve 

The force-distance curve for a point is plotted using the tip approach and retract method 

which are mostly used in the study of different surface properties like adhesion, 

elasticity, Hamaker constant, and hardness [53]. It is basically the plot of the tip sample 

interaction force against the tip sample distance [54]. When the force-distance curves are 

measured, the cantilever probe is moved in a direction perpendicular to that of the surface 

instead of the horizontal direction along the surface. The tip is slowly approached toward 

the sample surface and there is an attractive force between them until it comes very close 

to the sample and repulsive forces start. These repulsive forces bend the cantilever. 

However, a force is applied by the cantilever on the surface so as to keep the cantilever 

bending at a constant value. When the tip approaches the sample, the main force acting 

between them is the van der Waals force and if we consider the tip sample distance to be 

z, then the van der Waals force can be represented as the following: 

Vsample(z) = Az-12– Bz-6   (1) 

where A and B are the interaction parameters. The cantilever where the tip is attached is 

either of the rectangular or V shaped and has a spring constant value of k, is subject to a 

force which can be represented as 

Vcantilever(z)  =   k(z-z0)
2 / 2         (2) 

where z0 is the tip sample distance when the cantilever experiences no bending at all. The 

combined resulting force of the van der Waals force and the elastic force is plotted along 

the distance value thus giving a force distance plot as shown in Figure 5. These force 

distance curves can be used to measure different properties including adhesion force 

which were used in our optimization step for PDA coating. 

2.4.3 Adhesive Force Assessment 

The adhesion force is basically the pull-off force that is required to pull the tip off of the 

sample surface. When the tip is in contact with the sample surface, it experiences an 

attractive interaction and the force that will be required to overcome these interaction 

forces to move the tip away from the surface will give us how strongly the surface was 

adhered to the tip, thus giving us a value for the adhesion strength of the surface. This  
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Figure 5. Force Distance Curve 

Typical Force Distance Curve showing approach and retraction of tip and surface. Reproduced 

from [49] with permission. Copyright © 2020 Oxford Instruments plc, Tubney Woods, Abingdon, 

Oxon OX13 5QX, UK All Rights Reserved. 
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adhesion force is equal to the jump off deflection of the cantilever multiplied by the 

spring constant of cantilever. The AFM readings give the voltage values from which the 

force values need to be derived and plotted against the distance. The relationship between 

the force and voltage values can be represented as: 

Force(z) = Voltage(z) * Sensitivity * k   (3) 

where the sensitivity and k are obtained using the Sader method [55] while calibrating 

the tip.  

The force values obtained are then plotted against the distance to get the force-distance 

curve. Adhesion force is then calculated from the force-distance curve as: 

                      FAD=  |Minimum value on the curve – Baseline Value| (4) 

The difference between the minimum value on the curve and the baseline value gives the 

adhesive strength of the substrate surface. This assessment can be done over the entire 

surface using multiple line scans over the area and averaging them out and the average 

work can be found out by calculating the area of the adhesion part in the force-distance 

curve.  

2.5 In vivo Fluorescence Imaging 

Our study uses fluorescence imaging to detect fluorescent beads in the extracted hearts of 

mice ex vivo. The in vivo imaging system (IVIS) uses a very sensitive camera in order to 

detect the fluorescence emitted from fluorescence emitting molecules in the whole living 

animal or from the extracted whole organs instead of cells on culture dishes [56]. So, 

IVIS provides both molecular imaging, where biomarkers are used for visualizing cell 

functions and anatomical or morphological imaging, where intrinsic properties of tissues 

are used for their visualization [57]. In vivo fluorescence imaging can be utilized for the 

detection of either autofluorescence of the living tissues or by using externally injected 

fluorophores. While imaging whole animals or living tissues in organs, thicker and 

opaque tissues will be able to absorb and/or scatter the light thus leading to lower signal 

intensity. Hence it can be beneficial to use fluorescent probes that emit in the near 

infrared region (NIR) (Figure 6) and while using external fluorophores, it is important to 

eliminate the autofluorescence caused by the surrounding living tissues and amplify the  
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Figure 6. Fluorescence window for IVIS imaging 

(A) NIR window works best for IVIS imaging as there is minimum light absorption by haemoglobin 
(<650 nm) and water (>900 nm) [58]. (B) Excitation and emission filters. Reproduced from [59] 

with permission. Copyright 1998-2016 PerkinElmer, Inc., U.S.A.; all rights reserved. 
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Figure 7. Components and use of PerkinElmer IVIS Spectrum 

(A) Major components of IVIS Spectrum. (B) Basic working of IVIS imaging. (C) Different field of 
views starting from visualizing whole animals to single cells. (D) Spectral unmixing allowing 

detection of four different reporters. Reproduced from [59] with permission. Copyright 1998-2016 
PerkinElmer, Inc., U.S.A.; all rights reserved. 
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desired signals [60]. For example, it might happen that fluorophores are injected to bind 

specifically to certain target sites for diagnosis, but autofluorescence signals are also 

emitted from the surrounding tissues that interfere with the fluorescence of interest in the 

target region. Using NIR fluorophores however, can help reduce the autofluorescence 

significantly. In vivo imaging of tissues has been increasingly used in fields such as 

oncology for the early diagnosis of malignant lesions and to study the tumour size and its 

spread to the adjacent tissues, cardiovascular diagnosis to identify the position of infarct 

region or for the detection of used treatment to verify its effectiveness and for other tissue 

metabolic studies [61]. The main reason behind the popularity of in vivo imaging system 

has been that it allows for imaging in native and real time physiological state, provides 

spatial location of the target site allowing its visualization with respect to time, and 

comes with the ability to repeat the experiments on the same specimen; Thus, it has 

become an important tool in the translation of clinical applications [62]. 

The IVIS system in our Institute is the PerkinElmer IVIS Spectrum which uses 3D 

diffuse fluorescence tomography, and has the ability of scanning 5 mice at a time (Figure 

7A-B). It allows for either trans-illumination, which occurs from the bottom and is used 

for illuminating the internally present fluorophores in imaging whole animals, or epi-

illumination which occurs from the top and is used for surface illumination for imaging 

organs having fluorophores on the surface. Trans-illumination is a good choice for 

specific detection of more deeply located target sites and it also reduces the occurrence of 

autofluorescence of tissues. It allows the use of both fluorescent and bioluminescent 

reporters. The main components of IVIS Spectrum include an imaging chamber, CCD 

camera and custom lens, emission filter wheel and gas anesthesia manifold (Figure 7C). 

It allows spectral unmixing which makes it possible for the detection of fluorophores in 

different emission range and also helps reduce the effects of autofluorescence of tissues 

by separating them from different external reporters (Figure 7D). 
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CHAPTER 3 

Materials and Methods 

3.1 Preamble 

This section contains all the materials and methods used in the entire study starting from 

optimization of the PDA coating material, to the in vitro experiments for PDA coated 

fluorescent beads, to the animal testing of the coated fluorescent beads. Shared 

information is included in the section with study specific information.  

3.2 PDA Optimization on Glass Coverslip 

Before coating the PDA on the fluorescent beads, the PDA coating was optimized on 

glass coverslips to obtain a protocol that will result in a homogenous coating with the 

maximum adhesive strength. The optimization steps were carried out considering 

different parameters that might affect the adhesive strength of the PDA coating. A 10 cm 

culture plate was taken and parafilm was added to fully cover the base of the culture 

plate. Once the parafilm was fully applied on the culture plate, coverslips were put on the 

culture plate and pushed so that they stuck firmly to the parafilm to make sure they do 

not move from their place while shaking. Once the coverslips were in their place, 25 mg 

of dopamine hydrochloride was added into 50 ml of solvent (Tris HCl or NaOH or 

Ethanol) depending on the specific protocol investigated to get a PDA concentration of 

0.5 mg/ml. Similarly, the other concentrations of PDA were prepared. Once dopamine 

hydrochloride was added, the falcon tube was gently shaken to get the final sample. Once 

it was done, 30 ml of the sample was poured onto coverslips in the culture plate and was 

kept for shaking for the desired shaking time. Three coverslips per condition were coated. 

Once the deposition was done, the contents were aspirated and the coverslips were rinsed 

once with DI water and left for drying (Figure 8A). Once the coverslips were dried they 

were put in a 24 well plate and sealed with parafilm and tin foil. For all the experiments, 

clean coverslips were used. To get clean coverslips, they were placed one at a time in a  
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Figure 8. Schematic figure showing sample preparation of PDA coating on coverslip and 

beads at set protocol. 

Schematics of sample preparation (A) Coating of coverslips using polydopamine hydrochloride along with 

solvent at desired conditions (B) Coating of Polystyrene beads with PDA hydrochloride along with solvent 

at pH = 8.5 and deposition time of 1 hr. 
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500 ml glass beaker filled halfway with hot tap water and 5 ml of Hellmanex. It was 

made sure that the coverslips were separated from each other so that they do not stick 

together. They were then sonicated for 30 minutes in a water bath sonicator. The hot 

water was then taken out and the coverslips were rinsed 4 to 5 times by swirling with DI 

water and were then sonicated again in double distilled water for 30 minutes. They were 

then rinsed 3 times by swirling with 70% ethanol and again sonicated with 70% ethanol 

for 30 minutes. Finally, they were rinsed with autoclaved water by swirling and 

transferred to a cell culture dish with autoclaved water for storage. 

3.2.1 Polymerization of Dopamine Hydrochloride using Different Solvents 

Initially, PDA hydrochloride polymerization was tested using 8 different solvents: Tris 

Buffer 5mM, Tris Buffer 10mM, Tris Buffer 15mM, NaOH 5mM, NaOH 10mM, NaOH 

15mM, 30% Ethanol (EtOH) and 70% EtOH. A fixed value of pH of 8.5 was taken for 

the 3 solvents. 0.5 mg/ml of PDA was obtained by adding 25 mg of dopamine 

hydrochloride to 50ml of solvent along with APS and left for shaking with a deposition 

time of 1 hour. 

3.2.2 PDA Coating using Different Values of pH 

After analysing SEM images of the above coated samples to check homogeneity, three of 

these solvents were selected for pH testing experiments. Dopamine hydrochloride was 

polymerized using Tris Buffer 5mM, Tris Buffer 10mM and 30% EtOH to get a PDA 

concentration of 0.5 mg/mL Buffer with a deposition time of 1 hour. However, this time 

three different pH values of 5, 7 and 8.5 were tested to determine the final sample which 

was then coated on samples. 

3.2.3 Polymerization with Different Deposition Time 

Based on the homogeneity of the coatings, a pH of 7 and 8 were selected and then the 

deposition times were varied for 1 hour and 3 hours and PDA coating was carried out 

using Tris Buffer 5mM, Tris Buffer 10mM and 30% EtOH. 

3.2.4 PDA Coating for Different Concentrations of Dopamine Hydrochloride 

Finally, the concentration of dopamine hydrochloride was varied from 0.5mg/ml to 

1mg/ml. A concentration of more than 1 mg/ml was not considered, as previous studies 
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demonstrated that this concentration range would lead to aggregation of PDA and thus 

result in a non-homogenous coating [63]. 

3.3 Scanning Electron Microscope (SEM) 

SEM imaging was accomplished with a JSM-7500F Field Emission Scanning Electron 

Microscope (FESEM, JOEL, Japan). The primary purpose was to ensure the effective 

coating of PDA on glass coverslips and test their adhesive strength after deposition on 

spherical particles. It was used to ensure a homogenous coating and to finalize a PDA 

coating which could be coated on nanoparticles. 

3.4 Atomic Force Microscopy (AFM) 

Imaging of control and PDA-coated glass coverslips was carried out with the AFM 

module of alpha300 RSA (WITec, Germany) system. Images were taken in contact mode 

and using cantilever FMV-A to get adhesion strength values for the non-coated and 

coated coverslips. Throughout the AFM experiments, 2 FMV-A tips have been used. The 

cantilever tip was calibrated resulting in a spring constant of 1.63 N/m and sensitivity of 

105 nm/V for the first tip and a spring constant of 1.55 N/m and sensitivity of 119 nm/V 

for the second tip. The tip was changed in between in order to avoid any sort of 

discrepancies in the AFM reading due to the presence of contamination due to excessive 

use of one tip. In our study, we have exploited the AFM contact mode analysis using line 

scan along four different lines over the surface. The measurements were set such that 

force distance curves were measured at 5 points on the line and the 4 different lines 

should be such taken that they are in four different regions of the surface, giving an 

average value of the adhesion force calculated over the entire surface area. Images were 

taken for 3 samples per deposition condition, so, in all, an average of 20 force-distance 

curves was taken per sample to get the final adhesion strength, and for every iteration 

there were 3 samples per methodology thus making it to 60 force-distance curves per 

condition in one iteration. In total an average of 180 force-distance curves was calculated 

for each of the set methodology to get the final adhesion value. Force-distance curves 

were calculated using the spring constant and sensitivity value of tip multiplied by the 

voltage values obtained in the line scan curves.  
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3.5 PDA Deposition on Fluorescent Beads 
FluoSpheres Polystyrene Microspheres (10 µm, blue fluorescent (365/415) from 

Invitrogen were used for our study as a proof-of-principle. The concentration of these 

beads was around 3.6 × 106 beads/ml. To coat the fluorescent beads with PDA, 50 

microliters of beads was added to 10 ml of 5mM tris HCl in which 5 mg of dopamine 

hydrochloride was added to get a 0.5 mg/ml PDA solution. It was left for shaking for an 

hour to allow the coating of PDA on the fluorescent beads. Once the coating process was 

done, it was centrifuged at 3000g for 20 min to get pellets of PDA coated beads. The 

supernatant was removed, and the PDA coated beads were washed 4 times to which 500 

microliter of DI water was added (Figure 8B). 

3.6 Fluorescence Evaluation using Plate Reader 
The fluorescence spectra of coated and non-coated beads were observed to check if the 

coating of PDA on beads masks their fluorescence. A 50 microliter sample of beads 

(PDA-coated or non-coated) was taken and added to 450 microliters of DI water, since 

DI water does not result in any photobleaching [64]. Once the samples were ready, plate 

reader readings were taken to measure fluorescence emission. 

3.7 Cell Viability Study 
A Live/Dead assay (Invitrogen) was performed following the manufacturer’s protocol 

using 2 cell types (macrophages and human umbilical vein endothelial cells (HUVECs)) 

to assess the viability of cells exposed to different PDA conditions.  

3.7.1 Live/Dead assay with Macrophages for Preconditioned Media 
For macrophages, 5 × 104 cells (RAW cells isolated from mice) were seeded per well in a 

24-well plate (3 replicates per sample). The 2 test conditions were control and pre-

conditioned media. On the same day, 3 PDA-coated cover slips were left dipped in media 

for 24 hours. The seeded cells were left to incubate for 24 hours after which the media in 

the wells was replaced with fresh media or the media conditioned with the PDA-coated 

cover slips. After 24 hours of culture under these conditions, the samples were removed 

and the Live/Dead stock solution that was prepared the same day was added to each well 

and left for incubation for 30 minutes. After 30 minutes the plate was taken for 

fluorescent imaging and the number of live and dead cells was manually counted.  



 

 Materials and Methods 

 

 

27 

 

3.7.2 Live/Dead assay with Macrophages with PDA-coated Beads 

Again, 5 × 104 macrophages were seeded per well in a 24 well plate (3 replicates per 

sample) and left in the incubator for 24 hours. The 3 test conditions were control, non-

coated beads and PDA-coated beads. After 24 hours, samples were prepared wherein 10 

µl of beads (coated or non-coated) were added along with new media in each of the wells 

or just new media added to the wells of the control group. After 24 hours, the media was 

replaced with the live/dead stock and left to incubate for 30 minutes. The plate was then 

taken for fluorescent imaging and the number of live and dead cells was manually 

counted. 

3.7.3 Live/Dead Assay with HUVECS for PDA-Coated Beads 

The Live/Dead assay that was performed for macrophages was repeated using cultures of 

Human Umbilical Vein Endothelial Cells (HUVECs). HUVECs were seeded, grown and 

passaged in T75 plates until reaching 80-90 % confluency. Cells were maintained in 

Endothelial Cell Growth medium (Bio-Techne) replacing the media every 48 hours. 

Once the sufficient numbers of cells were grown, 5 × 104 cells were plated per well in a 

24-well plate (3 replicates per sample) and left in the incubator for 24 hours and the same 

steps were repeated as were done for macrophages. 

3.8 Fluorescent Bead Delivery Method Evaluation 

For our study, application of the beads to the heart surface was achieved using a spray-on 

device. Before proceeding with the IVIS study, the spray pattern of the samples using the 

spray-on device was first optimized. For this, gelatin sheets were prepared and samples 

were sprayed onto them at different distances between the gelatin surface and the nozzle. 

The spray pattern was then checked for distribution of the sprayed bead samples. To 

make gelatin sheets, a hot plate was set at 40ºC after which a 10% w/v of gelatin Type A 

(175 strength) was prepared by allowing it to dissolve in the desired amount of water for 

an hour. After the gelatin solution was prepared, it was immediately poured into two 12-

well plates. While preparing the bead samples, blue dye was added so that they could be 

more easily visible when sprayed onto the gelatin sheets. In the first plate, 3 µl of 

fluorescent beads (non-coated) was sprayed at 3 different nozzle distances of 1cm, 2cm 

and 4 cm and in the second plate 3 µl of PDA-coated fluorescent beads were sprayed at 

nozzle distances of 1 cm, 2 cm and 4 cm onto the prepared gelatin sheets. Once the 
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spraying was done, pictures of the spray patterns were taken and they were analysed in 

ImageJ and Origin to plot the 3-D surface plots, Intensity curves and FWHM values. 

3.9 Assessment of Retention 

After completion of the in vitro tests, further experiments were carried out with animal 

models to test the retention rate of the beads when applied to the surface of the heart. The 

non-coated fluorescent beads and the PDA-coated fluorescent beads were delivered into a 

specific region in the heart (left ventricle) of the animal models and their retention rate 

over a period of 24 hours was evaluated to check if the coating of PDA on the beads 

helps improve their retention. 

3.9.1 Optimizing the Amount of Beads 

The amount of beads needed for them to be visible by IVIS imaging was first optimized. 

Three different concentrations (10 µl, 30 µl and 50 µl) of non-coated beads and PDA-

coated beads were sprayed onto harvested hearts and ex vivo IVIS images were taken. 

The amount of beads which gave comparable and significantly better fluorescent images 

were considered to be used for further experiments. This consideration was taken into 

account as these beads had to be easily detected in vivo in further experiments making it 

important to take a sample amount appropriate for the imaging steps. 

3.9.2 Animal Experiments 

All animal experiments were first approved by the University of Ottawa Animal Care 

Committee (ACC) and were performed in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals.  

3.9.3 Animal Model 

For the in vivo studies, 8-10 week oldC57BL/6 mice were anesthetized (2% isoflurane 

and 1 dose of 1.2 mg/kg of SR buprenorphine) and intubated. The heart was then exposed 

via a small left thoracotomy procedure. 

3.9.4 Delivery of Beads and PDA-Coated Beads using Spray-on Device 

Under light anesthesia (1-2% isoflurane via nose cone), the non-coated or PDA-coated 

fluorescent bead applications were delivered via the spray-on device onto the surface of  
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Figure 9. Schematic of in vivo study timeline on mouse model treated with non-coated 

and PDA-coated beads 

The treatments were delivered via a spray-on device, and bead retention was assessed by IVIS imaging at 3 

hours and 1 day after application [65]. 
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the heart. Once the treatments were sprayed, the chest was closed. Mice were randomly 

divided into four groups (n=4 mice per group) to receive a spray-on treatment consisting 

of: non-coated fluorescent beads (evaluated at 3 hours), non-coated fluorescent beads 

(evaluated at 1 day), PDA-coated fluorescent beads (evaluated at 3 hours), PDA-coated 

beads (evaluated at 1 day). At 3 hours post spraying the treatment, 2 groups of mice were 

sacrificed: the non-coated fluorescent bead (3 hours) and the PDA-coated fluorescent 

bead (3 hours) groups. After sacrifice, the hearts were extracted and stored in PBS for 

IVIS imaging. The stored hearts were taken for ex vivo imaging to check the localization 

and area of spread of the sprayed treatments. After 1 day, the remaining two groups of 

mice were sacrificed and the hearts were harvested and stored for IVIS imaging (Figure 

9). 

3.9.5 Assessment of Retention Rate using IVIS 

The extracted hearts were taken for IVIS imaging by a PerkinElmer IVIS Spectrum 

system using Living Image software. The region of interest (ROI) was identified and 

measured for each heart (λ excitation: 400 nm; λ emission: 740 nm). The images were 

collected using the epi-illumination feature, whereby the fluorescence reading is taken 

from the surface of our heart samples. For our studies, we used auto exposure to acquire 

the sequence. Once the images were captured and displayed by the software, the circle 

ROI was placed and used to measure the radiant efficiency values within the selected 

area and these values were then used to measure and compare the retention rate values. 

As a positive control group, untreated hearts were collected, and the spray-on application 

of fluorescent beads was performed ex vivo. These were immediately imaged by IVIS 

and used to represent 100% bead retention. The data was reported as relative radiant 

efficiency (%) and normalized to the positive control hearts. 

3.10 Statistical Data Analysis 

Statistical analysis was performed using ANOVA test. Post hoc comparisons were 

performed using a t-test assuming equal variances to compare the means of the different 

groups. All the results are expressed as mean ± standard deviation and results were 

considered significant for p<0.05. 
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CHAPTER 4 

Results and Discussion 

4.1 Structural Analysis 

In order to probe structural characteristics, we used SEM to study the homogeneity of the 

surface of the PDA coatings and AFM for all the different deposition conditions. The 

main aim was to find the optimal deposition time for a PDA coating that would result in 

the maximum adhesion force. Before moving ahead with AFM, SEM was used as a 

preliminary approach to see the structure of the PDA coatings. The SEM images of all 

the substrates showed that the surface of the PDA coating in case of Tris5mM exhibited 

less granular structures as compared to that of the Tris10mM and Tris15mM recipes. 

Next, different pH conditions were evaluated for coating using the Tris5mM and 

Tris10mM recipes. SEM images were taken for pH5, 7 and 8.5, wherein pH5 and pH7 

coatings showed the formation of aggregates of PDA which is not seen when a pH of 8.5 

was used. PDA is a zwitter ion molecule as it has both acidic (catechol) and basic 

(amine) groups. The isoelectric point of PDA is 4 [66]. When the solution pH is acidic, it 

leads to a total positive surface charge due to the presence of protonated amines and a 

negatively charged PDA due to the deprotonated catechol groups at a higher pH [67-68]. 

As per the initial study of PDA deposition [69], a pH of 8.5 was superior since it 

facilitated the polymerization of PDA which allows for the autooxidation of dopamine 

hydrochloride by air. In the reaction steps in the formation of PDA, the state where there 

is a reaction between PDA and PDA-quinone, it is important to shift the balance of the 

reaction towards the right in order to produce more quinone units as the higher number of 

quinone moieties will improve the ability of linkage for the biomolecules and the shift in 

this balance occurs because of basic conditions. Thus, a more homogenous coating at pH 

8.5 and formation of aggregates at lower pH may be attributed to the occurrence of a 

successful and spontaneous PDA deposition due to auto oxidation. The same conditions 
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(pH 8.5) were then tested with deposition times of 30 minutes, 2 hours and 3 hours. The 

SEM image of the coverslip which was coated for 30 minutes showed less granular 

structures owing to the reduced time for the polymerization of PDA. However, the 

surface for coverslips with 2 hours and 3 hours of deposition time showed a highly 

uneven structure (Figure 10A-D). The SEM results that we got were similar to the ones 

that were previously published [70] showing the formation of granules and aggregates 

with the increase in reaction time. Based on our results and previous studies, it was 

decided that a PDA protocol with tris 5mM as solvent at pH 8.5 gave a more 

homogenous surface, and these values were used in all subsequent experiments. 

Since the aim of our optimization study was to find a deposition time with the maximum 

adhesion force, it was decided to take AFM readings for the most even and homogenous 

surface coating without any presence of PDA aggregates and vary the deposition times 

and compare adhesion forces for each of them. For each of the deposition times tested, 

force distance curves were plotted (Figure 10E) and an average of 180 force distance 

scans was taken for each deposition time. Adhesion force from each of the force-distance 

curve was calculated by taking the difference of the lowest point on the curve and the flat 

line on the curve. The average adhesion force for a deposition time of 1 hour was found 

to be 216 ± 152 nN which was greater than that of other deposition times. For the 

deposition time of 30 minutes, the adhesion force was found to be 159 ± 77 nN. The 

lower adhesion force may be attributed to the insufficient PDA deposition in a lesser time 

frame thus resulting in an uneven coating on the surface; there might be areas on the 

coverslip surface where the coating of PDA has not been achieved in 30 minutes thus 

leading to a lower adhesion force. For deposition times greater than 1 hour, the adhesion 

force decreased with an increase in time with values of 177 ± 156nN and 147 ± 143 nN 

for 120 minutes and 180 minutes, respectively. However, no significant difference in the 

adhesion force was observed between deposition times with huge standard deviation 

values, despite the observed trend (Figure 10F). This result may be attributed to the 

formation of aggregates as the deposition time increases beyond 1 hour, which might 

reduce the adhesion force that the PDA coating exerts. As shown in the SEM images of  

our study and also in other studies, the size of the insoluble PDA aggregates that 

precipitate during the coating procedure increases with deposition/polymerization time 

[71]. 
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Figure 10. Structural analysis of PDA-coated coverslips using SEM and AFM 

SEM images of PDA coatings with deposition times of A) 30 minutes B) 60 minutes C) 120 

minutes and D) 180 minutes. E) Representative force-distance curves for deposition times of 30, 

60, 120 and 180 minutes. F) Plot of adhesion force calculated for 180 curves per sample with no 

significant difference found between the deposition times (ANOVA test with Tukey analysis; 

n=3) 
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These by-products of PDA precipitates have weak adhesion capability and do not 

contribute to surface modification [72], and our study showed similar results as well. 

However, the difference in the adhesion forces among the different deposition times is 

not significant as per the statistical data analysis that was done indicating that the 

difference in deposition times up to 3 hours does not make that great of a difference in 

the adhesion forces. Considering previous studies and the homogeneity of the surface and 

the adhesion force as per the SEM and AFM results in our study, one standard value of 

0.5 mg/ml of PDA in tris buffer at a pH of 8.5 and a deposition time of 1 hour was used 

to get a thin and homogenous film with comparable adhesion force that was used for all 

further experiments with fluorescent beads. 

This value was then translated to the coating of spherical beads for further tests. It has 

been seen in previous studies that PDA retains its properties found on plane surfaces 

even on spherical particles [73]. Based on these studies, we moved ahead with the results 

obtained on glass coverslip to translate this to spherical microparticles with the belief that 

PDA will have the same adhesion properties after coating them on fluorescence beads as 

found on the glass coverslip. Previous results with PDA hydrogels have shown that they 

exert similar and comparable adhesive strength to almost all types of surfaces including 

glass, rubber, biological organs like heart, spleen, kidney, lung, liver and even human 

skin, thus indicting the adhesiveness of PDA irrespective of the surface properties of the 

substrate [74]. Also, it was shown that particles, whether nano-sized or micro-sized, 

retain their properties after getting wrapped by PDA [73]. This provided a solid rationale 

for the use of PDA to coat nanoparticles in the future with the goal of enhancing their 

efficacy for therapeutics delivery to the infarcted myocardium. 

4.2 Physiochemical Analysis 

The inherent fluorescence of the beads can be used to detect and track their location once 

they are injected into the animal model. Therefore, it was important to make sure that we 

still had detectable fluorescence after coating with PDA. In order to probe this, we used 

fluorescence spectroscopy to compare the fluorescence of coated and non-coated beads at 

different excitation wavelengths of 400 nm, 550 nm and 600 nm. In all cases, visible 

fluorescence was detected in PDA-coated beads, although it was significantly lower than 

that of the non-coated beads (Figure 11A-B). The relative fluorescence units (RFU) for 



 

 Results and Discussion 

 

 

35 

 

 

 

 

 

 

 

 

 

 

Figure 11. Physiochemical analysis of non-coated and PDA-coated beads 

A) RFU plot of control, non-coated and PDA-coated beads at excitation wavelengths of 400 nm, 550 

nm and 600 nm. B) RFU of PDA-coated beads is lower than that of non-coated beads showing that 

PDA coating does lower fluorescence intensity, but it is greater than control indicating the detection of 

fluorescence even after coating, ANOVA Tukey Analysis (***=p<0.001). 
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beads wrapped with PDA was significantly lower than the non-coated beads (p<0.001). 

Despite this, the RFU for coated beads was significantly greater than that of the control 

(p<0.001). These results indicated that the beads still retain their fluorescent properties 

even after PDA coating, albeit with somewhat lower intensity. Previous studies on PDA 

coating on nanoparticles have shown that they retain their properties, making it possible 

to utilize the properties of both the nanoparticles and PDA as well [73]. 

4.3 In vitro Cell Viability 

4.3.1 Macrophage Cell Viability 

To evaluate the biocompatibility of the PDA-coated beads, an in vitro Live/Dead assay 

was performed using macrophages (Figure 12A-D).The cytotoxicity was evaluated for 

both non-coated beads and PDA-coated beads as it was important to differentiate 

between any cytotoxicity contributed by the beads themselves versus that of the PDA 

coating. The live/dead images were taken 24 hours after the addition of bead samples to 

the macrophages. Prior to performing the Live/Dead assay with cells in direct contact 

with the beads, preconditioned media studies were done. To this end, media was added to 

a PDA-coated coverslip for 24 hours, after which the same media was removed and 

added to the macrophage cultures to see if there are any PDA residues in the media that 

could be cytotoxic. The cell viability in case of preconditioned media was 90.3%, which 

was not different compared to the viability of 94.5% observed for the control samples 

(p>0.05). After this, the Live/Dead assay was carried out with non-coated and PDA-

coated beads where they were added directly to the media of cultured macrophages for 

24 hours. The images revealed that cells treated with non-coated beads had a viability of 

94%, which was not significantly different compared to the 97% cell viability observed 

for the control. The viability of macrophages treated with PDA-coated beads was found 

to be 93%, which was significantly lower than that of control (p<0.05). However, there 

was no difference in viability between coated and non-coated bead treatment, and both 

were above 92% after 24 hours. This indicated that both the samples were biocompatible 

and posed no significant toxicity concern to cells or tissues.  
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4.3.2 HUVEC Viability 

The same viability experiments were repeated using HUVECs to better confirm 

cytotoxicity potential before moving to in vivo tests. The Live/Dead assay for HUVECs 

revealed very similar results as was seen with macrophages (Figure 13A-D). HUVECs 

treated with non-coated beads showed a viability of 96%, which was not different from 

the viability of 98% seen for control. For HUVECs treated with PDA-coated beads, 

viability was found to be 95% significantly, which was significantly reduced compared to 

control (p<0.01). The viability in all groups was more than 93% in all the repeats taken 

indicating no significant toxicity concern to cells after 24 hours of incubation. These 

results were similar to those earlier reported, which concluded that PDA does not exhibit 

any harmful effects on the cells viability and function. It has also been reported that 

PDA-coated nanoparticles stay intact even after 24 hours incubation [76]. Apart from its 

own biocompatibility results, it has been shown that a coating of PDA can lower 

potential toxicity of other biomaterials. One such study looked at the effect of a PDA 

coating on quantum dots and poly(L-lactic acid) (PLLA). Even though quantum dots 

have demonstrated suitability for drug delivery, cancer targeting and many other 

biomedical research applications, they still have some limitations, with cytotoxicity being 

potentially the most concerning, as this toxicity may lead to the occurrence of vascular 

thrombosis [77]. The same holds true for many other biomaterials, including PLLA, 

which can promote significant tissue inflammation. PDA coatings have been shown to 

reduce tissue inflammation as well as blood immunogenicity of such biomaterials, and 

this occurs due to the presence of protein adsorption and metal chelation by PDA [78]. 

4.4 Evaluating the Spray Patterns 

Before the in vivo experiments, the sample spray application was optimized by evaluating 

different spray volumes and distances and assessing spray patterns and surface 

morphology. There was no statistical difference between the FWHM of the sprayed 

pattern for different amounts of sample sprayed in both non-coated and coated samples 

(Figure 14, Figure 15). In contrast, the spray distance did have an effect on the spray 

pattern observed. Specifically, the diameter of the sprayed sample on gelatin sheets was 

found to be around 8mm when a nozzle distance of 1 cm was used compared to 

diameters of around 10 mm and 11.5 mm for nozzle distances of 2 cm and 4 cm, 

respectively. The circular diameter of the sample sprayed from a nozzle distance of  
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Figure 12. Cytotoxicity Assay with Macrophages over 24 hours 

Live/Dead images of macrophages 24 hours after treatment with: A) control, B) non-coated beads, 
and C) PDA-coated beads using magnification = 20X D) Cell viability after 24 hours of 

incubation (ANOVA Tukey analysis; *p<0.05) 

A B 

C D 

C
el

l V
ia

bi
lit

y 
(%

) 

Control Non-coated 
beads 

PDA-coated 
beads 



 

 Results and Discussion 

 

 

39 

 

1 cm was approximately the same as that of a standard infarct size in the surgically 

induced MI mouse heart, suggesting that a spray from 1 cm will appropriately cover the 

entire therapeutic target area.  

After determination of the ideal nozzle distance, the amount of sample to be sprayed was 

then optimized. For this evaluation, three different amounts of samples (5 µl, 10 µl and 

15 µl) were sprayed on to ex vivo organs fixed in 4% PFA to take IVIS readings. Once 

the samples were kept in the chamber, different specifications were set and IVIS images 

viewed using the Living Image software. The IVIS readings were taken at an excitation 

wavelength of 400 nm and an emission wavelength of 520 nm, (the sample height was 

0.5 cm, an aperture of 2 F/stop was used and binning was set to medium). After obtaining 

the IVIS images, the radiant efficiency was measured by using the ROI tool for all the 

samples. A circle was chosen as a ROI tool and the same ROI was used to find the 

radiant efficiency values for the same selected areas on each of the heart samples. As per 

the ROI measured for both non-coated and PDA-coated nanoparticles (Figure 16A-C), it 

was observed that the radiant efficiency for the sample volume of 10 µl was found to be 

greater when compared to that of the sample volumes of 5 µl and 15 µl (Figure 16D; 

p<0.05) and similar results were observed for PDA-coated beads as well (Figure 17A-

D). The sample size of 5 µl was too small to obtain reliable detection by IVIS and to 

proceed to further in vivo experiments. When a sample size of 15 µl was used, it was 

observed that the sprayed sample spread beyond the target area, suggesting that a larger 

sample volume would also not be appropriate for the in vivo experiments to follow. Thus 

the 10 µl of sample was selected for further experimentation as it demonstrated excellent 

radiant efficiency and localized to the desired target area. When performing IVIS 

imaging it is important to consider that most organs and tissues will exhibit some level of 

autofluorescence. The autofluorescence of the host tissue can possibly hinder 

differentiation of the fluorescence emitted from the sprayed sample. For this reason, a 

sprayed sample that has an easily detectable radiant efficiency (as shown with the 10 µl 

sample) will be better suited for localizing and quantifying the treatment application.  
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Figure 13. Cytotoxicity Assay with HUVECS over 24 hours 

Live/dead images of HUVECs 24 hours after treatment with A) control B) non-coated beads 
and C) PDA-coated beads using magnification = 20X D) Cell viability after 24 hours of 

incubation(ANOVA Tukey analysis, **p<0.01) 
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Figure 14. Spray-on optimization for non-coated beads 

A) 3D surface plots illustrating the intensity of spray patterns as measured using ImageJ. B) Intensity 

profile of a transverse section of the spray pattern. C) Full width half maximum of the spray 

patterns as measured from the profile plots. 

C 

A 

B 



 

 Results and Discussion 

 

 

42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Spray-on optimization for PDA-coated beads 

A) 3D surface plots illustrating intensity of spray patterns as measured using ImageJ. B) Intensity 

profile of a transverse section of the spray pattern. C) Full width half maximum of the spray 

patterns as measured from the profile plots. 
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4.5 Retention Rate Evaluation for the PDA-coated Beads 
The following in vivo experiments were all carried out using a nozzle distance of 1 cm 

and a sample size of 10 µl.  The ex vivo hearts were not fixed after harvest and IVIS 

images were taken immediately after animal sacrifice. Images taken at an emission 

wavelength of 520 nm showed autofluorescence and made it difficult to track the location 

of the beads. To eliminate the autofluorescence from images, the emission wavelength 

was increased to 740 nm so as to get more precise images of the spray-on application 

(Figure 18). The retention of the beads was evaluated over a period of 24 hours by 

comparing the radiant efficiency of sprayed samples relative to a 100% retention control. 

For this experiment, the control with 100% radiant efficiency consisted of a heart sprayed 

with the beads ex vivo and imaged by IVIS immediately after spraying. The relative 

radiant efficiency with respect to control for non-coated beads at day 1 was 64%, which 

was significantly lower (p<0.01) than its retention of 85% seen at 3 hours (Figure 19A). 
This indicates a decrease in the amount of sprayed sample of non-coated beads over a 1-

day period. However, in the case of PDA-coated beads, the radiant efficiency was 86% 

and 79% after 3 hours and 1 day, respectively, indicating that there was no loss of the 

beads from the surface of the hearts over this time. The loss of non-coated beads can 

likely be attributed mostly to extrusion forces of the pumping heart causing the particles 

to be washed away to off-target sites. However, the same was not seen in the case of the 

PDA-coated beads, suggesting that the adhesive PDA coating helps improve retention by 

limiting the loss of the particles due to physical forces. The adhesive beads can now stick 

to the heart surface against the internal forces. Previous results have demonstrated the 

adhesiveness of PDA with cells and tissues, where PDA enhances cell adhesion on the 

coated surfaces. This has been attributed to the PDA reacting with the serum proteins that 

have amines or thiol molecules via Michael addition or Schiff base chemistry [79]. Since 

serum proteins help in cell adhesion, the reaction between the serum proteins and the 

PDA surface may enable better adhesion of the cells. Based on the radiant efficiency, 

retention rate was measured over 1 day by finding out what percentage of beads seen at 3 

hours is still present at 1 day. Non-coated beads were found to have a retention rate of 

76% significantly lower than that of PDA-coated beads which was found to be 

92%(p<0.01) (Figure 19B). This difference in the retention rate confirms the additional 

adhesiveness conferred by coating the beads with PDA.  
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Figure 16. IVIS images for spray-on optimization for non-coated beads 

IVIS images showing radiant efficiency values using ROI tools after spraying non-coated beads onto ex 

vivo fixed organs with different sample amounts of A) 5 µl B) 10 µl and C) 15 µl. D) Plot of radiant 

efficiency for sample sprayed with 10 µl beads showing the maximum intensity compared to that of 5 µl 

and 15 µl (ANOVA with Tukey posthoc analysis; *p<0.05; n = 3). 
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Figure 17. IVIS images for spray-on optimization for PDA-coated beads 

IVIS images showing radiant efficiency values using ROI tools after spraying PDA-coated beads on ex 

vivo fixed organs with different sample amounts of A) 5 µl B) 10 µl and C) 15 µl. D) Plot of radiant 

efficiency for sample sprayed with 10 µl beads showing the maximum intensity compared to that of 5 µl 

and 15 µl (*p<0.05, n = 3). 
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Figure 18. IVIS images for in vivo experiments 

IVIS images for hearts that received spray-on application non-coated or PDA-coated beads at 3 

hours and 1 day. The 100% control consists of an ex vivo heart that was imaged immediately after 

receiving spray-on treatment. 
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Figure 19. Retention rate evaluation for in vivo experiments 

A) Relative radiant efficiency normalized to control. B) Retention rate calculated over 24 hours found to be 

greater in PDA-coated beads (**p<0.01, n = 4) 
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In summary these results provide novel insight into the use of PDA as an adhesive 

coating that can be used to modify the surface and improve the retention of any 

nanoparticles for biomedical use. Specifically, our findings support the use of PDA 

coatings and their further study for the modification of delivery vehicles for applying 

therapeutic agents post-MI. 
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CHAPTER 5 

Conclusion and Future Directions 

 

The first part of the study was mainly focused on determining any correlation between 

the time allowed for dopamine polymerization to deposit a layer of PDA on the surface 

and the adhesion force of the formed coating. As per previous studies and the results of 

scanning electron microscope, a PDA coating obtained at a pH of 8.5 in a solvent of 

5mM Tris HCl and at a dopamine hydrochloride concentration of 0.5 mg/ml was found to 

have a homogenous coating as compared to other values. Additionally, this formulation 

exhibited very few to no PDA aggregates as determined by SEM. It was also observed 

that increasing the deposition time led to the formation of PDA aggregates on the surface 

and an increase in the deposition times resulted in a decrease in homogeneity of the PDA 

coating. The adhesion force was not significantly different between the coatings with 

different deposition times. However, a trend for reduced adhesion force with increased 

deposition times was observed. This was in line with the increase in aggregate formation 

with higher deposition times. So, a correlation might be possible between the amount of 

PDA aggregates formed on the substrate and the adhesion force between them.  

             The second part of our study was to get a proof-of-principle for the use of the 

PDA coating to increase nanoparticle retention before moving ahead with the application 

of therapeutic nanoparticles in an MI model. This study assessed the ability of a PDA 

coating to increase the adhesive strength and retention of commercially available 

fluorescent particles when applied to mouse hearts. We started with proving that the 

fluorescence intensity of the particles is maintained after the coating process. It was also 

observed that PDA does not pose any cytotoxicity risk to cells in vitro, thus supporting 

their further use in in vivo studies. Our in vivo experiments got the expected results and 

revealed that a PDA coating significantly increased the retention of fluorescent beads 
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sprayed onto the mouse heart as compared to those without the PDA coating. These 

results support our future studies, wherein PDA will be used to coat on nanoparticles 

carrying therapeutic agents that will be delivered at the myocardial infarct site. The 

results expected at the end of the next part of this research will be better therapeutic 

effects at the infarct site due to increased retention of PDA-coated nanoparticles. Based 

on the results carried out in my thesis, PDA-coated nanoparticles should adhere at the 

infarct site in greater numbers and for a longer period of time and this will allow them to 

release the therapeutic agents more effectively as compared to that of non-coated 

nanoparticles. Ultimately, functionalized nanoparticles are a promising approach to 

improve the reparative effects of their therapeutic cargo, thus improving heart function 

post-MI. 
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